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Abstract

Multiphase electric drives are today one of the most relevant research topics for the
electrical engineering scientific community, thanks to the many advantages they offer
over standard three-phase solutions. The employment of a multiphase machine allows to
split the input power over multiple phases, thus reducing the voltage and/or current
capabilities of the supplying converter, keeps the capability to generate a rotating
magnetic field at the air gap even after fault events, and offers a higher number of degrees
of freedom which can be conveniently exploited to optimize some desired system
performances. For these reasons, multiphase configurations are considered promising
solutions in many areas, ranging from industrial to traction applications, and especially
in presence of high power or high-reliability requirements.

However, contrarily to the three-phase counterparts, multiphase drives can assume
a wider variety of different configurations, concerning both the electrical machine (e.g.,
symmetrical /asymmetrical windings disposition, concentrated/distributed windings,
etc..) and the overall drive topology (e.g., single-star configuration, multiple-star
configuration, open-end windings, etc...). This aspect, together with the higher number
of variables of the system, can make their analysis and control more challenging.

This Ph.D. thesis is focused on the mathematical modelling and on the control of
multiphase electric drives. The aim of this research is to develop a generalized model-
based approach that can be used in multiple configurations and scenarios, requiring
minimal reconfigurations to deal with different machine designs and/or different
converter topologies, and suitable both in healthy and in faulty operating conditions.

Standard field-oriented approaches for the analysis and control of multiphase drives,
directly derived as extensions of the three-phase equivalents, despite being relatively
easy and convenient solutions to deal with symmetrical machines, may suffer some
hurdles when applied to some asymmetrical configurations, including post-fault layouts.
Indeed, in these cases, the definition of a proper vector space decomposition may not be
a trivial process, and the resulting model may show additional coupling effects, which
need to be properly compensated in the machine control.

To address these issues, a different approach, completely derived in the phase
variable domain, is here developed. The method does not require any vector space
decomposition or rotational transformation but instead explicitly considers the
mathematical properties of the multiphase machine and the effects of the drive topology,
which typically introduces some constraints on the system variables. The phase variable
domain is a natural reference frame for the analysis of the machine and of the drive,
because each variable is directly associated with a physical quantity. In this framework,
the machine modelling is derived through the standard tools of electromechanical
conversion theory, while the drive topology is modelled through a multiport network
analysis. The drive control algorithm is also developed in the phase variable domain. It
is based on a torque control strategy, aimed at optimally developing the desired
electromagnetic torque considering the available degrees of freedom, on a decoupling
algorithm, aimed at neutralizing the mutual interaction effects between the machine
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variables, and on a feedback current controller, aimed at tracking the required references.

In this thesis work, the proposed approach is particularized for multiphase permanent
magnet synchronous machines and for multiphase synchronous reluctance machines. All
the results are obtained through rigorous mathematical derivations, and are supported
and validated by both numerical analysis and experimental tests. As proven considering
many different configurations and scenarios, the main benefits of the proposed
methodology are its generality and flexibility, which make it a viable alternative to
standard modelling and control algorithms.

Future studies will develop further analysis and extension to other machine types.
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1 Introduction

Human progress has always been strictly related to the availability of machines
capable of producing power in an effective and controllable way. Today, the
electromechanical conversion plays a key role in many aspects of everyday life, and
electric drives are of fundamental relevance for both industrial and traction applications.

Up to the late 1980s, DC electric machines were primarily used for variable-speed
drives, especially thanks to the simplicity of their control, while AC machines, despite
having many advantages in terms of construction and maintenance, were instead
primarily used for fixed-speed operations, because of the intrinsic limitations coming
from the power grid supply. However, in the last decades, the huge improvements in the
power electronics technology have allowed the production of semiconductor devices with
increased efficiency and reduced cost. This aspect, together with the development and
diffusion of digital control platforms, has made it possible to feed AC machines with
controllable power converters and has led to the genesis of variable-frequency AC drives,
which have progressively replaced the traditional DC electric drives in almost all power
applications.

The power converter acts as a decoupling interface between the electrical machine
and the supplying energy source, which can either be in AC (e.g., the main three-phase
grid for industry applications) or in DC (e.g., battery packs for automotive and traction
applications). This offers several advantages not only for the variable speed control, but
also for the electric drive design. For example, the machines do not necessarily need to
be designed for 50 Hz or 60 Hz operations, the winding can be configured to operate with
non-sinusoidal voltages and currents, and the number of phases is not limited to three.
Under this framework, electric drives employing AC machines with more than three
phases are named multiphase electric drives (Fig. 1.1).

While the first examples and applications of multiphase drives can be traced back to
the 1960s, this technology has witnessed the main progress and developments during the
1990s, especially as a solution for high-power applications. Indeed, one of the main
benefits of these configurations is the possibility to split the machine power into multiple
phases, thus allowing the use of semiconductor devices with limited voltage and/or
current ratings. This aspect has made their development of great interests in some
specific applications (e.g., ship propulsion, wind turbine generation systems, liquified
natural gas production plants, etc...).

However, multiphase configurations also have many other benefits which can be
considered of practical interests in many applications. One of these is related to the
intrinsic fault-tolerance capability. Indeed, given the redundancy coming from both the
power electronics converter and the electrical machine, the same drive can operate
(although with reduced capabilities) even after the fault of one or more phases, as long
as the healthy phases can generate a rotating magnetic flux density field at air gap. For
this reason, the employment of multiphase machines is of particular interest in some
safety-critical applications, like in the aerospace and aircraft industry, where they are
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Fig. 1.1 — Schematic representation of a multiphase electric drive.

gaining more and more attention thanks to the concept of a More Electric Aircraft.

Finally, another aspect that is attracting the interests of the scientific community is
that the higher number of machine phases offers a higher number of degrees of freedom,
which can be exploited for additional control purposes. Some examples are the torque
enhancement through the utilization of multiple spatial harmonics of the air-gap flux-
density field, the independent torque, power or flux control between multiple machine
subsets, and the realization of multi-motor drives.

This preliminary chapter, by describing the main research topics and results
presented in the technical literature, is aimed at giving some general background
regarding the fundamental concepts of multiphase electric drives. It then introduces the
main research objectives and provides the structural organization of this Ph.D. thesis.

1.1 Literature review

The scientific literature offers many surveys and review papers, which can provide a
rich and detailed state of the art on multiphase electrical drives [1]-[8]. This section gives
a general overview of the main results regarding different aspects of technical interest.

1.1.1 Applications

Multiphase drives are a convenient solution for both high-power and high-reliability
systems. Many application areas can benefit from their advantages, including both
traction and industry applications.

The marine applications are today the most relevant field where multiphase drives
are employed, for both the ship propulsion [9]-[17] and for the energy generation onboard
[18], [19]. This is especially due to the high installed power that, as previously mentioned,
can be more conveniently split among multiple phases.

For the same reason, multiphase drives are successfully being employed also in
stationary high-power application areas, like in wind power generation systems [20]-[22]
or high power pumps or compressors [23]-[28], where the installed power ranges from
several hundreds of kW to some MW. Another notable application example is for high-
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speed elevator systems [29].

The aerospace industry also offers some notable examples of multiphase solutions
[30], [31]. The interest is here primarily focused on the fault-tolerant capabilities of these
architectures, which have been applied for high-reliability actuators [32]-[38] and for the
onboard electrical generation [39], [40]. However, some recent studies have also started
investigating these solutions for hybrid aircraft propulsion systems, with the aim to
reduce the emissions related to fuel consumptions [31].

Finally, the scientific community is also exploring some possible uses of multiphase
drives for automotive applications [30]. Some examples regard auxiliary services, like
starter/alternators or low-voltage generators [41]-[43]. However, thanks to the increasing
interests in Hybrid Electric Vehicles (HEVs), Battery Electric Vehicles (BEVs) and Fuel-
Cells (FC) traction systems, in future times multiphase configurations may also represent
viable solutions for vehicle traction [44]-[49].

1.1.2 Machine design

The different types of designs can be classified in the same categories as for standard
three-phase configurations [1]. In other words, a multiphase machine can be designed to
be an induction machine (IM), an excited synchronous machine (ESM) a permanent
magnet synchronous machine (PMSM, with either surface-mounted or interior-mounted
permanent magnets), a brushless DC machine (BLDC), a synchronous reluctance
machine (SynRM), and so on.

Similarly, each stator phase winding can be realized either with a distributed layout
or with a concentrated layout [1], [3]. The first choice is aimed at producing a sinusoidal
magneto-motive force distribution at the air gap, while the second layout allows the
generation of non-sinusoidal magnetomotive force distributions with a specific harmonic
content. This aspect may be of interest for multiphase configurations because, as also
previously mentioned, the higher number of degrees of freedom offered for the machine
control can be exploited for torque enhancement purposes by separately controlling
multiple spatial harmonic contributions. A special case of concentrated windings design
is the modular layout, finalized at the minimization of the magnetic, mechanical and
thermal influence among different phases, especially for high-reliability applications. A
graphical example is depicted in Fig. 1.2.

Contrarily to standard three-phase machines, multiphase configurations may show
different winding dispositions along the stator periphery. If the stator windings are
uniformly spaced along the stator periphery, the machine has a symmetrical
configuration, otherwise it has an asymmetrical configuration. For a symmetrical n-phase
machine the electrical angle between two consecutive magnetic axes is 27/n. An
asymmetrical configuration could, in theory, have an arbitrary angular shift between the
magnetic axes. However, most of the asymmetrical configurations examined in the
technical literature refer to the case where the n machine phases can be grouped into b
symmetrical subsets of a phases each (i.e., n=a-b), and the first phases of two
consecutive subsets are shifted by 7/n. In this context, machines for which the number
of phases n is a prime number are typically designed with a symmetrical configuration.
Conversely, machines for which n is not a prime number can be designed by either a
symmetrical or an asymmetrical winding disposition [1] (as exemplified in Fig. 1.3 for a
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nine-phase configuration). A frequently adopted solution is represented by machines
designed with multiple symmetrical three-phase subsets, which are also named multi-
three-phase machines (e.g., dual-three-phase machines).

1.1.3 Converter architectures and drive topologies

The supply of a multiphase machine for variable speed operations is normally
achieved through a Voltage Source Inverter (VSI). Most of the currently adopted
solutions consist of two-level converters. However, the supply of multiphase machines
from multilevel converters is currently under development [15], [50]-[53] and has already
found some practical uses in high-power applications [15], [25].

Many drive topologies can be conceived regarding the electrical connection between
the machine and the converter and among the phase windings of the machine itself [7].
A few examples are here provided:

e all the phases can be connected in a star configuration with a single neutral
point and supplied by a single inverter unit (single-star configuration),

e the machine phases can be split into different star-connected subsets with
multiple isolated neutral points and be supplied either with a common or with
multiple independent converter units (multiple-star configuration),

e the phases can be accessed and supplied at both terminals by two independent

Fig. 1.2 — Different winding designs for a five-phase machine: a) Distributed layout;
b) Concentrated layout; ¢) Modular layout.
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Fig. 1.3 — Different dispositions of the magnetic axes for a nine-phase machine.

a) Symmetrical layout; b) Asymmetrical layout.
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converters (open-end configuration),

e cach phase can be separately supplied by an independent full-bridge converter.
Different topologies can have a different impact on the overall drive control, by
introducing some constraints on the machine phase currents and leading to different
common-mode voltage injection strategies for the inverter modulation. These aspects
will be covered in more detail in Chapter 3 and Chapter 4.

1.1.4 Machine modelling and control

The mathematical model of a multiphase machine can be found with the classical
tools of electromechanical conversion theory. This approach, which will be analysed and
revisited in Chapter 2, results in a set of differential and algebraic equations in the phase
variable domain. The mathematical model of the machine is then typically reformulated
with some transformations of the phase variables.

Many modelling approaches are based on the vector space decomposition (VSD) [1].
The machine variables are combined into a set of space-vector components through the
proper definition of a generalized Clarke’s transformation matriz, which is typically built
basing on the magnetic axes disposition of the machine phase windings. For symmetrical
configurations, the definition of the transformation matrix is the generalization of the
theory of symmetrical components [54] and it leads to the decoupling of the dynamics of
all the space vector components of the machine [55]. The definition of a proper
transformation matrix for asymmetrical configurations is instead not a trivial process.
Many different solutions have been proposed in the technical literature with the aim to
give a general solution to this problem but, in general, the dynamic decoupling is not
always guaranteed [55]-[58].

For VSD-based modelling approaches, the developed control algorithms are direct
extensions of the same approaches adopted for three-phase machines [1], [7].

Field-oriented control (FOC) algorithms are today the most commonly adopted
approaches for multiphase variable-speed drives. They are based on an additional
rotational transformation applied to the mathematical model obtained by the VSD. The
combined effect of the VSD and rotational transformation is represented by a generalized
Park’s transformation matriz, which projects each space vector in a moving reference
frame synchronous with the spatial harmonic components of the magnetic flux density
field at the air gap. A set of reference currents is computed from a torque/flux control
strategy, and is then controlled either in the stationary or in the synchronous reference
frame. In most cases, the reference currents in the synchronous reference frame are
constant, and they can be therefore regulated with standard Proportional-Integral (PI)
controllers, similarly to the three-phase case. When the reference currents are not
constant (e.g., in case the current control is performed in the stationary reference frame,
in some asymmetrical configurations, in case of harmonic injections for torque
improvements, etc...) the controller is properly modified with additional feedback actions
capable of tracking periodic references (e.g., Resonant controllers, multiple Rotating-
Integral controllers, Vector Proportional-Integral controllers, etc...) [59]-[63]. Moreover,
some other alternative current controllers have also been proposed in the technical
literature, like the Model-Predictive Controller (MPC) [64]-[66]. An application of FOC
algorithms to asymmetrical PMSMs will be analysed in Chapter 5.
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An alternative approach to FOC is represented by the direct torque control (DTC)
algorithm. It is based on the direct regulation of the electromagnetic torque and of the
fundamental component of the stator flux, without relying on inner current control loops
[1]-[3], [7]. Its implementation can either rely on optimal switching tables and hysteresis
controllers [67]-[71], or on the computation of a set of reference voltages which are then
applied through a pulse-width-modulation algorithm [72]. However, the proper definition
of optimal switching tables becomes exponentially harder for an increasingly higher
number of phases. Additionally, in multiphase configurations, there are generally
multiple non-torque and non-flux producing current components, which are not directly
limited by standard DTC schemes. Since these current components may assume excessive
values and decrease the energetic efficiency of the drive [3], they need to be reduced, for
example by properly modifying the definition of the switching tables [70], [73]-[76]. These
aspects have strongly limited the spread and extensions of DT'C controllers for machines
with a high number of phases.

A different modelling method adopted in multiphase configurations is the multi-stator
approach (MS) [29], [39], [54], [77], [78]. This method is convenient when the machine
phases can be grouped in multiple symmetric subsets (e.g., in multi-three-phase
configurations), which are analysed and controlled independently from one another. To
be more specific, each subset is separately analysed by applying a VSD-based
transformation (developed for a reduced number of phases), and is typically controlled
in the fundamental synchronous reference frame as in a standard three-phase FOC
algorithm. The main benefit of this approach is its intrinsic modularity [54]. Moreover,
by independently controlling each subset, it is relatively easy to implement power, torque
or flux sharing strategies [79], [80]. However, as a drawback, the resulting model is
typically characterized by strong coupling effects between the different subsets [28], [54],
[68]. This can severely affect the machine control and may even cause instability [81].
To overcome this issue, some additional decoupling transformations have been proposed
in the technical literature [29], [82]-[84].

1.1.5 Converter modulation

When the first multiphase drives have been employed, the semiconductor devices
technology was still immature, and the voltage source inverters were primarily driven in
180° conduction mode (i.e., six-step mode for three-phase configurations). In that
context, multiphase configurations were not only exploited due to their benefits in terms
of power segmentation and fault-tolerance, but also to decrease the torque ripple
generated by the additional harmonics in the machine supply [1].

Nowadays, given the huge progress in power electronics, the voltage source converters
are controlled by means of pulse width modulation (PWM) techniques. For two-level
architectures, they have been developed with the same approaches as for three-phase
converters, and most of them can be classified as carrier-based (CBPWM) and the space-
vector (SVPWM) techniques.

Carrier-based approaches are a direct extension of the analogous techniques
developed for single-phase and three-phase systems. They are based on the direct
comparison between modulating signals proportional to the voltage references with a
common carrier signal. As known, these approaches can use a proper injection of a
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common-mode voltage component to extend the linear modulation region of the VSI [50],
[85].

Space-vector approaches are instead related to the variable transformations used for
the machine modelling (e.g., to the chosen VSD transformation), and are based on the
choice of a proper switching pattern between different VSI voltage vectors. However, for
multiphase configurations, the selection of a proper set of voltage vectors and of their
switching pattern is much more challenging than in three-phase configurations. This is
both due to the exponential increase of the overall number of voltage vectors (which, for
a two-levels n-phase converter, are 2") and due to the presence of multiple planes in the
transformed coordinates. The technical literature presents many possible approaches to
deal with these aspects [86]-[92]. However, it has been proven that most space-vector
techniques are completely equivalent to carrier-based algorithms with a proper common-
mode voltage injection [50], [88], [93].

Similar considerations can also be applied for multilevel architectures. Again, carrier-
based approaches are the easiest and most straightforward implementation [52], [94],
while space-vector approaches are strongly affected by the increase of the possible
switching states [95], [15], [96], [92], [97], [98]. Again, an equivalence between many
space-vector and carrier-based approaches has been proved in the scientific literature
[50], [99]-[102]. The redundancy of states in multilevel converters can also be exploited
for additional control purposes (e.g., equalization of the DC-bus capacitors voltages,
harmonic content optimization, switching losses minimization, etc...) [50], [103]-[105].

These topics will be also discussed in more detail in Chapter 3.

1.1.6 Post-fault operations

As previously mentioned, a multiphase machine can operate even after one or more
faults, as long as the healthy phases can generate a rotating magnetic field at the air
gap. Among the different kinds of faults which can occur in an electric drive, the open-
phase fault events are the most analysed in the technical literature [4].

The post-fault operation requires a preliminary diagnosis through a proper detection
method [106]-[110] and a subsequent control reconfiguration, which is always
accompanied by some performance deratings. Several possible approaches can be
implemented according to the specific application.

A possible strategy is to preserve the same electromagnetic torque as in the healthy
configuration. This choice can lead to the same mechanical behaviour of the overall drive,
but at the expenses of higher currents in the remaining phases [4]. Therefore, assuming
the VSI current ratings are not violated, it is a viable option only for short periods
because, if prolonged in time, it may increase the thermal stress and reduce the life-span
expectations of the drive.

Other more conservative approaches can mitigate this drawback by including some
limitations on the phase currents. These limits can be imposed on the maximum current
peaks or can be formalized by referring to the stator losses, which are related to the Root
Mean Square (RMS) currents [111]-[114]. However, in this case, the electromagnetic
torque which can be produced by the machine is reduced with respect to the healthy
configuration and, consequently, the mechanical performances of the drive are derated.

The overall impact of a fault on the drive operation and on its performances derating
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depends both on the drive topology and on the adopted reconfiguration strategy. For
machines designed with multiple independent subsets (e.g., multi-three-phase machines),
the easiest fault-tolerant implementation can be achieved by disconnecting the whole
subset where the fault has taken place [2], [54], [115]. This approach leads to an easy
control reconfiguration and makes the post-fault currents to be equally distributed
between the remaining sets, but usually limits the post-fault capabilities more than
necessary, since also some healthy phases are penalized by the entire unit disconnection.

Under this perspective, it has been shown that, in most cases, the machine
configuration with a single neutral point can achieve better performances [1], [2], [111].
Similar benefits can also be achieved through different kinds of topologies like, for
example, the individual supply of each phase winding through a separate full-bridge
converter [36], [116], [117].

However, in this case, the post-fault reference currents may show an asymmetrical
distribution or additional harmonic components. Therefore, the current controller may
also need modifications with respect to the original healthy configuration [4].

1.2 Research objectives

This thesis is focused on the modelling and control of multiphase electric drives. In
particular, the aim of this research is to develop a generalized model-based approach
that can be used in multiple configurations and scenarios. The same approach should
apply with minimal reconfigurations to different machine designs (e.g.,
distributed /concentrated windings layouts, symmetrical/asymmetrical disposition of the
phase windings, sinusoidal/non-sinusoidal flux-density field at the air-gap, etc..), to
different converter architectures (e.g., single-star, multiple-star with single/multiple DC
sources, individual supply of each phase, open-end winding configurations, etc...) and in
both healthy and faulty conditions.

The analysis is carried out by first modelling the electric machine and the power
converter independently from one another, and then by mathematically formalizing their
mutual interaction considering the drive topology. It is shown how different architectures
can have a different impact on the electric drive behaviour, by acting as internal feedback
actions for its dynamics.

The development of a control algorithm is first examined with a field-oriented
approach applied to multiphase PMSMs. Some torque improvement strategies, based on
the use of non-sinusoidal currents, are formalized for a generic disposition of the phase
windings, and a strong emphasis is given to the main differences between symmetrical
and asymmetrical configurations, regarding both the torque and the currents control.

An alternative control strategy is then proposed, and it is first developed for
multiphase PMSMs and then extended for multiphase SynRMs. Contrarily to standard
approaches, this algorithm is entirely formalized in the phase variable domain, and it
explicitly considers the drive architecture. The proposed approach can generalize more
easily to different machine configurations and drive topologies, including post-fault
operations, and is therefore a viable alternative to standard control algorithms.

The results of this dissertation, obtained through rigorous mathematical derivations,
are supported and validated by both numerical analysis and experimental tests.
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1.3 Thesis organization

The thesis is composed of 8 chapters, which can be grouped into two main parts: the
first part, which includes Chapter 2, Chapter 3 and Chapter 4, addresses the
mathematical modelling of multiphase electric drives, while the second part, which

includes Chapter 5, Chapter 6 and Chapter 7, is instead focused on the drive control. A

brief overview of the main topics of each chapter is presented as follows.

Chapter 2 is focused on the modelling of the electric machine. The adopted
analytical approach is based on the standard theory of electromechanical
conversion and, starting from a given set of simplifying assumptions, it derives
a generalized mathematical model in the phase variable domain. The main
properties of the resulting system are derived and discussed.

Chapter 3 discusses the main architectures and modulation strategies for the
power electronics converter. The chapter deals both with two-level and
multilevel topologies, and presents some of the different multiphase
architectures proposed in the technical literature. A mention and some

examples are also provided regarding some pulse-width-modulation strategies.

Chapter 4 presents a novel modelling approach, based on a multiport network
analysis, aimed at describing the mutual interactions between the converter
and the machine according to the physical configuration of the system. This
formalism considerably simplifies the analysis of the same machine under
various drive topologies, coming either from different architecture designs or
from post-fault reconfigurations. Some of its results are the core of the control

algorithm developed in Chapter 6 and Chapter 7.

Chapter 5 develops a field-oriented-control algorithm for asymmetrical
multiphase PMSMs. This control strategy, which is commonly adopted for
symmetrical machines, is particularized for a generic asymmetrical winding
configuration, with an arbitrary magnetic axes disposition. The main differences
and properties are analysed and discussed. The chapter also presents and
compares some torque enhancement strategies based on the exploitation of non-

sinusoidal currents.

Chapter 6 presents and discusses a novel control strategy for multiphase
permanent magnet synchronous machines. The approach is completely derived
in the phase variable domain and takes advantage of the results of the modelling
approach developed in Chapter 4. It is based on a maximum-torque-per-ampere
strategy and on a decoupled current control algorithm, which are both
completely general with respect to the machine parameters and winding
configuration, and which are also intrinsically suited both in healthy and in

faulty operations.

Chapter 7 shows the extension of the control strategy presented in Chapter 6
to multiphase drives employing synchronous reluctance machines. It rederives
the maximum-torque-per-ampere algorithm basing on the different torque
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development mechanism, and discusses the required adaptations for the

decoupled current controller.

e  Finally, Chapter 8 summarizes the work described in this Ph.D. thesis, and
derives the main conclusions, emphasising the novel results and contributions,

and introducing the main ideas for future developments.

All the analysis and results of this dissertation have been addressed and treated with
mathematical rigour. However, in order not to overcomplicate the reading, most of the
mathematical proofs and derivations, which typically require many analytical
computations, have been grouped together and collected in the Appendiz of Chapter 9.
In this way, the reader can proceed more easily with the main thesis chapters, while the
mathematical derivations can be explored in a separate reading. The same chapter also
includes some other auxiliary technical considerations.

Additionally, a side activity that has been carried out during the Ph.D. is the
development of advanced pulse-width-modulation techniques for multilevel converters,
aimed at directly addressing the voltage equalization of the DC-bus capacitors. As
known, multiphase drives and multilevel converter can benefit from each other, especially
in applications that both require high voltage and high reliability (e.g., wind turbine
systems, marine transportation, etc...). However, from the mathematical point of view,
their control can be analysed separately. For this reason, since a detailed and general
analysis of multilevel converters would require much more details, some of the main
results related to the developed multilevel converter modulations are briefly presented
in Chapter 3.
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Other future technical works, based on still unpublished results shown in this
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2 Electrical Machine Model

This chapter is focused on developing a generalized approach for the mathematical
modelling of a multiphase electrical machine. As for any physics problem, a good
mathematical representation strictly depends on the application where this model is used
and, therefore, it is the result of a trade-off between two opposing requirements. The
model should be detailed enough to accurately describe the key functional aspects of the
system but, at the same time, it should be simple enough to be effectively and adequately
used in the application of interests. In other words, different models of the same physical
system may be better suited for the design, for the control, for the diagnosis and/or for
other purposes.

In what follows, the electrical machine modelling approach, which is based on several
simplifying hypothesis and approximations, is derived considering the machine control
as the main purpose.

The analysis is conducted as follows. First, Section 2.1 introduces the electrical and
mechanical equations of the machine. Section 2.2 describes the machine magnetic
behaviour, analysing the properties of the magnetic field inside the machine. The torque
and fluxes expressions are then explicitly computed by using the electromagnetic energy
conservation principle. Then, Section 2.3 outlines the overall machine model in the phase
variable domain, which will be particularized in the next chapters for each specific case
study. A brief mention is also given to some reference frame transformations which are
typically adopted for the analysis and control of multiphase machines. Finally,
Section 2.4 summarizes the main results.

2.1 Electrical and mechanical equations

The electrical machine can be considered as an electromechanical energy conversion
interface between an electrical network and a mechanical system. Generally, the machine
presents n different current-carrying phase windings, connected to the supplying
electrical network, and two independent mechanical rigid bodies, named stator and rotor,
in relative motion with one another, and firmly connected to other objects. The
schematic model of the machine is depicted in Fig. 2.1.

2.1.1 Electrical equations

By using a passive sign convention, for each k-th machine phase winding (with k =

1,...,n) it is possible to write the electrical equation:
do,

=R, i, +—= 2.1

U kUt a (2.1)

which is directly derived from Faraday’s law!, where:

e v, denotes the voltage between the two terminals of the winding,

! The plus sign in (2.1) is related to the passive sign convention.
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Stator

Phase Windings

Fig. 2.1 — Schematic model of a rotating electrical machine.

e 4, denotes the current flowing into the winding,
e ¢, denotes the induced magnetic flux linkage, and
e R, denotes the winding resistance.
By using a matrix notation, the expression (2.1) can be written as:

d¢
=R-1+— 2.2
v it (2.2)
where:
e v=[v,..,v,]|T is the n x 1 vector of windings voltages,
o i=[i,...,3,]T is the n x 1 vector of windings currents,
o ¢ =|[hy,...,0,]T is the n x 1 vector of induced flux linkages, and

e R is the n X n machine resistances matriz (which is diagonal and positive
definite).

2.1.2 Mechanical equations

For a rotating electrical machine, the stator is considered as rigidly connected to a
spatial reference frame, while the rotor is in relative motion to it. By using a motoring
sign convention, the rotor dynamics is represented by the mechanical equations:

de
— — 2.3
=Y (2.3)
dw
JE+F(W) 'w:TemiTm (24)

where:
e 0 is the rotor position with respect to a chosen reference (which can vary in the
interval [0, 27]),
e wis the rotor angular speed,
e J is the rotor moment of inertia,
e  Fis amechanical friction coefficient (which, generally, can depend on the rotor
speed w),

o T . is the electromagnetic torque, generated by the electrical machine by
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electromechanical conversion, and

e T, is the mechanical braking torque at the rotor shaft.

2.2 Magnetic model

The equations (2.1)-(2.4) are completely general but, by themselves, are unable to
describe the electrical machine behaviour, since neither the windings induced flux
linkages ¢, (with k= 1,...,n) nor the developed electromagnetic torque 7, have been
explicitly linked to the machine internal behaviour. This section derives their expressions
in a generalized way by exploiting the energy conservation principle.

2.2.1 Electromagnetic energy conservation principle
From the electrical and mechanical equations (2.1)-(2.4), it can be proven that the

electromagnetic energy W,,,, of the machine is dynamically governed by the equation®

(2.5)

— Sk _p [ ZZ
dt “modt

AW, _ . do & dg, do
T =1 T Temw—;zk

A first simplifying hypothesis in the machine modelling, which usually is implicitly
done, is to consider the electromagnetic energy W, to be a state function of the system,
which only depends on the instantaneous value assumed by the electrical quantities i,
or ¢, and on the instantaneous rotor position €, but which does not depend on their
derivatives or their past behaviour [127], [128]. This hypothesis leads to a conservative
magnetic model, which neglects the magnetic losses (e.g., the iron losses due to hysteresis
and eddy currents)?.

Then, assuming the electromagnetic energy W, to be a function of the induced

fluxes ¢, (with £k =1,...,n) and of rotor position 6, its time derivative is:
dWE'ﬂL _ d o
dt _dt [Wﬁm(¢l7"'7¢n79)] -
_ W, do ow,,, do, N ow,,, do (2.6)
T 0¢, At ¢,  dt 00 dt

By comparing (2.5) and (2.6) (which hold for any change of the fluxes and/or the
rotor position), it can be concluded that:

- 8Wem :
iy, = Tm (with k=1,...,n) (2.7)

? Proven in Appendix 9.2.1.

3 The hysteresis and eddy current losses depend on hysteretic and on dynamical constitution
laws for ferromagnetic materials. They could be explicitly introduced in the system model by
considering the electromagnetic energy W,,, to also have a hysteretic or dynamical functional
relationship with respect to the system variables (i.e., currents, fluxes and position). However,
this approach usually makes the model much more complex than needed. For this reason, in
many cases these effects are either neglected or semi-empirically approximated through additional
lumped parameters in the electrical or in the mechanical subsystem model (e.g., with a set of
additional resistors).
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ow,
T, =——F2 2.
em o0 ( 8)

While (2.7) does not give much insight into the machine behaviour (since the aim is to
compute the machine flux linkages ¢, ), the expression (2.8) allows getting an explicit

formulation of the electromagnetic torque T, , which can be found from the #-derivative

em?

of the energy W,

om, computed at constant fluxes. Nevertheless, W,

, is not generally
formalized with respect to the machine fluxes, but it is instead computed in terms of the
machine currents, which can be accessed and measured at the phase winding terminals.

A deeper characterization of the machine behaviour can be obtained by introducing

the electromagnetic coenergy W, as™:

Wém:iT-zﬁ—Wem:iik-m—Wﬁm (2.9)
k=1
Considering (2.5), the time derivative of the coenergy is:
:%'%LT@W%: (2.10)

Similarly to the previous case, assuming the electromagnetic coenergy W/ to be a
function of the windings currents i, and of rotor position 6, its time derivative is also
expressed as:

aw/, d . . B
dt _a em(217"'72'n76):| -
(2.11)
oW/, di; ow,,, di, ow/.. dé
04, dt 0i, dt 00 dt

and by comparing (2.10) and (2.11) (which hold for any change of the currents and/or
the rotor position), it can be concluded that:

ow! .
Op = a—zim (with k=1,...,n) (2.12)
ow!
T, = %ﬁm (2.13)

The expression (2.12) is significantly useful to find an explicit formulation of the flux
linkages ¢,,, each of which is the partial derivative of the coenergy with respect to the
corresponding current ,. Similarly, (2.13) can be used to find an explicit formulation of

which is the 6-derivative of the coenergy W/  computed

the electromagnetic torque T, em>

em?

at constant currents.

4 This change of the differential variables in a state function is a Legendre transformation,
like the analogous transformations adopted in analytical mechanics and in thermodynamics.
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2.2.2 Energy density, coenergy density and materials
Given the relationships (2.7)-(2.8) and (2.12)-(2.13), the complete characterization
of the machine variables can be obtained once the analytic expressions of the

electromagnetic energy W,

. , .
.m and of the electromagnetic coenergy W/ . are given.

As known from the theory of electromagnetic fields®, the spatial density of the

electromagnetic energy in each point of space is:
Wy = /FI(E) -dB (2.14)

where H is the magnetic field and B is the magnetic flux density field. Similarly, the

spatial density of the electromagnetic coenergy is:

—

w,,, = /‘E(H) -dH (2.15)

The two expressions (2.14) and (2.15) depend both on the value of the fields and the
constitutive relation of the material at each point of space’.
The materials used in an electric machine can be classified as:

e Dielectric materials, like the air and the insulating materials: they are mostly
a-magnetic and show a proportional relationship between H and B with a
relative permeability close to 1,

o Conductor materials, like the copper or the aluminium used for the machine
windings: they are also almost a-magnetic and show a proportional relationship
between H and B with a relative permeability close to 1,

o Soft ferromagnetic materials, like the iron used for the stator and rotor cores:
they show a hysteretic behaviour between H and B , the coercive magnetic field
has reasonably low values (typically H, <100 A/m) and the relative
permeability around the origin is relatively high (typically pp, ., > 800), and

e Hard ferromagnetic materials, like the rare-earth metal alloys (e.g., NdFeB or
SmCo) or the hard iron alloys (e.g., AINiCo) used for permanent magnets: they
show a hysteretic behaviour between H and B, the coercive magnetic field is
typically high (typically H, > 100 kA/m) and the local (§7 FI) relationship” is
affine with a relative differential permeability close to 1.

A usual approximation, which is frequently done in electrical machine modelling
approaches oriented to control purposes, is to linearize the materials constitutive
relations around a rated working point. Then, a constitutive law that can be applied to

all the materials is the affine relation:
B=puH + Bpy, (2.16)

where p identifies the magnetic permeability of the material and EPM is a constant

5 This is a consequence of Poynting’s Theorem [129].

% The expressions (2.14) and (2.15) are given as indefinite integrals because the physical
system is only influenced by the change of the energy and coenergy. In other words, any constant
offset added to their evaluation would not affect the overall system behaviour.

" Far from the bending knees of the hysteresis loop.
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permanent magnetization field contribution.
Fig. 2.2 shows a qualitative behaviour of the constitutive relations of the materials
and their linearized approximation:
e for dielectric and conductor materials y 2 i, and Bpy, = 0,
e for soft ferromagnetic materials w2 g, .. -py and Bpy =0 (ie., the
saturation effects are disregarded), and
e for hard ferromagnetic materials p = 1, and Bpy, has the same direction of the
permanent magnetization with a non-zero magnitude® (i.e., the demagnetization
effects are disregarded).
From the constitutive relation (2.16) the integrals (2.14) and (2.15) can be explicitly
computed, resulting in:

Dielectric Materials Conductor Materials
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Fig. 2.2 — Qualitative (B, H) constitutive relations of materials and linearization
around a rated working point.

8 For rare-earth materials (e.g., NdFeB and SmCo), the bending knee of the main hysteresis
loop is in the third quadrant of the (B, H) plane, and the magnitude of B s s equal to the
remanence flux density field of the same characteristic. For ferromagnetic iron alloys (e.g.,
AINiCo), the bending knee of the main hysteresis loop is in the second quadrant of the (B, H)
plane, and the linear approximation is to be computed with respect to a minor hysteresis loop
located inside the main loop. The corresponding magnetic permeability is called recoil
permeability j1; and the magnitude of B pus is lower than the remanence flux density field. Its
value can be computed as Bpy; = g - H,, where H, is called apparent coercivity, which is
typically higher than the real coercive magnetic field of the material [127].
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—=

=/Fl-d§ =/ﬁ-d(uﬁ+§PM) =//LH~dFI - ul? (2.17)

2
w, = /B dH /B d(B BPM) /— aB = 12 (2.18)
Jz 2 p

It is worth emphasizing that, in presence of permanent magnets, the expressions (2.17)

and (2.18) for w,,, and w,,, are not equivalent, meaning that the electromagnetic energy

and coenergy are not equal.
2.2.3 Energy and coenergy expressions

The overall electromagnetic energy W,,,, and coenergy W/, are found by integrating
expressed by (2.17) and (2.18) over the whole volume ® of

/// dv = /// pH? AV (2.19)
Wem /// we,, dV = ///13—2 dav (2.20)

The last step to find a general expression for the electromagnetic energy and coenergy

their density w,,, and w.,,,,

the electrical machine:

is to compute the magnetic field H and the magnetic flux density field B as a function
of the rotor position § and the phase currents i, (with k=1,...,n). For each rotor
position 0, the magnetic behaviour of the machine is governed by the magnetoquasistatic
(MQS) model®, which is based on the Gauss’s and Ampére’s equations:

#E-ﬁdS:O

S,
fﬁ-idz://jf-ﬁds
v Sy

where jf is the current density field. In a machine with n windings, jf is a linear

(2.21)

combination of the phase currents 4, (with k=1,...,n):
Ty=2 in-Tp (2:22)
k=1
where each j;, (with & =1,...,n) is a known solenoidal vector field being non-zero only

in the physical region occupled by the k-th winding!’.
A convenient choice for the boundary conditions in the MQS problem for an electrical
machine is to consider:

° In the MQS model the magnetic fields H and B are computed by solving a magnetostatic
problem (as if the system were “frozen” in time), but are then updated dynamically to find the
induced back-EMFs through Faraday’s law [129].

10 The MQS model does not consider charge accumulations phenomena inside the machine,
meaning that the current density field J (and all the normalized contributions jf,k) must be

solenoidal to respect the electric charge conservation principle [129].
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B-A=0 ond® (2.23)

where D is the domain occupied by the machine and 99 its boundary!'.

The system of equations (2.21), (2.22) and (2.23), together with the constitutive
relation (2.16), is linear and has a unique solution'? which can be expressed as the linear
combination:

n n

H=H9+> h® .5 and B=B9+Y bk .i, (2.24)

k=1 k=1

where (ﬁ ©) E“))) are the fields due to the sole permanent magnets contribution (i.e.,
when all the currents are zero), while (71“"),?1(’“)) are the fields driven by the sole k-th
phase current contribution (i.e., when i, =1 A and 4, = 0 for h # k) with the permanent
magnets fully demagnetized (i.e., Bpy, = 0 in (2.16)).

Since the fields H and B in (2.24) are linearly dependent on the machine currents,

the overall machine energy W, ,

and coenergy W/

om» which depend on the square

magnitude of the fields, are quadratic functions of the machine currents. They can be
therefore expressed as:

_ 170 (1) i
Wem - Wem + Z Wem k Zk + Z Z em, kl k2 kl ’ Zkz (225)
k=1 k1=1ky=1

We/m = em + Z W Zk: + Z Z 6/722}@1 kz '1 : ikz (226)

ky=1ky=1

where the superscript (© has been used to denote the terms independent from the
currents, the superscript (! has been used to denote the terms varying linearly with the
currents, and the superscript (2) has been used to denote the terms varying quadratically
with the currents. The coefficients defined in (2.25) and (2.26) are reported in equation
(9.8) of Appendix 9.2.4. They are all periodic functions of the rotor position 6 and satisfy
the following properties!'®:

2
0) 0) 1 Bpy 1
Wi+ W\ /// av wh =0,
(2) (2) (2.27)
) — w® _ @ _ @
em,kq,ky em,ko,ky We7n,k1,k2 - We7n,k2,k1

2.2.4 Induced flux linkages expression

From the coenergy expression (2.26) it is possible to compute the fluxes induced in
the machine windings by applying (2.12). By recalling that the coenergy coefficients are
periodic functions of the rotor position €, each induced flux linkage can be expressed as:

11 This boundary condition corresponds to neglecting all the magnetic fields outside the
external surface of the machine, and to considering all the magnetic phenomena to only happening
inside it. Other boundary conditions can be also considered, leading to similar results.

2 Proven in Appendix 9.2.3 basing on the results of Appendix 9.2.2.

3 Proven in Appendix 9.2.4.
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— awﬁ’m _ W’ (1) Sn 2 W’ (2) S
¢k1 N 01 - em,ky + em.ky ko Z/‘72 -
ky ky=1
(2.28)

= wPMJcl(Q) + Z Lkl,kg(e) g,

ky=1

. (D _ 7(2)

with wPM’k = Wem"k and Lk.l_’k.2 =2 Wﬁmykth.

By grouping all the n machine phases and using a matrix notation, the induced flux
linkages can be expressed as:

o= 1/’PM(6) + L(Q) 4 (229)

where ¥ p,,(0) is the n x 1 vector of fluz linkages induced by the permanent magnets and
L(0) is the n x n inductances matriz of the machine. Both % p,, and L are periodic in
0. Their fundamental period defines the pole pairs periodicity of the machine and depends
on its internal design.

It can be proven that the inductances matrix L(f) is symmetric and positive
definite!®. Then, it is invertible and its inverse I'(#) = L~'(6), named reluctances matriz,
is also a n x n symmetric and positive definite matrix periodically varying with the rotor
position #. The machine currents can be therefore univocally identified by the machine

flux linkages as:
i=T(0) [ —1hp(0)] (2.30)

Given these positions, the energy and coenergy expressions (2.25) and (2.26) can be

rewritten in a matrix notation as:

1 ..

, T R G .
Wiy = W (0) + $ha(0) i+ 5 d" - L(0) - (2:32)

2.2.5 Electromagnetic torque expression

From the coenergy expression (2.26), which has been rewritten as (2.32), the
electromagnetic torque developed by the machine can be computed by applying (2.13):

_ aWe/m _ aWe/n(lO) + (a’lpPIW)T. i + 1 ;T BL

T 2 -1

emT09 T 00

2" op "
(2.33)
= Ty(0) + Fhul0) i+ 5 T L (6) -

with T, (0) = OW. 100, fr0s(0) = 02y, /00 and L' (6) = OL /6. It can be proven that
the same expression (2.33) can be also obtained by applying (2.8) to the electromagnetic
energy expression (2.31)%.

4 Proven in Appendix 9.2.5.
1 Proven in Appendix 9.2.6.
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The electromagnetic torque computed as per (2.33) is given by the superposition of
three contributions:

e the term T;(6), which is unaffected by the currents and only depends on the
field generated by the permanent magnets,

e the term f%,,(0) - ¢, which is linearly varying with the currents and depends on
their interaction with the permanent magnets,

e the term (3% L’(0) - 4)/2, which is quadratically varying with the currents and
is independent of the permanent magnets.

The torque contributions can be also classified according to the different stator/rotor
interactions. Indeed, the magnetic fields in the machine can be generated or modified
from current sources, reluctance variations or permanent magnets. Then, as
schematically exemplified in Fig. 2.3, different electromagnetic torque producing
mechanisms can be identified:

e Currents/Currents interaction (Fig. 2.3.a): it is related to the quadratic term
(#T- L' () - 4)/2. Tt manifests, for example, in induction machines from the
interaction between the currents in the stator windings and the currents in the
rotor windings (in case of a wound rotor) or bars (in case of a squirrel cage
rotor). It also manifests in excited synchronous machines from the interaction
between the currents in the stator windings and the excitation current in the
field winding on the rotor.

e Currents/Reluctance interaction (Fig. 2.3.b and Fig. 2.3.d): it is related to the
quadratic term (iT- L’(0) - 4)/2. Tt manifests, for example, in synchronous
reluctance machines because of the flux barriers on the rotor or in excited
synchronous machines in case of a rotor with salient poles.

o Currents/Magnets interaction (Fig. 2.3.c and Fig. 2.3.g): it is related to the
linear term f%,,(0) 4. It manifests, for example, in permanent magnets
synchronous machines or brushless DC machines from the interaction of the
stator currents and the rotor magnets.

e Magnets/Reluctance interaction (Fig. 2.3.f and Fig. 2.3.h): it is related to the
uncontrollable term 7;(#). Usually this is not a desired effect for the machine
design. It is the origin of the cogging torque existing in machines with
permanent magnets on the rotor due to the interaction with the stator cages.

e Magnets/Magnets interaction (Fig. 2.3.1): it is related to the currents
independent term T} (#). Since it is uncommon for electrical machines to have
permanent magnets both on the stator and on the rotor, this term is seldom
observed.

e Reluctance/Reluctance interaction (Fig. 2.3.e): theoretically, this interaction
does not produce any torque, because there would not be magnetic field sources
inside the machine. However, due to the remanence field which also exists in
soft ferromagnetic materials (and which in the linearized model is neglected),
this interaction can be sensed as coming from the interaction between the stator
and rotor cages. It behaves similarly to a magnets/reluctance or a
magnets/magnets interaction, thus producing a current independent torque
contribution like T}, (9).
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Fig. 2.3 — Electromagnetic torque development mechanisms.

2.2.6 Induced back-EMFs expression

For each k-th machine winding (with k =1,...,n), the induced electromotive force
(EMF) is defined as ey, = — d¢,,/dt. The opposite voltage ey = + de,./dt is named
counter-electromotive force (cEMF) or, more frequently, back-FEMF.

The explicit expression of the induced back-EMFs in the machine windings can be
found by computing the time derivative of the fluxes (2.29), resulting in:

_dp dippy,  dL di
Copmr = qr = —qp g PO G =

Oy dO 0L 0 | di
= wtee w0 g = (2.34)
dz

=w fpy(0) +wL’(0) -1+ L(O) S

where, again, fp,,(0) = 0 p),;/00 and L’ (0) = OL /6.
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It can be seen that the induced back-EMFs are given by three terms:

e the permanent magnets motional-induced back-EMFs contribution w fp,,(0),
which is proportional to the rotor speed w and is independent of the machine
currents ¢,

e the phase currents motional-induced back-EMFs contribution w L’(0) - 4, which
is proportional to both the rotor speed w and the machine currents 4,

e the phase currents transformer-induced back-EMFs contribution L(#) - (d¢/d¢),
which is unaffected by the machine speed w and is proportional to the time
derivative of the machine currents d¢/dt.

2.3 Complete machine model

This section formalizes the overall machine model in the phase variable domain and
gives a quick overview of some of the variable transformations normally used in standard
analysis and control algorithms. Some examples of these reference frame transformations
will be provided and analysed in more detail in Chapter 5.

2.3.1 Phase variable domain

By focusing on the electrical equations (2.2), with the induced back-EMFs expressed
as per (2.34), and on the electromagnetic torque expression (2.33), the overall machine
model is given by:

L(9)~$+R-i+e =v
- 1 . (2.35)
T = To0) + Fh(0) i + 5 i L/(0)

with e = w fp),(0) + w L’(8) - i representing the overall motional-induced back-EMF's.

The set of equations (2.35) represents a dynamic model of order n, in which the state
variables are the machine phase currents ¢, the input variables are the machine voltages
v and the output variable of interests is the electromagnetic torque T,,,. Under the
simplifying assumptions made in Section 2.2, this model can be applied to any kind of
machine, being it with symmetrical or asymmetrical magnetic axes disposition,
concentrated or distributed windings, equal or different number of turns, sinusoidal or
non-sinusoidal magnetic field at the air-gap, and so on.

2.3.2 Fixed reference frame transformations

Considering any n x n invertible transformation matrix 7', here supposed to be time-
invariant, the phase variable model (2.35) can be formulated in a different reference
frame by imposing the relationships:

=Tz <+ z=T' % (2.36)

for any n x 1 vector & of (2.35)!. The general expression of the transformed model is:

16 Tn general, it is also possible to use different transformation matrices for the different sets
of variables (e.g., a transformation matrix T, for the currents and a different transformation
matrix T, for the voltages). Similar results and conclusions would apply.
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€ = wfpy(0) + wLp) 7 (2.37)
- ~ . 1o = .
T = To(0) + fru(0)-X -7 +§zT'LT(9)'z

whose parameters are reported in equation (9.10) of Appendix 9.2.7.
The transformed model (2.37) is significantly simplified if the transformation matrix
T is unitary. Indeed, in such a case, T-! = T'T and, from (9.10) it can be verified that:
e Y=1 ,
e L(6) is symmetric and positive definite,
e L,(0) =L,(#) = OL/AM is symmetric,
e R is symmetric and positive definite.
In these conditions, the transformed model (2.37) has the same form as the model in the
phase variable domain (2.35) and can be interpreted as being related to an equivalent
machine with different parameters.
This kind of transformation is typically done in the standard multiphase machines
analysis with the vector space decomposition (VSD) [1], [2], [55]. In this case, the adopted
transformation is typically denoted as:

Tysp =C -z <= x=C"1 xyyp (2.38)

The matrix C is named generalized Clarke’s transformation matriz, and depends on the
magnetic axes disposition of the machine phase windings. For machines with both stator
and rotor windings (e.g., induction machines), the transformation (2.38) is separately
applied to the n, stator and to the n, rotor phases. Similarly, in multi-stator approaches
(MS), the reference frame transformation (2.38) is also separately applied to each
symmetrical subset of the machine phase windings [29], [39], [54], [77], [78].

2.3.3 Moving reference frame transformations

In many cases, the adopted transformation matrix is not constant, but it is time-
varying. Usually, the time dependence is defined through a rotational angle ¥9. The
transformation is therefore referred to a moving reference frame and the positions (2.36)

are rewritten as:
z=TW) -z < z=T'09) % (2.39)
In this case, the general formulation of the transformed model (2.37) is modified to:

~ dz ~
L(9719)~d—;+ R -i+é=14

€ = wfpp(0,9) + wLipy(0,9) 7 + QL (0,0) % (2.40)
- ~ . 1. ~ -
T, = To0) + F(0.9) - X(0) -7 + 577 L;(0,9) %

with @ = dd/dt denoting the angular speed of the moving reference frame. The
transformed parameters, many of which depend both on the rotor angle 6 and on the
moving reference frame angle ¢ (which, in general, can be different from each other), are
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reported in equation (9.11) of Appendix 9.2.8.

Again, the model is simplified when the transformation matrix T'(J) is unitary,
because T () = T (). Then, by considering the parameters defined in (9.11) it can
be verified that:

« YW =1,

e L(6,9) is symmetric and positive definite,

o L (0,9) = L,(0,9) is symmetric,

e R(Y) is symmetric and positive definite.
However, contrarily to the case discussed in Section 2.3.2, now the system (2.40) would
still be different from the phase variable model (2.35) because of the additional term
QTL,(0,9) -7 in the expression of €, which acts as an additional motional induced term
related to the moving reference frame time variation.

This kind of transformation is typically used in field-oriented control (FOC)
algorithms. The adopted transformation is defined as:

xg,=P0)-x <= x=P V) x,, (2.41)

where the transformation matrix P(¢), named generalized Park’s transformation matriz,
is defined as the matrix product:

P(¥) = D(®)-C (2.42)

In the expression (2.42), C is the generalized Clarke’s transformation matrix of the
vector space decomposition (2.38) and D(¥¥) is a rotational transformation matriz [1],
[2]. In multi-stator approaches, the transformation (2.41) is separately applied to each
symmetrical phases subset. For permanent magnets machines, the rotational angle ¥ is
typically chosen to be equal to the rotor electrical angle (ie., ¥ =0, = P, 0, where P,
is the pole pairs number). For induction machines, the transformation (2.41) is instead
separately applied to the stator and rotor phases, and the corresponding rotational angles
¥, and ¥, are usually chosen to make the moving reference frame to be aligned to the

rotor induced field.

2.4 Summary and remarks

This chapter has been focused on the formulation of a generalized mathematical
model of a multiphase electrical machine.

First, the electrical and mechanical equations have been introduced. They depend on
the explicit formulation of the induced fluxes ¢, and of the electromagnetic torque T,,,,,

which have been computed in a general way by exploiting the energy conservation

principle. By introducing the electromagnetic coenergy W/,

the induced flux ¢, in each
k-th winding is the partial derivative of W/, with respect to the current i, flowing in
the same winding, while the electromagnetic torque T, is the partial derivative of W
with respect to the rotor position 6.

The analytical expression of W/

’m has been found by modelling all the machine

materials through an affine E, H constitutive relation, with a proportional term related
to the material permeability and with an offset term related to the permanent

magnetization. The resulting coenergy expression W/

.m is the superposition of three
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terms: a term independent from the currents, a term linearly varying with the currents
and a term quadratically varying with the currents.

From the knowledge of W/
electromagnetic torque T, have been computed. The fluxes set is the superposition of

', the induced flux linkages set ¢ and the developed
two terms: a magnets-induced term ) p,,(6) and a currents-induced term L(6) - ¢, which
depends on the inductances matriz L(0). The torque is given by the superposition of
three contributions: a term T;(#) only related to the permanent magnets generated fields,
a term fT,,(#) - i proportional to the currents and related to their interaction with the
permanent magnets, and a term (T - L’(6) - 1) /2 quadratically varying with the currents
and related both to the mutual interactions between different windings (e.g., stator and
rotor windings) and to variable reluctance effects.

Then, the machine back-EMFs, which are the time derivative of the fluxes, have been
computed. They are the superposition of three terms: a transformer induced term
L(0)-(di/dt) related to the derivatives of the phase currents, a motional induced term
(dL/dt)-3 related to the variation of the inductances matrix, and a motional induced
term dpp,,/dt related to the variation of the flux linkages induced by the permanent
magnets. The motional terms are proportional to the rotor angular speed w = df/d¢.

Finally, the overall electrical machine model in the phase variable domain has been
formalized, resulting in a set of differential and algebraic equations. A brief mention has
also been given to some state transformations which are typically used in classical
multiphase machine analysis approaches and control algorithms.

The results of this chapter represent the starting point for the overall electrical drive
analysis and the development of the proposed control algorithms, which are presented
in the following chapters.






3 Converter Architectures and

Modulation Techniques

This chapter presents the most common architectures and modulation techniques for
power electronics converters employed in multiphase electrical drives. Again, the analysis
is targeted for control purposes, meaning that the physical nature of the semiconductor
devices is not relevant for the electrical drive mathematical modelling.

The converter architecture under analysis is a voltage source inverter (VSI). It is a
circuital structure realized with controllable power electronics devices which, supplied
by a single or multiple voltage sources, is aimed at providing a desired set of voltages to
the multiphase electrical machine. Any VSI leg architecture can generate at its output
terminals only a discrete set of voltages. Therefore, a modulation algorithm is needed to
control the converter and make the overall drive evolve, on average, as if it is supplied

by the desired set of reference voltages computed by the drive control algorithm.

The chapter is structured as follows. First, Section 3.1 introduces the main VSI
architectures adopted in multiphase electrical drives, by first addressing a single VSI leg
(in both the two-level and multilevel configurations), and then by focusing on how
multiple legs can be organized in different multiphase architectures. Secondly, Section
3.2 recalls the working principle of pulse width modulation (PWM) techniques used to
supply the converter, and briefly mentions how these techniques are adapted for
multiphase and multilevel topologies. Then, Section 3.3 provides some examples of
modified modulation techniques specifically addressed to guarantee the DC-bus voltage
balancing in a multilevel configuration®. Finally, the main contents of this chapter are
summarized in Section 3.4.

3.1 VSI architectures

This section briefly presents the most common VSI architectures, by first addressing
the structure of a single VSI leg and then by showing some of the topologies typically
adopted for multiphase drives.

All the VSI architectures are realized through the proper connection of several
electronics components. Depending on the operating conditions of the specific application
(e.g., rated voltage, current, switching frequency, etc...) different kind of semiconductor
devices can be implemented (e.g., MOSFET, IGBT, BJT, GTO, etc...). In the following,
the semiconductor devices will be modelled as ideal controllable switches, characterized
by a negligible voltage drop in the ON state, a negligible leakage current in the OFF
state, and instantaneous switching transitions.

! As also mentioned in Chapter 1, this topic has been a side research activity carried out
during the Ph.D. course. Since these modulation techniques can be analysed separately from the
machine control algorithm, some of the main results are here briefly presented.
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3.1.1 Leg architectures

As previously mentioned, a VSI leg is a power electronics structure that is supplied
at the input terminals by a single or multiple voltage sources and which can be actively
controlled in a way to generate a desired voltage at its output terminals. If the output
voltage can only be controlled to assume two distinct values, the structure is a two-level
converter leg. If the leg output voltage can assume more than two different values, it
represents a multilevel converter leg.

The typical two-levels VSI leg architecture is represented in Fig. 3.1. It has two
controllable semiconductor devices which are piloted in a complementary way (i.e., when
the top device is ON, the bottom device is OFF, and vice-versa)®. By taking as reference
the negative DC-bus node and by neglecting the semiconductor voltage drops, the leg
output voltage u; can only assume two possible values, being 0 and the total DC-bus
voltage Vp. The presence of the freewheeling diodes connected in anti-parallel with the
controllable switches ensures that the output voltage u,, is independent of the sign of the
output current i,,.

Several different architectures have been proposed for multilevel voltage source
converters, each of which has some benefits and drawbacks. The most common
architectures for a multilevel VSI leg can be grouped in [130], [131]*:

e Multi-point clamped (MPC) converters?, where the overall DC-bus is realized
through the series connection of multiple DC sources, whose connection point
can be linked to the leg output terminal through a proper switching signals
configuration (as in Fig. 3.2a),

o Flying capacitors (FC) converters, which has a set of isolated capacitive
sources, whose connections can be changed by a proper switching signal
configuration to generate multiple output voltages (as in Fig. 3.2b), and

e Modular multi-cell (MMC) converters, which is built upon the cascaded

Sk;
+ 4»_{

ﬁ»—{ Wk

o —

Fig. 3.1 — Schematic representation of a two-level VSI leg.

2 The subscript k denotes the generic k-th phase leg of the converter. The switching signals
have been represented as s, € {0,1} and §;, = 1 — s,,.

 These architectures represent special cases of a generalized multilevel topology [132].

* The most common architecture is the three-level one, named neutral point clamped (NPC)
[133]. Different hardware topologies can be addressed as MPCs (e.g., diode clamped, T-type,
etc...); they differ in some design aspects (e.g., number of semiconductor devices, voltage/current
ratings, etc...) but behave equivalently from the functional point of view.
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connection of multiple conversion modules with a basic VSI architecture® (as in
Fig. 3.2¢).

Similarly to the two-level VSI leg, in multilevel architectures for each controllable
semiconductor device it is possible to identify a corresponding device which is piloted in
a complementary way (i.e., when the considered device is ON, the complementary one
is OFF, and vice-versa). As a result, for a multilevel converter leg with N couples of
complementary devices, there are 2V possible switching combinations among which to
choose. However, some architectures also show additional constraints on the switching
signals®, while other architectures, instead, may show redundant combinations of the
switching signals to supply the same output voltage. These peculiarities influence the
modulation strategy used to control the multilevel leg.

o)

Fig. 3.2 — Schematic representation of different multilevel VSI leg architectures:
a) Multi-point clamped (MPC); b) Flying capacitors (FC); ¢) Modular multi-cell (MMC).

5 This topology is also called cascaded multicell inverter [131]. According to the nature of the
basic cell, some special cases are named differently (e.g., cascaded half-bridge, cascaded full-
bridge, etc...).

% An example is the MPC converter leg where, to guarantee that the leg output voltage is
independent of the output current sign, only some switching signals combinations are allowed. A
more detailed explanation is given in the examples of Section 3.3.
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3.1.2 Multiphase architectures

The control of a multiphase machine requires the use of a multiphase converter,
which is built upon multiple legs. In this context, several different multiphase topologies
can be realized. They can be either with a single DC voltage source or with multiple
independent DC voltage sources [7]; moreover, the corresponding number of legs (further
on denoted as m) can even be different from the number of phases of the electrical
machine (further on denoted as n). The following examples illustrate these differences’.
The mathematical analysis of these configurations will be studied in more detail in
Chapter 4 by using a multiport network approach.

In typical configurations with a single DC source, the number of converter legs is
equal to the number of machine phases (i.e., m = n). The positive terminal of each k-th
machine phase is connected to the output of the corresponding k-th converter leg, while
the negative terminals are usually connected in a star or multiple-star configurations
(see Fig. 3.3a and Fig. 3.3b).

As will be discussed in more detail later on, a star connection with an isolated neutral
point introduces a constraint on the machine phase currents, whose sum is forced to be

zero. In some cases, to allow the free recirculation of this current, the neutral point is

) ARG

e ()

Fig. 3.3 — Star configurations of a six-phase machine with isolated neutrals: a) Single-
star; b) Double-star.

7 All the examples are given for two-level converter architectures, but are also valid for
multilevel configurations.
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Fig. 3.4 — Star configurations of a six-phase machine with neutral connection: a)
Additional VSI leg; b) DC-bus midpoint connection.

either connected to an additional converter leg (as in Fig. 3.4a) or to the DC-bus
midpoint (as in Fig. 3.4b). In the first case, it results that m > n, while in the second
case it still results m = n, but the neutral current may introduce a disbalance among
the converter DC-bus capacitors voltages.

Extensions of delta connections are also possible for multiphase drives. A simple
example is a pentagon or a pentacle connection for a five-phase machine, as in Fig. 3.5a
and Fig. 3.5b, respectively. In this case m = n, but the cyclic connection of the machine
windings leads to a circuit loop whose current (which behaves as a “recirculating current”
inside the machine) cannot be directly controlled by the converter voltages.

In presence of multiple isolated DC sources, the previous configurations can also be
used for specific subsets of machine windings, as exemplified in Fig. 3.6 for multiple star-
connected subsets®.

Fig. 3.7 shows another architecture with multiple DC sources, where each machine
winding is separately supplied with a dedicated full-bridge converter. This topology,
which is of special interests in fault-tolerant applications, leads to m = 2n and can be

considered as a special case of the previous example.

8 This is a common approach in case the machine is realized with multiple three-phase
subsets, each of which is supplied through an isolated three-phase VSI. These multiphase
architectures are also known in the technical literature as Multi- Three-Phase configurations.
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Fig. 3.5 — Cyclical configurations of a five-phase machine: a) Pentagon configuration;

b) Pentacle configuration. An alternative representation of the connections has been

added to facilitate the circuit understanding.
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Fig. 3.6 — Six-phase machine in a double-star configuration with two star-connected

subsets supplied by isolated DC voltage sources.

Additionally, other configurations are also possible. An example is the double-sided
supply configuration of Fig. 3.8, also known as open-end configuration, where the
machine phases are separately supplied at both terminals by two isolated n-phase
converters (resulting in m = 2n).

All the discussed architectures have a different influence on the mathematical model
of the drive. Indeed, both the dependence of the machine voltages from the converter
voltages and the constraints on the machine currents are influenced by the chosen
configuration. The impact of these architectures on the overall electrical drive
mathematical model will be discussed in Chapter 4 by studying the electrical connection
between the converter and the machine through a multiport network analysis approach.
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Fig. 3.7 — Five-phase machine with independent supply of each phase winding with
an independent full-bridge converter.
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Fig. 3.8 — Five-phase machine in open-end configuration, supplied at both sides by

it}

two isolated five-phase converters.

3.2 Modulation

As discussed in the previous section, any VSI leg architecture can produce at its
output terminal only a finite set of voltages, which are related both to the voltage of the
DC sources and to the driving signals applied to the switching devices. Generally, the
leg voltage reference computed by the drive control algorithm does not match any of
these values. Then, to make the machine variables evolve as closely as possible to the
ideal desired behaviour, a modulation technique is required.

The most common modulation approach used in electrical drives is the pulse width
modulation (PWM) technique. This section briefly recaps its working principle, starting
from the analysis for a single two-level VSI leg and then discussing its extension to
multiphase and multilevel configurations.
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3.2.1 Pulse width modulation principles

As discussed in Section 3.1.1, by neglecting the semiconductor voltage drops, the
output voltage of a two-level VSI leg can only assume two possible values, being 0 and
the total DC-bus voltage V. Then, the inverter output voltage can be realized through
a PWM technique, which consists of the application of a sequence of rectangular pulses
with a fixed height (equal to V) and variable temporal width. By properly varying the
width of these pulses, the converter voltages can force the electrical machine to follow,
on average, the same evolution it would have with the original reference voltages.

For a given modulation period Tpy,,,, the pulse width in each modulation interval is
chosen in a way that the average value of the leg voltage matches the average value of
the corresponding desired reference. The switching instants of the leg voltage are
typically obtained by comparing a modulating signal® obtained from the reference leg
voltage with a carrier signal'® with the period Ty ;-

Consider a generic k-th converter leg (with k=1,...,m) piloted with a PWM
technique. By denoting as ¢, the initial instant of the h-th modulation period, the average
voltage (u,)[h] supplied by the leg in the same period is:

tp+Tpwm

T h
L ) dt = Ve -%;ON[ ]
PWM

h

(uy,) ] = Vpe - di[h] (3.1)

TPW]\/I

where T} o is the leg output voltage pulse width and d), = T}, o /Ty is the duty cycle
of the converter leg.

To obtain the same average behaviour, in each modulation period the duty cycle is
computed to make the average leg voltage equal to the average reference voltage (i.e.,
(ug)[h] = (u})[h]). Assuming u*(t) does not show a significant variation within the

modulation period!, it results:

1 tp+Tpwnm
Wil = = [ de = uie) (32)
PWM
h

By comparing (3.1) and (3.2), the duty-cycle can be computed to be:

9 If the modulating signal is analogic, the modulation is said to work in natural sampling
mode. If the modulating signal is digital the modulation is said to work in regular sampling mode.
In this latter case (which, thanks to the diffusion of digital controllers, is nowadays the most
common scenario) the sampling period T, of the modulating signal is generally synchronized with
the carrier period Ty,

10 Typically, the carrier signal is either a sawtooth signal or are triangle wave signal, in a way
that it is piecewise linear in each modulation period. In a digital PWM implementation, for a
sawtooth carrier, the modulating signal is updated with the same period of the carrier, meaning
that Tpyy; = T,. For a triangular carrier, if the modulating signal is updated with the same
period of the triangular wave (i.e., Tpy; = I ), the modulation is called symmetrical or single
edge; if the modulating signal is updated twice for each carrier period, (i.e., Tpyy, = 27,) the
modulation is called asymmetrical or double edge.

"' Which is an exact (i.e., not approximate) condition in case of a regular sampling mode,
since wj, is digitally implemented and is kept constant for each modulation interval.
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d,[h] = ”"‘/](jg) (3.3)

To guarantee a feasible behaviour for the converter leg, the reference leg voltage must
be in the range 0 < uj < Vo, meaning that 0 < d, < 1. The duty-cycle computed as
per (3.3) is used as the modulating signal for the PWM and compared to the chosen
carrier signal varying from 0 to 1 to compute the switching instants for the converter
leg. The schematic representation of this carrier-based PWM technique is schematically
shown in Fig. 3.9.

It can be proven'? that, if the bandwidth of the reference voltage u} is low enough if
compared to the modulation frequency fpy,,, then the leg output voltage w,(¢) (which
is a pulses sequence) has the same low-frequency harmonic content of wuj(t), but it is
applied with a time delay of Tpy;,/2. In other words, the leg output voltage can be
written as:

g (t) = (t - %) + Ay () = (t - @) (3.4)

where Au,(t) is a residual voltage, whose low-frequency harmonic content is negligible
with respect to the reference uj (t).

This is exemplified in the diagram of Fig. 3.10, which shows the time and frequency
behaviour of a reference analog signal u; and of the corresponding pulse-width-
modulated signal u,, both normalized by V. The analog signal has a fundamental
frequency of 50 Hz, while the carrier signal (red triangle-wave of Fig. 3.10) has a
frequency of 1 kHz. As can be seen, while the analog signal u;, has a smooth behaviour,
the PWM signal u,, is a sequence of rectangular pulses of fixed height and variable width.
However, the low-frequency harmonic content of both signals (for f < 500 Hz) is almost
identical. The high frequency harmonics of the PWM signal u, are centered around the
multiple integers of the carrier frequency.

Therefore, by applying the pulse width modulated voltage w,(t) to a dynamical
system with a low-pass filter behaviour, the voltage Au, () is neutralized and its effect
can be neglected. This is what usually happens in an electrical drive, where the ohmic-

Control
Algorithm

Fig. 3.9 — Carrier-based PWM technique for a two-level VSI leg.

2 Proven in Appendix 9.3.1.
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Fig. 3.10 — Example of a two-level PWM technique.

inductive nature of the electrical machine can filter out the effect of the high-frequency
harmonic content of the voltages on the machine currents. Then, Au(t) only produces a
current ripple which, for the drive control purposes, can be disregarded.

For a digital controller working with a sampling period of T, the duty-cycles
computed as per (3.3) during a generic h-th sampling interval are usually applied at the
beginning of the (h + 1)-th sampling interval'®. This introduces an additional time delay
to the modulation. Therefore, for control purposes, by neglecting the effect of Aw,(t),
the combined action of the discrete-time behaviour and the pulse width modulation

technique can be modelled through the relation:

T
welt) 2w (£ =T, =13 ) = it = ) (35)
where 7,,; = T, + Tpyyp/2 is the overall time delay introduced by both the digital control
and by the modulation technique.

3.2.2 Multiphase modulation techniques

Several different approaches have been proposed for the modulation of multiphase
converters [50], [93], [134]-[136]. They are typically referred to m-phase star connected
systems with a single isolated neutral point but, with relatively few changes, they can
be also easily extended to other configurations (for example, in case of a multiple star-
connected configuration, the same modulation approach can be separately applied to
each star-connected subsystem).

The most simple and straightforward approach is to use a carrier-based PWM
method to separately control each converter leg independently from the others. In other
words, the switching signals for the semiconductor devices are obtained by comparing m

modulation signals with a common carrier signal with the period Tpy ;-

3 This is typically called shadow mode.
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Similarly to the approach used in most of the standard three-phase drives, a common-
mode voltage injection can be superimposed to the leg voltage references. Indeed, for a
m-phase/m-wires architecture, the common-mode voltage does not affect the supplied
system, because the converter imposes the phase-to-phase voltages, which are unaffected
by the common-mode component. To be more specific, given a m x 1 set of reference

voltages W* = [}, 43, ..., 4%, )T, the reference leg voltages for the carrier-based modulation
can be obtained as:

w=u"tugy, 1, = ul=u+uly (3.6)

where 1., =[1,1,...,1]F, while u},, is the aforementioned common-mode wvoltage
component.

Since the basic two-level VSI leg architecture is not capable of generating negative
output voltages, the common-mode component must be chosen in a way that 0 < uj, <
Vpe for all k=1,...,m, where V. is the DC-bus voltage. As a result, the common-
mode voltage must be in the range'*:

—min{T*} < u}fy, < Vpo —max{u*} (3.7)

The condition (3.7) simply requires that the maximum phase-to-phase voltage (i.e.,
max{@*} — min{w*}) is lower than the overall DC-bus voltage V.
The simplest common-mode voltage injection is:
. Voo

iy = € (3.8)
which is just a shift of the reference voltages towards the DC-bus midrange. Again,
similarly to the techniques employed for three-phase systems, different injections can be
used to improve some converter performances. Among the different approaches which
have been presented in the technical literature, it is worth mentioning the so-called min-
mazx injection [50], [85], which computes the common-mode component ug,, at the

midrange of its feasibility range, as:

. (Vpe —max{@*}) + (—min{@*}) Vpr max{u*}+ min{a*}
Uon = 5 = 5 (3.9)

in a way that the reference voltages uj = U} + uf,,, are centred around Vj-/2. In this
way, similarly to three-phase drives, the DC-bus utilization in the linear modulation
region is maximized. However, as proven in [85], for symmetrical and sinusoidal drives,
the benefit of the min-max injection technique (3.9) over the basic DC injection (3.8) is
lower and lower for an increasing number of phases.

An example of a common-mode voltage injection is given in Fig. 3.11 for a five-phase
symmetrical set of purely sinusoidal voltage references. As expected, the injection (3.8)
(top subplot of Fig. 3.11) keeps all the voltage waveforms sinusoidal and only shifts them
by Vpe/2. On the contrary, the min-max injection (3.9) (bottom subplot of Fig. 3.11)
modifies the waveform of the leg voltage references, which are not sinusoidal anymore.
The injected common-mode voltage reference (black dashed trace) has a pseudo-

4 Proven in Appendix 9.3.2.
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Fig. 3.11 — Example of a common-mode voltage injection to a five-phase symmetrical
set, of sinusoidal voltage references. Left: DC-bus midrange voltage injection; Right: min-

max injection.

triangular waveform and, as previously explained, can reduce the peak values of the leg
voltage references without altering the supplied phase-to-phase voltages.

A different approach for the generation of the switching signals is the space vector
modulation, which is based on the computation of voltage vectors (which are defined
with the variable transformations introduced in Section 2.3) and on the generation of
proper switching patterns among the vector combinations which can be supplied through
the converter legs [88]. This approach, which is commonly adopted for standard three-
phase drives, is not of straightforward application in multiphase configurations, both
because of the rapid increase in the number of possible output voltage vectors (which
grows up exponentially as 2™) and the presence of multiple planes which must be
controlled simultaneously [50].

As an example, by considering a five-phase converter (m = 5) and by referring to the

transformation:
Uy, cos(0ar) cos(lar) cos(2a) cos(3a) cos(4a) u,
Uy, 5 sin(0a) sin(la) sin(2«) sin(3a) sin(4a) Uy
Ugg | = = cos(0a) cos(3a) cos(6a) cos(9a) cos(12a)| - fug
Uy sin(0a) sin(3a) sin(6a) sin(9a) sin(12a) Uy

L% ] Luyve uyve v vz vz o)

with a = 27/5, Fig. 3.12 shows the mapping of all the 2° = 32 voltage vectors which can
be generated, both in the {u,, Uy1} and in the {u,, uy3} planes.

Given a reference voltage vector, the space vector algorithm applies it on average in
a modulation period by using some of the nearest applicable vectors. However, the choice
of the voltage vectors to be applied and of their application pattern is not
straightforward. Moreover, it has been shown that most of the available space vectors
techniques are completely equivalent to carrier-based methods, once a proper selection
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of the common-mode voltage injection is given' [50], [93], [99], [137].
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Fig. 3.12 — Representation of the voltage vectors of a two-level five-phase VSI in the

{ug,uy, } and in the {u 4, ug,} planes.

15 This is not surprising, since the space vector approach can be interpreted as applying a
carrier-based technique in a different reference frame. Under this point of view, the common-
mode voltage injection is implicitly done with the space vector approaches, while it is explicitly
imposed in carrier-based ones.
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3.2.3 Multilevel modulation techniques

For multilevel VSI architectures, the presence of multiple devices for each leg results
in a higher number of degrees of freedom for the converter control, which can be exploited
to optimize some desired performances. Some of the improvements which are usually
demanded to the converter modulation include, for example, the optimization of the
switching harmonic content, the losses minimization or the voltage balancing among
multiple DC sources. When the voltage sources are implemented by capacitors, a voltage
equalization technique is required to guarantee the correct behaviour of the converter
[131], [138], [139].

When the number of levels is sufficiently high, the switching signals are typically
chosen in a way to approximate the reference leg voltage uj with the closest feasible
level. This approach is called nearest level modulation and is mainly characterized by a
reduced switching transitions rate [138] (see Fig. 3.13a).

In case the number of levels is not sufficiently high to neglect the approximation
error introduced by the nearest level modulation, it is possible to use extensions of PWM
techniques. Contrarily to a two-level leg, for a multilevel leg the same average output
voltage (u}) can be generated in multiple different ways. Different PWM techniques can
be classified according to the waveform of the leg output voltage u,;, corresponding to the
reference uj,. A possible classification is:

e single-step mode (SS), if in each modulation period the voltage u, only switches
among the two feasible levels closest to uj, (see Fig. 3.13b),

e multi-step mode (MS), if in each modulation period the voltage u, switches
among multiple feasible levels (see Fig. 3.13¢), and

e {wo-level mode (TL, which is the extreme case of an MS mode), if the multilevel
leg behaves similarly to a two-level VSI leg by only switching among the
extreme feasible output voltage levels (see Fig. 3.13d).

Generally speaking, the generation of the switching signals to supply the
semiconductor devices can still be obtained through a carrier comparison approach,
similarly to the two-level case. However, given the higher number of devices, the
comparison approaches can be performed in different ways and can be classified as:

e single reference/multiple carriers approaches (as in Fig. 3.14a), where a single
reference (i.e., modulating) signal is compared with multiple carrier signals'
(each of which refers to a couple of complementary devices),

o multiple references/single carrier approaches (as in Fig. 3.14b), where a single
carrier signal is compared with multiple references (each of which refers to a
couple of complementary devices), and

o multiple references/multiple carriers approaches (as in Fig. 3.14¢), where each
couple of complementary devices is separately controlled by comparing a

reference and a carrier signal.

16 These are the most commonly used techniques and, according to the nature of the different
carrier signals, they are further classified in different subcategories, like Phase Shifted (PS), In-
Phase Disposition Level Shifted (PD-LS), Phase Opposition Disposition Level Shifted (POD-LS),
Alternate Phase Opposition Disposition Level Shifted (APOD-LS), etc... [140], [141].
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For what concerns multilevel multiphase architectures, the independent control of
each leg is nowadays the most common approach. Indeed, the application of space vector
modulation approaches to multilevel architectures drastically increases the algorithm
complexity and is not suited for multiphase scenarios. Some space vector approaches
have been proposed in the technical literature but, again, most of them are completely
equivalent to an independent control of each converter leg with a superposition of a
properly chosen common-mode voltage component [50], [99]-[102].

The proper choice of the modulation technique to be used is strictly related to the
converter architecture (which, as previously mentioned, may have its specific constraints
or redundancies) and to the desired performances to be met. Section 3.3 presents some
examples of PWM techniques aimed at the voltage balancing in multilevel converters.

a) Nearest Level Modulation
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Fig. 3.13 — Example of output voltage waveforms with different modulation
techniques for a multilevel converter leg.
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Fig. 3.14 — Some possible carrier comparison techniques for multilevel converters.
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3.3 Multilevel modulation examples

The present section gives some examples concerning the application of multilevel
pulse width modulation techniques with voltage balancing capabilities. The analysis is
focused on neutral point clamped (NPC) and multi-point clamped (MPC) architectures,
and briefly addresses the main results proposed in [120], [121], [124]-[126].

3.3.1 Hybrid NPC modulation with voltage balancing

Considering some of the basic three-level neutral point clamped converter leg
architectures represented in Fig. 3.15a and Fig. 3.15b, it can be noted that the output
node can be connected to any of the three DC-bus nodes through proper control of the
semiconductor devices. This connection not only determines the output voltage u,, of the
converter leg, but also the current iyp ;, absorbed from the neutral point. Consequently,
from the functional point of view, the converter behaves as the ideal switching circuit of
Fig. 3.15c. Generally speaking, the overall DC-bus voltage Vpo = Vpor + Vpeo p is
imposed externally and can be approximately considered to be constant, while the
voltages of the top and bottom DC-bus capacitors Vp 1 and Vpe 5 dynamically depend
on the converter operating condition. In other words, they can vary in time and can be
different from one another. Since the converter operation can lead to high steady-state
voltage fluctuations and, in some cases, even to instability [142]-[145], a voltage
balancing technique is required to equalize Vpo 1 and Vpe .

As previously mentioned, the four active semiconductor devices of each leg are
grouped in two couples which are controlled in a complementary way. The 22 =4
possible switching states, together with the corresponding values of the leg output
voltage u;, and of the neutral point current iyp,, are summarized in Table 3.I. The
correct operation of the converter requires the state {1,0} to be avoided: indeed, for the
diode clamped architecture of Fig. 3.15a, it would make the output leg voltage to be
dependent on the sign of the output current (i.e., it would result u, =Vp -
(1 —sign(i,))/2), which is not desirable, whereas for the T-type architecture it would
short-circuit the whole DC-bus, thus compromising the converter safety. A simple way
to avoid the exploitation of the state {1,0} is to guarantee that 0 < s;, <sp; <1,

which can be interpreted as a functional constraint imposed to the switching signals.

a) b) c)
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Fig. 3.15 — Neutral Point Clamped converter leg architectures: a) Diode clamped;
b) T-type; c) Ideal topology.
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Table 3.1 — SWITCHING STATES FOR AN NPC LEG.

State STk SB.k Uy, iNP K
{0,0} 0 0 0 0
{0,1} 0 1 Vbo.s iy
{1,0} 1 0 (undetermined) 0
a1 1 1 Voo 0

To consider all the possible operating mode of the pulse width modulation technique
(being the SS, MS and TL modes), the switching signals are considered as obtained
through a multiple references/single carrier comparison'”. This means that each signal
S(r/p),;; is obtained by comparing a duty-cycle dy,p) ;, with a common triangular carrier
signal, with period Tpy;,. The different switching modes are represented in Fig. 3.16 for
a general case in which the top and bottom DC-bus capacitors have different voltage
levels (i.e., Voer # Voos # Vbe/2).

As can be deduced from the graphical interpretation, the aforementioned constraints
0 < sy < spy <1 are automatically satisfied once the same relationship holds for the
duty cycles (i.e., once 0 < dp, < dp, <1). It can also be noticed how for SS and TL
mode the duty cycles are univocally determined for a given reference voltage u;, while
this is not the case for the MS mode, which allows to freely choose drj and dg, in
multiple ways, while still developing the desired average output voltage.

By applying a standard averaging procedure over a Tpy,, time interval, the average
k-th converter leg voltage and NP current are!®:

% = dB?k ) VDCTB + dTA,'k ) VDC,T ' (3.10)
INPE = (dB?k - dT,k) e = dNPTk "l

The difference dyp; =dg) —dp, in (3.10) is an important parameter, which
represents the fraction of the modulation period for which the output node is connected
to the neutral point. A graphical interpretation of dyp, is shown in Fig. 3.16. Its
minimum value is 0 and is obtained in TL mode (i.e., the output node of the leg is never
connected to the NP). Its maximum value is obtained in SS mode and depends on the
output voltage reference uj, according to the rule:

* *

Uy, Voe — “k}
K

Voe,s Voer

dNPA,max(u;;) = mln{ (311)

which is a piece-wise linear function of uj. All the intermediate values of dyp ; represent

a possible MS mode and can be identified through the normalized parameter:

Qg = dNP,k/dNP,max(“Z) (3.12)

7 Many single references/multiple carrier approaches (like, for example, the level shifted
PWM) can be also realized with a multiple references/single carrier approach with a proper
choice of the modulation signals.

¥ For notation ease, all the variables (unless otherwise specified) implicitly refer to the
corresponding average value in a single modulation period.
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Fig. 3.16 — Qualitative behaviour of the different switching modes of an NPC leg for
the same output voltage reference: Top) Duty-cycles; Middle) Switching signals;
Bottom) NPC leg output voltage.

named MS gain factor. When «,, = 0% the k-th NPC leg works in TL mode, when «,, =
100% the NPC leg works in SS mode, and in all the other cases it works in MS mode.

The previous reasoning can be applied to all the converter phases, which share the
same DC-bus capacitors.

As also mentioned in Section 3.2.2, in absence of a neutral wire connection, a
common-mode voltage u¢,, can be injected in the reference leg voltages without affecting
the overall behaviour of the supplied load (which, in this case, is the electrical machine).
As a result, each k-th leg voltage references can be written as uj, = @}, + uf,,,, coherently
with (3.6). The common-mode voltage uf,,, is a degree of freedom for the modulation.

Therefore, by considering the superimposed contribution of all the m converter legs,

the dynamics of the voltage disbalance between the two DC-bus capacitors is given by:

c- (VDC,T - VDC,B) =iyp =

&~

" - (3.13)
= Z INpk = Z i " O Ay p o (T, + UGy
k=1 k=1

In (3.13), all the reference voltages @} are known (e.g., they are imposed by the machine
control algorithm), while all the phase currents i, behave as uncontrollable inputs for
the DC-bus capacitors voltage disbalance dynamics.

Standard modulation techniques, like the single reference/multiple carriers ones, by
default, only work in SS mode by taking all the gain factors a;, to 100%. The common-
mode voltage wug,, is chosen with a standard min-max injection strategy and,
consequently, there is not any active control of the NP current i, p. As previously stated,
in some operating conditions the effect of the load might lead to high DC-bus voltage
fluctuations and even instability. To counteract these drawbacks, some techniques have
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been proposed to achieve control of the NP current by modifying the modulation
technique, without any need for external balancing circuits.

The voltage balancing can be obtained by controlling in feedback the voltage
difference (VDC’T —Vbe, ) and, according to the model equation (3.13), by computing
a reference neutral point current iy to be injected into the DC-bus midpoint. Since the
voltages @, and the currents i, (which are related to the drive control algorithm) should
not be altered by the balancing technique, the available degrees of freedom to control
iyp are the common-mode voltage ug,,, and the gain factors o, ..., a,.

Some of the proposed strategies only work in SS mode (i.e., all a, at 100%) and use
a proper common-mode voltage injection to minimize (or, if possible, to nullify), the
error between the NP current i,yp and the reference NP current ik [104], [146], [147].
The expression (3.13) (for any given choice of the gain factors «,) is a piecewise linear
function of the common-mode voltage u,,,;, whose breaking points' are obtained when
one phase is such that dyp ., (U}, + ug,,) is either 0 or 1. Then, the choice of the optimal
common-mode voltage reference can be graphically interpreted through a diagram like
the one depicted in Fig. 3.17. To be more specific, in the function i yp(ug,,) it is always
possible to identify a breaking point which minimizes the distance from i’ (e.g., the
voltage Ufps opime 10 Fig. 3.17) and, in some cases, it is also possible to identify a
common-mode voltage for which ifyp =iyp (e.g., the voltage ugy, o . in Fig. 3.17).
Then, the optimal common-mode voltage to guarantee the DC-bus voltage balancing is
chosen to minimize (and, if possible, to nullify) the error |i%yp —iyp|.- This approach
leads to a reduced number of switching transitions, but it becomes unreliable for
operating conditions with high modulation index values, since the feasible interval for
the common-mode voltage injection may be too narrow to control iyp.

Other proposed algorithms, instead, only uses the MS mode operation by properly

*
UM, opt ec
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== =iyp
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Fig. 3.17 — Neutral point current function with the common-mode voltage injection-

based balancing algorithm.

19 The breaking points (i.e., the points where the slope of the function iyp(uf,,) changes)
are obtained when the output terminal of one of the converter legs is clamped to one of the DC-
bus nodes. Therefore, for a m-phase NPC there are, at most, m + 2 breaking points.
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reducing the gain factors ¢, in a way to condition the function (3.13) and again, if
possible, to nullify the error |i%p — iyp| [103], [148]-[150]. The common-mode voltage
ugy, is instead chosen according to a standard approach, like the min-max injection
strategy (3.9) [103]. A graphical interpretation of these kind of approaches is given in
Fig. 3.18, where it can be seen that the decrease of one gain factor «,, from 100% (i.e.,
SS mode) to a lower value (i.e., MS mode) can change the shape of the overall function
inp(ugy)- For a given (i.e., fixed) common-mode voltage injection, changing one or more
oy, can allow to find an intersection with the reference current iy p. However, despite
always being able to guarantee the equalization (even in operations with high modulation
index values), the MS mode introduces additional switching transitions to the system,
and therefore reduces the converter energetic efficiency.

A proper combination of a simultaneous common-mode voltage injection and MS
operation allows the modulation to take advantage of the main benefits of the proposed
approaches, while at the same time neutralizing their respective drawbacks. This has led
to the development of the hybrid technique proposed in [120], [124], whose graphical
interpretation is given in Fig. 3.19. In this case, the reduction of one gain factor «, is

- - =g} —inprn(ug),
2 | o decreases NP S (C*“))
3 —inpss(uin) —inpus(uiy
g 4
= o o
O e—mmm— | *
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Fig. 3.18 — Neutral point current functions with the MS-based balancing algorithm.
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Fig. 3.19 — Neutral point current functions with the proposed hybrid balancing
algorithm.
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supported by the choice of a common-mode voltage at the breaking point of one phase
(e.g., the voltage ugy; pp me i Fig. 3.19). In this way one converter leg is clamped to
one of the DC-bus nodes, and partially neutralizes the increase of the switching
transitions rate. In other words, if one NPC leg is required to work in MS mode (with
more switching transitions), another leg is clamped to one of the DC-bus nodes (and
does not have any switching transition in the same modulation interval).

The logical flow-chart of this hybrid technique is depicted in Fig. 3.20. The algorithm
starts with all the NPC leg in SS mode (i.e., all the gain factors «, = 100%) and finds
all the available breaking points of iyp(ug,,). Then, it first looks for possible
intersections between i yp(uf,,) and 7 p and, if present, it uses the same approach as in
Fig. 3.17 to compute the reference common-mode voltage injection. In case there is no
intersection, the algorithm chooses the breaking point which minimizes the distance from
iyp (e, the voltage uéy ,pime Of the previous examples) and evaluates the

corresponding evolution of (Vpe r — Ve p) via (3.13). In case the disbalance decreases
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Fig. 3.20 — Flow-chart of the proposed hybrid NPC modulation technique.
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with an acceptable slope, a “Natural balancing” mechanism is recognized, and the
algorithm stops. Otherwise, one NPC leg is selected to work in MS mode and the shape
of the function iyp(uf,,) is changed as in Fig. 3.19 until an intersection with the
reference neutral point current iyp is found. For three-phase converters, it is always
guaranteed that at most only one phase is needed to work in MS mode [124]. However,
for multiphase converters this may not be the case, and the same approach is iteratively
repeated until the balancing conditions are met [120].

The proposed technique has been experimentally validated with a multiphase NPC
converter based on Semikron SKM50GB12T4 modules. The results are depicted from
Fig. 3.21 to Fig. 3.25. In all operating conditions, the total DC-bus voltage is stabilized
at 300 V (through a Sorensen SGI 600/25 voltage supply), while the converter switching
frequency has been set to 2 kHz. The proposed hybrid approach (column a of all the
figures) has been compared to the purely Common-Mode-Injection based technique of
[146] (CMI method — column b of all the figures), and to the purely Multi-Step based
technique of [103] (MS method — column ¢ of all the figures). Additionally, a standard
NPC modulation technique (i.e., not addressing the balancing requirement) has been
added as a reference for comparisons (CBPWM method — column d of all the figures).
All the modulation techniques have been implemented on a dSpace ds1006 platform with
a 2 kHz sampling rate, while the measurements have been recorded through a Tektronix
DPO/MSO 2014 oscilloscope and LEM transducers. The figures show the voltages Vo -

a) Proposed method b) CMI method ¢) MS method d) Standard CBPWM
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Fig. 3.21 - Comparisons between different NPC modulation algorithms
(Symmetrical three-phase RL load, steady-state conditions).
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Fig. 3.22 — Comparisons between different NPC modulation algorithms

(Symmetrical three-phase RL load, transient results).
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and Vp p of the DC-bus capacitors (light blue and magenta traces), one leg voltage u

(dark blue trace) and the corresponding leg phase current 7, (green trace).

Different operating conditions have been analysed. Fig. 3.21 and Fig. 3.22 depict the
steady-state and transient results for a three-phase symmetrical ohmic-inductive load
(with R =20 Q and L =~ 360 mH). Fig. 3.23 and Fig. 3.24 show the steady-state and
transient result for a five-phase symmetrical induction machine (with R, = R/ = 0.75 ,
L,,~11.25 mH, L; ~3.75 mH and L,, = 128.75 mH). Finally, Fig. 3.25 shows the
steady-state result for an unbalanced five-phase induction machine (with an external 5 Q
resistor connected in series to phase 5).

From the results, it can be seen that the pure CMI based approach works effectively
for low modulation index values (i.e., with output voltages with a peak value of 100 V),
but, instead, it performs poorly for higher modulation index values. On the contrary, the
pure MS-based method is always capable of guaranteeing the DC-bus voltages
equalization, but at the price of a higher number of switching transitions (as can be
noted from the leg output voltage waveforms, which also switch between all the three

a) Proposed method b) CMI method B) MS mcthod d) Standard CBPWM
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Fig. 3.23 — Comparisons between different NPC modulation algorithms
(Symmetrical five-phase induction machine, steady-state conditions).
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Fig. 3.24 — Comparisons between different NPC modulation algorithms
(Symmetrical five-phase induction machine, transient results, 150 V/50 Hz).
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Fig. 3.25 — Comparisons between different NPC modulation algorithms (Unbalanced
five-phase induction machine, steady-state conditions, 150 V/50 Hz).
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NPC voltage levels). The proposed hybrid technique can also always guarantee the
desired voltage balancing but, thanks to the voltage clamping due to the simultaneous
common-mode voltage injection, it has fewer transitions than the MS-based approach.

A quantitative comparison of the average switching transitions per leg in a single
modulation period is reported in Table 3.II. The results reveal that, in the examined
conditions, the total number of switching transitions obtained with the proposed
approach are around 22% — 25% less than with the baseline MS approach (which is the
only other balancing method that always guarantees the active control of the DC-bus
voltages). Moreover, the proposed approach also results in faster transient dynamic
performances (as can be noted from the results obtained during the equalization tests).

To sum up, it can be concluded that, thanks to the combination of the MS working
mode with a proper CMI, it is possible to achieve both better transient responses and
less switching transitions, leading to a better energetic efficiency. For more details,
including additional quantitative comparisons of switching transition rates, losses, and
equalization effectiveness, the reader can refer to [120].

3.3.2 Multistep MPC modulation with voltage balancing

The generalization of the balancing modulation algorithm for multi-point clamped
converters is not straightforward.

Again, different topologies can be addressed as MPC (e.g., Diode Clamped, T-Type,
etc..., see Fig. 3.26). They differ in some design aspects (e.g., number, voltage and/or
current ratings of semiconductor devices) but behave equivalently from the functional
point of view. Generally speaking, a N-level MPC is built upon the series connection of
(N — 1) DC-bus capacitors, and the output terminal of each leg can be connected to one
of their terminals through a proper switching signals control. This means that all the
MPC architectures can be referred to the ideal topology of Fig. 3.26d. Therefore, the
DC-bus has 2 extreme terminals, and (N — 2) accessible internal points.

As a direct extension of the NPC architecture, a N-level MPC leg is realized through
(N —1) couples of controllable semiconductor devices, which are switched in a
complementary way (as exemplified in Fig. 3.26). However, the correct operation of the
system also imposes the switching signals to respect the additional condition:

Table 3.II — AVERAGE SWITCHING TRANSITIONS RATE COMPARISON.

Proposed CMI MS Standard

Operating Conditions
perating tonditions method method method CBPWM

Three-phase RL load

100 V/20 Hz 199 201 267 198

150 V/20 Hz 207 140 266 198

173 V/20 Hz 211 135 272 198
Five-phase Induction Machine

100 V/33.3 Hz 110 112 138 120

150 V/50 Hz 81 64 98 83

158 V/52.5 Hz, 77 63 84 76

Unbalanced Five-phase Induction Machine
150 V/50 Hz 91 53 102 80
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Fig. 3.26 — Multi-point clamped converter architectures (5 level example):

a) Standard Diode Clamped; b) Pyramidal Diode Clamped; ¢) T-Type; d) Ideal topology.

0 <sy_ 1< s <s, < o <5< 1 (3.14)

This means that the number of feasible combinations for the switching signals is reduced
from 2V to just N.

Again, by using the same reasoning of Section 3.3.1, the condition (3.14) can be
automatically verified by using a multiple references/single carrier comparison once the
duty-cycles of the semiconductor devices satisfy the same conditions:

0 SdN,1 S Sdh+1 Sdhg Sdl S 1 (315)

(for a graphical interpretation it is possible to refer to Fig. 3.16).
Under these conditions, and by using an averaging procedure® over a time period of
Tpyars the output leg voltage u can be expressed as a linear combination of the DC-bus

voltages {Vpe 1, Vpon 1} as:

2 For notation ease, all the variables (unless otherwise specified) implicitly refer to the
corresponding average value in a single modulation period. Additionally, the subscript k& denoting
the converter phase will be omitted in this section to simplify the notation.
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=z

-1
U= dy - Voo (3.16)
1

>
I

while the current driven from the h-th DC-bus node is:
ipen = (dy —dyy) i =dypy i (3.17)

The current ip ;, actively influences the dynamics of the DC-bus capacitors. In other
words, a positive ip j, has a charging effect on all the capacitors located above the h-th
DC-bus node, and a discharging effect on all the capacitors located below the h-th DC-
bus node. Since it always results dj, —d,,,, > 0, the sign of i, in (3.17) cannot be
controlled, and these currents typically have an unbalancing effect on the whole
converter.

Many standard modulation techniques do not address this problem, which often leads
to an unstable behaviour. In these cases, the voltage balancing is typically done with
external equalization circuits, resulting in a more complex converter architecture.
However, by properly acting on the converter modulation, it is possible to reverse this
phenomenon and exploit the output leg currents to equalize the DC-bus capacitors.

A possible MS technique, developed in [121], [126], derives as an extension of the
NPC modulation presented in Section 3.3.1, and is again based on the reformulation of
the h-th node duty cycle as:

dypp =dp —dpyy = -0 (3.18)

where o, is a normalization gain factor, which varies from node to node in a way that
Z}Z::lz oy, = 1, while o is named balancing strength factor and is equal for all the nodes
of a single MPC leg. To give a physical interpretation, o represents the time for which
the output leg node is connected to the MPC DC-bus internal points, while «;, is the
percentage of this time referred to the h-th node. For example, ¢ = 0.8 means that the
MPC leg output node is connected to the DC-bus internal nodes for 80% of the
modulation period. Then, if «; = 0.3, the h-th node duty-cycle is dyp, =0.3-0.8 =
0.24, meaning that the MPC leg output node is connected to the h-th DC-bus node for
24% of the entire modulation period.

To guarantee the equalization with the considered converter leg, it is possible to set
the gain factors as:

(0 if AVpe, i <0
o, = i AVpen

(3.19)
Zk‘AVDCk’

it AVpey-i20

with AVpe, = Vpen — Voo nga denoting the voltage disbalance between the h-th and
the (h + 1)-th DC-bus capacitor.

In this way, if the current ¢ has an unbalancing effect on the voltage disbalance
AVpe ps the choice oy, = 0 bypasses the h-th DC-bus node leading to iyp; = 0. On the
contrary, if the current i has a balancing effect on AVp,. ,, the h-th gain factor oy, and,
consequently, the h-th NP current iyp, are set to be proportional to the measured

voltage disbalance (i.e., the couple of capacitors with higher disbalance are given a higher
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priority on the equalization algorithm). Naturally, the relationship between c, and
AVpe,, given in (3.19) can also be replaced by a different strategy (e.g., by using a

quadratic proportionality relation).

The choice (3.19) guarantees that, in every operating condition, the modulation of
the chosen MPC leg has a balancing effect on the DC-bus capacitors. Then, to maximize
the equalization effectiveness, the control strategy requires to choose the strength factor
o (defined in (3.18)) to be the maximum feasible value compatible with the supply of
the average reference output voltage u*.

With some algebraic manipulations it can be proven that this approach can be
studied as the balancing modulation of an equivalent three-level NPC converter with the
equivalent top and bottom voltages:

N-2 N-1 —2 h
VET = Z (O(}L~ Z VDC,k) and VZB = <ahz VDC,k‘) (320)
h=1 k=h+1 =

In particular, with these positions, the balancing strength factor o corresponds to the
equivalent NP duty cycle dyp of this equivalent NPC converter leg, whose maximum

value is given by the same expression (3.11) which is:

Vpe —u*
— mi DC
Umax(u;;) = mn {V ’ v« }
B =T

Then, the same approach developed in Section 3.3.1 can be followed, and once ¢ has

(3.21)

been chosen, the duty-cycles of all the MPC leg devices can be computed as:

dy=1, dy=dy—0-ay.. " u* S Vpe —u*
wody g =dy y—0-ay Ve = Ver
(3.22)
dy 1 =0, dy o=dy 1 +0-ay_,,.. " u* < Vpe —u*
o dy=dy+o-oy Vsp Vsr

This modulation technique is always guaranteed to achieve the voltage equalization
of all the DC-bus capacitors. The drawback of this procedure is that, being based on an
intrinsic MS approach, it may result in a higher switching transition rate, which can
reduce the overall efficiency and worsen the output voltage harmonic content.

To neutralize this effect, it is possible to apply it only to a subset M € {2,..., N} of
the converter levels, which is properly selected to reduce the switching transitions rate.
In this context, since the output voltage can only switch among the levels between Np,,
and Nr,,, the converter behaves like an equivalent M-level MPC connected to the overall
DC-bus through additional capacitors. A graphical interpretation of this concept is given
in Fig. 3.27.

To adapt the previous strategy to this configuration, it is only necessary to apply the
following substitutions:

N—=M, h—=h+Ngy,,  u —=u —Vpopy (3.23)

where Vo g, is the DC-bus voltage of the bottom Np,, capacitors.



56 3 - Converter Architectures and Modulation Techniques

Fig. 3.27 — Equivalent circuit for a N-level MPC in M-level operating mode.

The number of levels M can be chosen with an iterative procedure aimed at
guaranteeing a stable behaviour of each converter leg. This has been done by initializing
M =2 (i.e., SS mode) and by changing the minimum and maximum levels Ny , and
N, until either an extreme level is reached or it results:

{AVDC,Bnt = (VDC,NBGt - VDC,NBM+1) 120

' ) (3.24)
AVDC,Top 1= (VDC,NTDP - VDC,NTUP+1) 120

In this way, it is guaranteed that the NP current absorbed from both the extreme levels

Ng, and Nr,, has an overall balancing effect on the structure.

The flowchart of the described algorithm, which is separately applied to each MPC
leg, is schematically depicted in Fig. 3.28.

This approach has been validated through hardware-in-the-loop (HIL) tests and
compared to other MS-based modulation techniques for MPC converters. The tests have
been carried out with respect to a three-phase nine-level grid-connected MPC. Since the
proposed algorithm is separately applied to each single MPC leg, analogous results could
be obtained by considering a multiphase architecture. The comparisons have been carried
out concerning the multi-step technique previously developed in [126] and the multi-step
technique of [151], which has been considered as a baseline approach for the voltage
balancing of an MPC converter using a modified PWM technique. The proposed
technique has been implemented by considering a hysteresis threshold of 1.5% — 5% of
the rated DC-bus voltage to activate the adaptation rule (3.23).

Fig. 3.29 shows the results for different power absorption values (i.e., at no-load, at
half of the rated load and at the full rated load). The acquisitions show two of the MPC
output currents (yellow and green traces), one phase-to-phase output voltage (blue
traces) and one output leg voltage (red traces). The corresponding quantitative results
are summarized in Table 3.11IL.
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| Leg voltage reference |

v
—I DC-bus voltages H Single-Step N,,, and Ny, calculation J
v 12
( AVpe,n calculation AVbe,Bot calculation
4>( Gain Factors (a,) calculation
v
‘( Vsr and Vip calculation
v
‘( Strength Factor (o) calculation
v
( DC-bus nodes Duty Ratios (dvr.r) calculation
v
[ Switching devices Duty Cycles (dr) calculation

Fig. 3.28 — Flow-chart of the proposed adaptive multistep modulation technique.

From the leg voltage waveforms and from the transitions count, it can be noted that,
if compared with the other approaches, the proposed solution can effectively reduce the
overall number of switching transitions needed to guarantee the correct MPC
functioning. This result is achieved thanks to the adaptive choice of the switching levels.

All the methods can keep all the DC-bus voltages within a desired threshold, and
they also lead to similar total harmonic distortion (THD) values for the line-to-line
voltages and for the line currents. However, with the proposed adaptive approach, the
average number of switching transitions can be reduced by around 30% — 45% with
respect to the adaptive MS technique presented in [126] and by around 49% — 80% with
respect to the MS technique of [151]. Generally speaking, the best improvements are
obtained for reduced loads, since the disbalance effect on the internal DC-bus capacitors
is less intense and can be neutralized more easily.

Fig. 3.30 shows the results of the proposed approach for different values of the
modulation index, defined as m,, 4 = @,/ (Vpc/2). These results have been obtained
by changing the overall DC-bus voltage while keeping the output reference voltages and
the corresponding currents unaltered (at the full rated load of the converter). The
corresponding quantitative results are summarized in Table 3.IV.

As can be noted, despite a small increase in the maximum DC-bus capacitors voltage
disbalances, the highest modulation index values are characterized by the lowest
switching transitions rate. This effect can be explained by considering that the common
mode voltage injection needed when m,,; >1 (which allows to extend the linear
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modulation region) produces in some intervals a clamping of the leg output voltage either

to 0 or to V-, and forces the corresponding devices not to switch for several modulation

periods. This behavior has also a positive influence on the THD of the line-to-line

voltages and of the output currents.

Table 3.IIT — COMPARISONS OF MULTISTEP MPC MODULATION TECHNIQUES.

50% Load 0% Load

100% Load

a) Proposed |b) Original | ¢) Baseline

Adaptive Adaptive | Multistep

Technique | Technique | Technique
— [Number of Switching Transitions 1150 2350 7372
§ Maximum DC Voltage Deviation 1.92% 1.07% 1.03%
»2 [Leg Voltages THD 0.216 0.607 1.028
= [Line-to-Line Voltages THD 0.093 0.348 0.607
Number of Switching Transitions 3671 5145 7372
ng Maximum DC Voltage Deviation 3.26% 2.34% 0.38%
g Leg Voltages THD 0.681 0.824 1.010
R |Line-to-Line Voltages THD 0.421 0.502 0.593
IAC Grid Currents THD 0.070 0.085 0.103
= Number of Switching Transitions 3820 6950 7372
§ Maximum DC Voltage Deviation 5.01% 5.00% 0.35%
xe [Leg Voltages THD 0.728 0.923 1.003
% Line-to-Line Voltages THD 0.452 0.564 0.591
IAC Grid Currents THD 0.038 0.047 0.049

a) Proposed Adaptive b) Original Adaptive ¢) Baseline Multistep
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Fig. 3.29 — Comparison between different MPC modulation algorithms.
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Table 3.1V — RESULTS FOR DIFFERENT MODULATION INDEX VALUES.

Mind = 0.7|Mind = 0.8mind = 0.9|mind = 1.0[Mina = 1.1
Total DC Voltage 4230 V | 3700 V | 3300 V | 2965V | 2700 V
Number of Switching Transitions 3860 3870 3820 3690 3140
Maximum DC Voltage Deviation | 4.07% 4.65% 5.01% 5.06% 5.07%

Leg Voltages THD 0.974 0.849 0.728 0.635 0.519
Line-to-Line Voltages THD 0.480 0.468 0.452 0.409 0.341
AC Grid Currents THD 0.043 0.040 0.038 0.038 0.034
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Fig. 3.30 — Effectiveness of the proposed algorithm for different modulation index

values (my,q = Ueqr/ (Vpe/2))-

For more details, including both the DC-bus capacitors voltages waveforms and
quantitative comparisons of switching transition rates, losses and harmonic content the
reader can refer to [121].

3.4 Summary and remarks

This chapter has focused on the analysis of voltage source inverter (VSI)
architectures used in multiphase electrical drives and of their modulation strategies.

The circuital architectures have been first shown concerning a single VSI leg, both
in the classic two-level configuration and in some common multilevel configurations. Since
the nature of the semiconductor devices is not relevant for control purposes, the power
electronics components have been treated as ideal controllable switches.

Then, several multiphase topologies, commonly adopted in electrical drives, have been
presented. Different circuital architectures can be used, with either a single or multiple
independent DC sources. The same machine can be supplied in many different
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configurations and, in general, the number of converter legs can also differ from the
number of machine phases. As will be discussed in detail in Chapter 4, some circuital
configurations introduce some constraints on the machine currents, which should be
properly considered in the drive modelling.

The output voltage generated by any VSI leg architecture can only assume a discrete
number of different values. Then, to make the supplied electrical drive follow a desired
behaviour, a modulation technique is required.

The most common modulation technique for a two-level VSI is the pulse width
modulation (PWM) technique, whose working principle has been briefly recalled. The
switching signals to control the semiconductor devices are typically found with a
reference/carrier comparison, and the leg output voltage is a sequence of rectangular
pulses with fixed height and variable width. The low-frequency harmonic content of the
leg voltage is the same as the desired reference voltage, while its high-frequency content
is filtered out by the ohmic-inductive nature of the electrical machine and can be
neglected for control purposes.

The modulation of a two-level multiphase converter can be implemented by
separately controlling each VSI leg. In absence of a neutral wiring connection, a common-
mode voltage can be superimposed to the leg reference voltages without altering the
overall converter behaviour. Similarly to some of the approaches used in three-phase
drives, this common-mode voltage injection can be exploited to maximize the DC-bus
utilization. Space vector modulation approaches have also been proposed in the technical
literature, but their implementation for multiphase converters is much more challenging
than in three-phase systems because of the higher number of available vectors,
modulation planes and switching sequences to combine.

For a multilevel VSI leg with many levels, the output voltage can be approximated
as the closest feasible level to the desired reference voltage. This approach, called nearest
level modulation, is however not suited in case the voltage modulation error is not
negligible. In such cases, it is possible to use multilevel PWM approaches. Given the high
number of levels, the extension of a PWM technique can be implemented in many
different ways. This redundancy allows more degrees of freedom which can be used to
improve the converter performances.

In case the multilevel converter has multiple capacitive sources, a voltage balancing
among different capacitors is required to guarantee its correct behaviour. Some proposed
algorithms able to guarantee the voltage balancing through the modulation technique
are finally shown regarding neutral point clamped (NPC) and multi-point clamped
(MPC) converters.
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The electrical machine model found in Chapter 2 depends on the set of voltages
applied to each phase winding. For the drive analysis and control, it is necessary to know
how the machine windings voltages are linked to the converter leg voltages. This
relationship does not only depend on the connection between the converter and machine
terminals, but is also strictly related to how the machine windings are connected to one
another. Indeed, many typical electrical drive configurations (both in healthy and in
faulty cases) introduce some algebraic constraints on the machine currents, which
strongly influence the overall drive dynamical behaviour and, therefore, should be
explicitly considered in the overall electrical drive mathematical model.

This chapter is then focused on formalizing in a general fashion the electrical
interconnection network linking the electrical machine to the power electronics converter.
This approach, seldom applied in standard multiphase drives analysis, can be adequately
exploited to study the same machine under different configurations, which can result
either from architecture designs or from post-fault reconfigurations. For this reason, the
main properties and results of this analysis will be the core of the control algorithms
developed in Chapter 6 and Chapter 7.

The chapter is structured as follows. First, Section 4.1 briefly introduces the
equivalent representations of both the machine phase windings and the converter legs
for the considered network analysis. Secondly, Section 4.2 discusses the proposed
multiport analysis in case the machine currents are not subject to any algebraic
constraint coming from the hardware configuration. The presence of these hardware-
related constraints is explicitly addressed in Section 4.3, which extends the previous
results to a more general configuration. Then, a different formulation of the constrained
drive model is presented in Section 4.4 by introducing the concept of the configuration
space of the system, which allows obtaining an equivalent reduced-order model of a
multiphase electrical drive subject to current constraints. Finally, Section 4.5
summarizes the main results of this chapter.

To facilitate the reading, in the following analysis the electrical machine variables
will be denoted with the subscript “EM” and the power electronics converter variables
will be denoted with the subscript “VSI”. All the voltages and currents will be denoted
as v and 14, respectively. Additionally, the explicit dependence of the machine parameters
on the position 6 will be omitted for notation simplicity.

4.1 Equivalent sources representation

The machine electrical behaviour is governed by the electrical equations (2.1), which
have been expressed in a matrix notation in (2.2). This set of equations describes a
dynamical system in which the fluxes ¢y = [dpas1, > Ppar,]’ are the state variables.
By considering the electromagnetic energy of the machine as a state function of the
system, the machine currents 4y, = [igs 1, - ippr,)" are univocally identified by the

instantaneous value of the fluxes ¢5,, and of the rotor position 8p,,. Indeed, they can



62 4 - Electrical Network Model

always be found from the expression (2.7) and, by considering the simplifying hypothesis
adopted in Chapter 2, they can be explicitly computed from the expression (2.30). As a
result, the currents can also be considered as state variables for the machine and, from
the circuital point of view, each k-th winding (with & = 1,...,n) can be modelled as an
ideal current source' forcing the corresponding machine current iz, ;.

The converter electrical behaviour depends on the switching signals used to control
the semiconductor devices. For a voltage source converter, all the feasible states
univocally identify the output voltage of all the legs. As a result, from the circuital point
of view, each k-th converter leg (with £ =1,...,m) can be modelled as an ideal voltage
source forcing the corresponding leg voltage vy k-

A schematic depiction of these equivalent source modelling is depicted in Fig. 4.1. It
is worth emphasizing again that, for a generic drive configuration, it may be m # n.

4.2 Unconstrained network model

Consider a drive configuration in which all the currents are free to flow independently
from one another. The connection between the power electronics converter and the
electrical machine can be modelled through a linear a-dynamical multi-port network,

whose forcing inputs are the m converter voltages vyg; = [Vygy1; - Vysrm) - and the n
. . . T
machine currents ipy, = [igy 1,5 igarn)
The complementary variables are the converter currents Zyg; = [fygr 1y -+ » bysrm) "
and the electrical machine windings voltages vy = [uga1, > Ugarn] - They can be

expressed as linear combinations of the forcing inputs. By using an active sign convention
for the m converter ports and a passive sign convention for the n machine ports, the
linear relationship can be synthetically represented by the hybrid matriz of the network?:

[ Tysr } _ [HVSI,VSI HVSI,EM:| ) {”vsz} (4.1)

—Vpy Hpgyvsi Hpypu EM

a) b) .
1EM k TEM K TVSLE
+ + +
VEM.k » VEM, VVSLE

Fig. 4.1 — Equivalent sources representation for the network analysis: a) Electrical

machine phase winding; b) Voltage source inverter leg.

! This can be also interpreted in terms of the associated resistive circuit of a dynamical
electrical network, where all the inductive elements are replaced by current sources forcing their
instantaneous current (which is the corresponding state variable), called substitution sources.

? The negative sign appearing at the first term for vy,, is because the characterization of
multiport systems through a hybrid matrix is typically done by using the active sign notation
for all the forcing inputs.
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From the reciprocity properties of linear multiport networks, it can be proven?® that:

where:

— T —
HVSIA,VSI - HVSI,VSI - GNET

T —
HEM,E]W - RNET (42)

T —
_HEM,VSI =N

HEM,EM =
HVSI,EM =

Gypr is a m xm network conductances matriz related to the converter
variables, and is responsible for the leakage currents. Indeed, its parameters
represent the currents that would be absorbed from the converter if the
machine windings are open (i.e., ig;, = 0). Usually, they are only related to
shunt parasitic effects, which can be disregarded leading to Gy 2 0.

Ry is a n x n network resistances matriz related to the electrical machine
variables, and is responsible for the voltage drops across the network. Indeed,
its parameters represent the voltages that would be measured on the machine
windings if all the converter legs are short-circuited (i.e., vyg; = 0). Usually,
they are only related to the wiring resistances, which also can be disregarded
leading to Rypr = 0.

N is a n xm matrix here named network interconnection matriz. Its
parameters define both the effect of the converter voltages on the machine

voltages and the effect of the machine currents on the converter currents.

Then, the expression (4.1) can be rewritten as:

NT

|Yvsr| o |0 NT| |Yvsi
—Rypr tem| [N O tEMm

o] - o 19

A schematic depiction of the analysed network representation is depicted in Fig. 4.2.

m-leg Converter

Tvsr TEM,1

N Interconnection | =
VVSI1 VEM 1 . E
_ ~
- Network S
L] L] > z
7o, : vy Gyer NT Vst * K 9./%
LVSI,m — o LEM,n <
n VEM N  Ruyer| | tem + %
VvSILm VEM,n é

N 7

Fig. 4.2 — Multiport representation of an unconstrained electrical network.

3 Proven in Appendix 9.4.3 basing on the results of Appendix 9.4.2 and Appendix 9.4.1.
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4.2.1 Electrical equations
By isolating the voltages of the machine phase windings in (4.3), it results that:

Vpy = N -Vysr — Rypr -igy = N -vyg (4.4)

The expression (4.4) shows that, once the converter leg voltages set wvyg, (and,
eventually, the machine currents ip,,) are known, the machine phase voltages vy,, are
univocally identified. By combining the voltages expressed by (4.4) with the electrical
machine dynamic model (2.35), the overall drive satisfies the equation:

dig,, .
Ly - dEtM + (Rpy + Rypr) g +€py = N - vygp (4.5)

The equation (4.5) describes a dynamical system of order n, whose functional block
diagram is schematically represented in Fig. 4.3. The input of this system is represented
by the m x 1 set of converter voltages vyg;, and acts through the input matrix IV, which
is only related to the network configuration.

The dynamical model (4.5) is represented in the descriptor form. The canonical
state-space representation of the system is obtained by multiplying both sides of (4.5)
by the matrix I'y,, = Lz}, and by isolating the current derivatives, resulting in:

di gy, .
db;tM =[Tpy (Rpy + Bypr)] iy +

w4 Ly N1-vygr + [-Tpy - epn = (4.6)

=Apy tpy + Bey vvs T dipu

where Ay, is the state matriz of the system, By, is the state space input matriz of the
system and dp,, is an equivalent disturbance input for the system. Note that, in the
canonical form (4.6), all these terms depend on the machine parameters, including the
rotor position €, meaning that they are time-variant. Moreover, in presence of variable
reluctance effects, the term dg,, may also depend on the machine currents through the
effect of the motional induced back-EMFs w L'z,,(0) - i gy

4.2.2 Examples

To better explain the proposed modelling approach of the electrical network in case
the phase currents are not subject to any constraint, some examples are here provided
to show how the matrices in (4.3) can be computed. The examples refer to some of the

iEM

v

v v di .
Sy N oy L diM—l— Rey - iev + esn =veu

Ryer <

Fig. 4.3 — Functional block diagram of the electrical equations in case of an
unconstrained interconnection network.
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configurations introduced in Section 0. All the examples will assume the effects of wiring
resistances and parasitic conductances to be negligible, leading to Rypp, =0 and
G ngr = 0 as in the simplified results of (4.3).

Note that all the following examples, by focusing on the electrical interconnection
network, are valid regardless of the kind of machine which is supplied (e.g., PMSM, IM,
SynRM, etc...).

Separately excited windings

Consider a five-phase machine (n = 5) whose windings are all supplied by isolated
full-bridge converters (m = 10), as schematically represented in Fig. 4.4. By neglecting
the wiring resistances and leakage conductances of the semiconductor devices, the
relationship between the machine and converter variables can be immediately derived as
the system of equations:

tysin = lepm fvsie = —lems Vewma = Yvsia — Vvses
Z'vsm = iEM,zu iVSI,4 = _Z.EM?27 Vpm,2 = Vysr,s — Vvsras
tysrs = tenm3 tvsre = —leEmss VEM,3 = Vvsrs — Uvsie
Z'vsm = iEM,47 Z'vsm = _Z.EMA? Vgm,a = Vysr7r — Vvsrss
tysio = lepms fvsiio = —tEmss Vem,s = Yvsro — Vvsiio

By using a matrix notation, the converter voltages and currents can be grouped in
the 10 x 1 sets vygr = [Vygy1, - Vysrio] - and dygr = [iysry, - s iysrio) | respectively.
Similarly, the electrical machine voltages and currents can be grouped in the 5 x 1 sets
Vgy = [’UEJM?I, 71)EM’5]T and i5,, = [Z'EM?17 ,iEM’s]T, respectively.

From the previous equations, it results that:

e the VSI current set %, is independent of the VSI voltages set vyg;, meaning
that G ygp = 0,

Fig. 4.4 — Five-phase machine with independent supply of each phase winding with
an independent full-bridge converter.



66

4 - Electrical Network Model

e the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e the mutual relationship between vy,, and vyg; and between iy,, and iyg; are

identified by the 5 x 10 network interconnection matrix

o O oo

O O oo

0 0 0 0 0 O
-1 0 0 0 0 O
0 1 -1 0 0 O
0 0 0 1 -1 0
0 0 0 0 0 1

o O oo

1]

Note that the same model would have been also valid in case all the full-bridges were

with a common DC-bus (and not isolated with each other). In this case, the configuration

could also be interpreted as a five-phase machine supplied by a ten-leg converter.

Single-star configuration with additional VSI leg

Consider a six-phase machine (n = 6), with the windings which are star-connected

with an accessible neutral point, which is itself connected to an independent VSI leg as

in Fig. 4.5. In this case, m =7 and, by using the same assumptions of the previous

example, the following equations can be written:

iVSI,l = iEIbf,lv
iVSI,2 = iEJVI,Zv
Z'vsm = iE]M,S;v
iVSI,4 = iEJVI,47
Z'vsLs = iEJVI,{)v

tysre = YEM,6

VEma = VYysia — Yvsirs
Vpm,2 = VYysr2 — Yvsi7s
Vpm,3 = VYysr,s — Vvsr7
Vgm,a = VYysra — Yvsir
Vgm,5 = VYysrs — Vvsnr
VEMm,6 = Vvsie — Vvsiz

tysir = lEMma T 'EM2 T 'EM3 T 'EMa T 'EMs T YEM6

With the same approach of the previous example, the converter voltages and currents

) B T . , r
can be grouped in the 7 x 1 sets vyg; = [Vygy 1, - Vysrz) " and dygy = [iygr s fysr) s

respectively, while the electrical machine voltages and currents can be grouped in the

— T S ; T :
6 % 1 sets vy, = [UEMJ? ,vEMjﬁ] and 25,, = [ZE]VLU ,ZEM"ﬁ] , respectively.

Ve ()

SRR R 0 R 0 0

Fig. 4.5 — Six-phase machine in a single-star configuration with neutral point

connected to an additional VSI leg.
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From the previous equations it results that:
e the VSI current set %4, is independent of the VSI voltages set vyg;, meaning
that Gygr =0,
e the EM voltages set vy, are unaffected by the EM currents set iy,,, meaning
that Rypr =0, and
e the mutual relationship between vy,, and vyg; and between iy,, and iyg; are
identified by the 6 x 7 network interconnection matrix

100000 —1
01 0000 —1

oo 01000 —1

N_000100—1
000010 —1
0000 1

o -1

Single-star configuration with DC-bus midpoint connection
Consider again a star-connected six-phase machine (n = 6), but in this case with the

neutral point connected at the DC-bus midpoint of the supplying converter, as in Fig.
4.6. In this case, m = 6 and the equations describing the system are:

Z'vsm = iE]M,l? Vpma = VYysri — VDC/27
tysre = lpa VEmMm,2 = Vvsi2 — Vpe/2,
tysrs = tEas Vpm,3 = Vysrz — Vbe/2,
tysia = lpaa VEMm,a = Vvsria — Vpe/2,
lysrs = tpms Vepms = Vysrs — Vbe/2,
tysie = LeM.6 VEMm,6 = Vvsie — Vpe/2

The presence of Vj,/2 can be easily dropped out by referring the VSI voltages to
the DC-bus midpoint instead of referring them to the DC-bus negative node. In this
case, the same expressions become:

Z'vsm = iE]M,l? Vgpm,1 = VYysri
Iy = LEM 2 VEMm,2 = Vvsr,2s
Iysrs = LEM 3 VEMm,3 = Vvsr,3s
Iysra = LEM 4 VEM4 = Vvstas
lysrs = LEM 5 VEM,5 = VvsI,5
st = LEM,60 VYEM,6 = VVsI,6
Then, the converter voltages and currents can be grouped in the 6 x 1 sets vyq; =
[Vvsr s Vysrel " and dysr = [iysr g, -5 dvsre] » while the electrical machine voltages
and currents can be grouped in the 6 X 1 sets vy = [y, Vpnre) ' and gy =
ligaris - imarg) | respectively.

From the previous equations, it results that:
e  the VSI current set %, is independent of the VSI voltages set vyg;, meaning
that G ygpr = 0,
e the EM voltages set vy, are unaffected by the EM currents set ¢y,,, meaning
that Rypr =0, and

e the mutual relationship between vy,, and vyg; and between iy,, and iyg; are
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=
)
)
N
(=20 (G20 =N [P R [Nl [

Fig. 4.6 — Six-phase machine in a single-star configuration with neutral point

connected the DC-bus midpoint.

identified by the 6 x 6 network interconnection matrix

oo oo o
[N eNoBol S =)
ook OO
oo, oo o
(el I e e e M)
— o oo oo

If compared to the previous example, this configuration does not require an additional
converter leg. However, in case the DC-bus is realized with capacitors, the presence of a
DC component or of low-frequency AC components in the neutral point current could
lead to a significant disbalance or to heavy fluctuations between the voltages of the DC-
bus capacitors, which may negatively affect the converter behaviour.

Pentagon configuration

Consider a five-phase machine (n = 5), where this time the windings are cyclically

connected in a pentagon configuration as in Fig. 4.7. The equations of the system are:

tysia = ipm1 — tems VgEm,1 = Yvsia — Vvsi,2
ZIVSL2 = iEJVL2 - ZIEM,l? Vem,2 = Vysr2 — Vvsrs
Z'VSLB = iE]\/IAB - ZIEM,Z? Vem,3 = Vysr,s — Vvsra
ZIVSIA = iEJVIA - iEM,sv Vema = Vysra — Vvsrs
tysrs = lpms — tEMas VgEm,s = Vvsrs — Vvsi

The converter voltages and currents can be grouped in the 5x 1 sets vyg =
[Oysris s Vysrs)t and dygy = [iygy s iysrs) > respectively, while the electrical
machine voltages and currents can be grouped in the 5x1 sets wvp, =
[vEM’l7 ...711EM75]T and ig,, = [iEMm 7iEM?5]T, respectively.

From the previous equations, it results that:

e  the VSI current set iy, is independent of the VSI voltages set vy,;, meaning
that G ygp = 0,
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J’_

Vioc C:)

Fig. 4.7 — Five-phase machine in pentagon configuration.

e the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e the mutual relationship between vy, and vyg; and between iy,, and %,g; are
identified by the 5 x 5 network interconnection matrix

1 -1 0 0 0
0 1 -1 0 0
N={0o 0 1 -1 0
0o 0 0 1 -1

[—1 0 0 0 1 J

In this case, contrarily to the previous examples, IN is not a full-ranked matrix. This
is the direct consequence of the cyclical connection and means that the 5 electrical
machine voltages cannot be controlled independently from one another. Indeed, they are
always subject to:

Vgpma tVenm2 tVenms T Vena T Ve =0

A similar model can be also applied to other cyclical configurations (e.g., to the
pentacle configuration of the examples in Section 3.1.2).

4.3 Constrained network model

Most typical electrical drive configurations include some physical constraints on the
machine currents. The most common example is a star connection of a group of windings
with an isolated neutral point, in which the sum of the corresponding currents is forced
to be zero, but another example of practical interests is the case of an open-circuit fault
on one phase, which forces the current of the same winding to zero.

This section mathematically formalizes these constraints in a way to model them
with the same multi-port formalism adopted in the previous case. It is also shown how
the presence of algebraic constraints for the phase currents can alter the machine
behaviour by introducing some internal feedback actions on its dynamical model®.

4 It is worth emphasizing that this modified modelling approach is required because the
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4.3.1 Current constraints formalization

Each h-th physical constraint (with h=1,...,n,) can be found by applying
Kirchhoff’s current law (KCL) to the node (or, more generally, to the cutset) involving
the constrained machine phases, and is represented by an algebraic equation in the form:

> My i, =0 (4.7)
k=1

where M, # 0 only if the h-th constraint involves the k-th machine winding. The set of
all the n, algebraic constraints can be written in matrix form as:

M" iy, =0 (4.8)

and M is a n X n, matrix, here named constraints matriz. Each column of M represents
a single specific algebraic constraint introduced by the physical connection of the
machine windings.

By neglecting the linearly dependent columns of M (which identify the same
algebraic constraints and, therefore, are redundant), the rank of M is n,. The maximum
number of constraints is limited by the number of windings itself (because there cannot
be more constraints than the number of currents). This means that n, < n.

Note that the same set of algebraic constraints can be modelled in different ways.
This means that the same electrical configuration can be associated with different
constraints matrix M. As explained and exemplified in the following, this does not affect

the validity of the resulting mathematical model.

4.3.2 Augmented network model

The presence of algebraic constraints on the machine currents makes the
interconnection network harder to model as a multiport system, because it forces the
machine currents (which are input variables for the system) to be dependent on one
another. Therefore, it is convenient to modify the interconnection network topology to
obtain an equivalent unconstrained system with the same behaviour as the original (i.e.,
physical) one. This can be done by adding, for each h-th node or cutset identifying a
current constraint (with h=1,...,n.) an auziliary voltage source vygp; connected to
the rest of the physical system. In this modified circuit topology, the current iypr ),

flowing in the h-th auxiliary voltage source with a passive sign convention is:

n
INETh = Zth iy, (4.9)
k=1
which, in the original system, was constrained to zero. Fig. 4.8 exemplifies how an
algebraic constraint on the machine phase currents can be modelled with a modified

system with an auxiliary voltage source.

constraints are applied to the machine currents, which are state variables for the system. In other
words, since the state variables of the dynamical system cannot evolve freely, the whole drive
exhibits a different behaviour. On the contrary, other constraints related to the electrical
configuration (like, for example, constraints on the converter currents), would not require any
modification in the mathematical model as long as they do not involve any state variable.
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Fig. 4.8 — Network representation of a constraint through the introduction of an

auxiliary voltage source.

In this unconstrained augmented system, the relationship between the independent
sources and the complementary variables is similar to the expression (4.1) and can be

formalized through a hybrid matrix as:

tysr Hys;vsr Hysien Hysiner Vysy
—vpy | = | Henvst: Hpvwpn  Hpuwsr |- | tsu (4.10)

~inpT Hypryvs: Hypren Hypr ver UneT
where vypp = [’UNET?U 7UNET?nJT is the set of auxiliary net voltages, which act as
independent sources, and iy = [i NET, 1510 NET;JT is the set of auxiliary net current,

which act as complementary variables.
Similarly to (4.2), from the reciprocity properties of linear multiport networks and

from (4.9), it can be proven that:

_ T _ ~ _ T _
Hyg;vsr = Hygpysi = Gypr =0, Hys; npr = —Hyprvsr =0
_ T _ ~ _ T _
Hpy gy = Hepy g = Rypr =20, Hypr ner = Hypr ner =0 (4.11)
_ T _ _ T _
Hysr gy = —Hpyvsi = N, Hgy ner = —Hypr gy =M

where the matrices G ypp, Rypr and N have the same meaning of (4.2), while M is
the constraint matrix defined in (4.8).

The expression (4.10) can be therefore rewritten as:

'ViVSI —‘ Gygr NT 0 —‘ [”VSI —‘
VEm | = N Rypr —M| - ipy |
LiNETJ 0 MT o UnET
- (4.12)
0 NT 0 Vysr
=N 0 —M| | tem
0 MT 0 UNET

A schematic illustration of the analysed network representation is depicted in Fig. 4.9.
Note that the auxiliary voltages set vp,, is strictly related to the choice of the
constraints matrix M. As previously stated, the same electrical configuration can be
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Fig. 4.9 — Multiport representation of a constrained electrical network with the
introduction of the auxiliary network voltages.

associated with different algebraic equations and, therefore, to different constraints
matrices M. This means that the auxiliary voltages set vy, must be chosen depending
on M, in a way to meet (4.9). However, as also explained and exemplified in the
following, this does not affect the overall model validity and only changes the physical
interpretation given to the elements of vg,,.

4.3.3 Network internal feedback action

The introduction of the auxiliary set of voltages v g has made it possible to replace
the constrained physical network with an unconstrained augmented network, which can
be modelled through (4.12) as a linear a-dynamical multiport system.

From (4.12) the machine voltages set can be written as:
Vg = N -Vysr = Rypr -ipy — M -vypr = N-vyg — M - vypr (4.13)

By comparing (4.13) with (4.4) it can be seen that the set vygp of additional auxiliary
voltage sources actively affects the phase windings voltages set vy, of the electrical
machine, according to the same matrix M which defines the currents constraints. In this
case, the sole knowledge of the converter leg voltages set vyg; and of the machine
currents %y,, is not enough to completely analyse the system, and the block diagram of
Fig. 4.3 is modified to the diagram of Fig. 4.10.

To make this augmented system behave exactly like the physical one (i.e., like the
original constrained system), the set vyp cannot assume any arbitrary value, but it
must adapt itself in a way that it always results ¢ yppr = M" - 45,, = 0. This happens

when vy is exactly equal to the open-circuit voltage measured in the physical system.
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Fig. 4.10 — Functional block diagram of the electrical equations in case of a

A

constrained interconnection network.

Then, from a different perspective, each auxiliary voltage vypp ), (With h=1,...,n,)
can be interpreted as the electrical potential shift between two different nodes of the real
physical system. In this context, the possibility to model the same physical system with
multiple formulations (depending on the choice of M) can be interpreted as modelling
the same network with respect to the open-circuit voltage between different nodes.

However, the auxiliary voltage set vypr does not only depend on the converter
voltages vyg;, but it is also influenced by the internal behaviour of the electrical machine,
as schematically represented by the “ Auxiliary Network Voltages Computation” block of
Fig. 4.10. Consequently, the voltages vy, at the machine windings are also linked to
the machine parameters.

As an example, it can be proven that, for the machine model provided in (2.35), the
general expression of the auxiliary voltages set is’:

Oypr = (M -Tgp - M) - M" Ty [ N wvyg + - (4.14)
= (Rgy + Rypr) tpv — €gur |

This expression is influenced by all the electrical machine parameters. By substituting it
in (4.13) and by defining the matrix:

F=M-(M" Ty, M) Ty, (4.15)
the machine voltages could be rewritten as:
Vpn = Near * Vst — Byprcor  ton + €0 cat (4.16)
where the expression of these equivalent parameters is:

N,,,=(I-F)-N

R, =(I—-F) Rygr—F - Rpy (4.17)
€EM,ext = —F-epy

Physically, the expressions (4.14) and (4.16) can be interpreted as a result of a

® Proven in Appendix 9.4.4.
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feedback action acting inside the constrained electrical network, which automatically
links the voltages set v g to the internal machine dynamical behaviour. This feedback
action is weighted by the matrix F defined in (4.15) which, for this reason, is here named
network internal feedback matriz. This matrix is non-dimensional and depends both on
the network configuration (via the constraint matrix M) and on the machine parameters
(via the reluctances matrix I'g,,, which is worth recalling that, in general, is a function
of the rotor position #). For an unconstrained network, the expression (4.16) is reduced
to the expression (4.4) by simply putting F' = 0, which can be interpreted as the absence
of any internal feedback action.

Considering (4.14), a more detailed representation of the schematic block diagram of
Fig. 4.10 is reported in Fig. 4.11, where the functional dependence of vy, on vy4; and

i 18 given explicitly.

4.3.4 Full order electrical drive model
By combining the machine model (2.35) with the network equation (4.13), it is
possible to describe the electrical machine equations as:

dipy ,
Lgy - 1 + Rpy gy + €py = Vpy =

= N -vyg = Rypr -igy — M - vypr = (4.18)
=N, Vysr — RNET‘,ezt “tpym Tt €EM, eat

By substituting the parameters expression (4.17) and by properly grouping the
various terms, the overall drive electrical equations are’:

tEM

v

v dze .
Py N G2 LEM‘%M—FREM'ZEM—I-GEM:'UEM
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=
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Auxiliary Network Voltages Computation

Fig. 4.11 — Explicit representation of the functional block diagram of the electrical

equations for the machine model developed in Chapter 2.

5 Proven in Appendix 9.4.5.
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di .y, .
Ly '%* (I—F) [(Rpy + Rypr) ~ipy +€pul =

(4.19)
=(I-F) N-vy

The equation (4.19) represents a dynamical system of order n, which again refers to the
schematic block diagram given in Fig. 4.11. Similarly to (4.5), the input of this system
is represented by the m x 1 set of converter voltages vyg;, but in this case the input
matrix (I —F)- N depends both on the network configuration and on the system
parameters (in general, including also the rotor position 8).

Together with the electromagnetic torque equation (2.33) and to the mechanical
equations (2.3)-(2.4), the equation (4.19) completely describes the electrical behaviour
of the considered drive and, through the matrix F', this model automatically includes
the effects of the current constraints on the machine behaviour. Again, for an
unconstrained network, the expression (4.19) can be reduced to the expression (4.5) by
simply putting F' = 0.

Similarly to (4.6), the canonical state-space representation corresponding to (4.19)
can be found by multiplying both terms by I' ;;, and by isolating the current derivatives,
resulting in:

di gy, _

1 [~Tpy (I =F) - (Rpy + Rypr)] iy +

o+ [Tpy (I —F) N|-vyg +[-Tpy - (I —F)-egyl = (4.20)
= Apy tpm T Bpu  Vvsr Hdpy

where Ay, is the state matrix of the system, Bp,, is the state space input matrix of
the system and dg,, is an equivalent disturbance input.

4.3.5 Examples

To better explain the proposed modelling approach of the electrical network in
presence of constraints on the phase currents, some examples are here provided to show
how the matrices in (4.12) can be computed. Again, most of the examples refer to the
architectures introduced in Section 3.1.2. In the following, the wiring resistances and
parasitic conductances will always be neglected, meaning that it will always result
Rypr =0 and G ygr = 0. Then, the examples will focus on the computation of N and
M. Again, all the following examples, by focusing only on the network model, are valid
regardless of the nature of the supplied machine (e.g., PMSM, IM, SynRM, etc...). The
effect of the machine internal behaviour (which, as previously explained, act as an
internal feedback in the overall model through (4.14)), depends on the specific machine
parameters and is not here explicitly addressed.

Single-star configuration

Consider a six-phase machine (n = 6) supplied by a six-leg converter (m = 6) and
connected in a single-star configuration with a single isolated neutral point, as depicted
in Fig. 4.12.
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The single isolated neutral point forces the sum of all the phase currents to be zero,
meaning that there is a single current constraint (n, = 1) which can be expressed as:

v T leme T lems T lEma T lEMs T lEME = 0

By considering the auxiliary network voltage vypr to be the voltage between the
machine neutral point and the converter reference node, by applying Kirchhoff’s laws it
results that:

tysin = lem,1 VEm,a = VYvsin — YNETS
iVSI,Q = iEM,27 Vpm,2 = Vysr2 — UNET
iVSI,3 = iEM,sv VeEm,3 = Vvsr,s — UNET>
Z'v51r,4 = iEM,47 Vpma = Vvsra — UNET
iVSI,S = iEM,sv VeEm,5 = Vvsrs — UNET
tysie = LEM,6) VEmMm,6 = VYvsie — UNET

The converter voltages and currents can be grouped in the 6 x 1 sets vyq; =
[vVSLl, ,vVSLG]T and iyg; = [iVSLl? "'7iVSI,6}T7 respectively, while the electrical
machine voltages and currents can be grouped in the 6x1 sets vy, =
Wearas - Vearel " and dgy = [igar s igae) | Tespectively.

From the previous equations, it results that:

e the constraint on the phase currents set i5,, and the effect of the auxiliary
network voltage vy to the machine voltages set vy;, can be modelled by the
6 x 1 constraint matrix:

—_ = e e e

e  the VSI current set iy, is independent of the VSI voltages set vy,g;, meaning
that G ygpr = 0,

e the EM voltages set vy, are unaffected by the EM currents set ©p,,, meaning

R R R Rk
+ >
Ve (i) )

Fig. 4.12 — Six-phase machine in a single-star configuration.
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that Rypp = 0, and
e the mutual relationship between vy, and vyg; and between iy,, and ig; are
identified by the 6 x 6 network interconnection matrix

OO OO
=N eleBeol =
SO O, OO
oo OO O
O OO oo

OO O oo

Lo

Multiple-star configuration

Consider again a six-phase machine (n = 6) supplied by a six-leg converter (m = 6),
but connected in a double-star configuration with two isolated neutral points, as shown
in Fig. 4.13

The two isolated neutral points force the sum of the corresponding phase currents to
be zero, meaning that there are two current constraints (n, = 2) which can be expressed

as the equations:
vy T leMm2 TlEMs = 0,
tgma T lEMs T lEME = 0

By considering the auxiliary network voltages vypr 1 and vypp o to be the voltages
between the machine neutral points and the converter reference node, by applying
Kirchhoff’s laws it results that:

iVSI,l = iEJVI,lv Vpma = VYysri — UNEeT, 1
tysr2 = tpa,2s VEmMm,2 = Vvsi2 — YNET 1>
tysrs = tpa,3 VEmMm,3 = VYvsi,3 — UNET 1>
tysra = i VEMm,a = Vvsia — UNET2
tysrs = tpa,ss VEmMm,5 = Vvsis — UNET,2
ivsLﬁ = iEMﬁv Vgpm6 = Vvsre — UNET,2
The converter variables can be grouped in the 6 x 1 sets vyg; = [vVSLl, s UVSI,G]T

Fig. 4.13 — Six-phase machine in a double-star configuration.
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and dyg; = [iygr1, -5 lvsre) | > respectively, while the electrical machine variables can be
grouped in the 6 x 1 sets vgy = [UENI71,...,UEN176]T and g, = [iEJVI717"'7iEJVI76}T7
respectively. The auxiliary voltages can be grouped in the 2 X1 set vypp =
T
[vner 1 vner ]
From the previous equations, it results that:
e the constraints on the phase currents set i,, and the effect of the auxiliary
network voltages set vy, on the machine voltages set vy, can be modelled

by the 6 x 2 constraint matrix:

OO R
= —_0 OO

o

e  the VSI current set iy, is independent of the VSI voltages set vy,;, meaning
that G ygpr = 0,

e the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e the mutual relationship between vy, and vyg; and between iy,, and %,g; are
identified by the 6 x 6 network interconnection matrix

100000
010000
. oo 1000
N_I_000100
000010
000001

Generally speaking, when the number of machine phases is equal to the number of
converter legs and each machine phase is directly connected to the positive terminal of
the corresponding converter leg, all the single and multiple-star configurations are such
that N = I. As will be shown in Chapter 6, this can drastically simplify the machine
control.

The same configuration could also have been studied by modelling the constraints
differently. Indeed, the same algebraic constraints could have also been modelled as:

ipma T ieme Yipms T iema tipns T ipme =0,
ipma tieme tipns =0
which is a different set of equations describing the same constraints (they are linear

combinations of the previously computed constraints equations). In this case, the

corresponding constraints matrix would be:

—_ o e e
O O ==

r—
—_
o

—
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Fig. 4.14 — Six-phase machine in a double-star configuration; alternative

formalization of the auxiliary network voltages.

and it can be directly found by the previous equations since M7 - i = 0.

In this case, the auxiliary network voltages vypr 1 and vypr , related to M must be
chosen with a different physical interpretation. Indeed, to meet the conditions (4.9), the
voltage sources of vypy 1 and vypr, must be chosen to identify the voltages between
the neutral point N; and the converter node O and the voltage between the neutral
point N, and the neutral point N,, respectively. A physical interpretation can be
deduced by Fig. 4.14. By applying Kirchhoff’s laws it is possible to write:

tysra = g1 Ygm,1 = Yvsra — UNET, 1
iVSI,2 = ZIEM,Z? Vem,2 = Vysr2 — UNET,1>
Z’VSL,:; = iEM,sv Vem,3 = Vvsrs — UNET,1>
iVSI,4 = iEM,47 VeEma = VYvsra — UNET,1 — UNET,2>
ivsLs = iEM,fﬂ Vem5 = Vvsrs — UNeET,1 — UNET,2>
tysre = LEM,6) VgEm,6 = Vvsie — UNET,1 — UNET,2

By using a matrix notation, it can be verified that IN is still the 6 x 6 identity matrix,
while the effect of the new set of auxiliary voltages vypr = [Unpr1, Uypre)’ on the
machine voltages set vy, refers to the new constraint matrix M.

The two models are completely equivalent and only differ in the physical
interpretation given to v ygr. Generally speaking, since there can be multiple approaches
to model the same drive, it is convenient to first compute M from the equations of the
constraints applied to the machine currents (which can be written in an arbitrary way)
and then deduce the physical meaning of vy, from the matrix M via (4.9). However,
as shown later on, a physical interpretation of vypp, although useful to better
understand the drive behaviour, is not required for control purposes, for which the simple

computation of M from the constraints equations is typically enough.

Open-circuit faults

Consider the same six-phase machine example of the previous case and suppose there
is a fault on phase 1, as in Fig. 4.15.

Again, the two isolated neutral points force the sum of the corresponding phase
currents to be zero, but in this case an additional constraint is introduced by the open-
circuit fault. Then, n, = 3 and the expressions of these constraints can be written as:
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Z.EM,l + iEJVI,Z + iE]\/IAB =0,
iEM,4 + iEJVI,S + iE]\/Lﬁ =0,
Z.EM,l =0,
By considering the auxiliary network voltages vypr 1 and vypp o to be the voltages
between the machine neutral points and the converter reference node, and the network

voltage vypr 5 to be the voltage at the open-circuit fault, by applying Kirchhoff’s laws

it results that:

ivsm = iEM,h Vem, = VYvsii — UNer,1 — UNET,3>
tysra = leam2 VgEm,2 = Vvsi2 — UNET, 1>
tysrs = leam,s VgEm,3 = Vvsi,3 — UNET,1>
tysra = leaa VgEm,a = Vvsia — UNET,2
tysrs = Leum,s YgEm,s = Vvsis — UNET,2>
Z’VSLﬁ = iEM,av Vem.6 = VYvsre — UNET,2

The converter voltages and currents can be grouped in the 6 X 1 sets vyg; =
[Oysris s Vysie) and dygy = [iygy s, iysrg) > respectively, while the electrical
machine voltages and currents can be grouped in the 6x1 sets wvg, =
[vEM’l7 ...711EM76]T and ig,, = [iEM’l7 ,iEM’G]T, respectively. The three auxiliary
voltages can be grouped in the 3 x 1 set vypp = [Unpr1, Unpro Uners]

From the previous equations, it results that:

e the constraints on the phase currents set i5,, and the effect of the auxiliary
network voltages set vy on the machine voltages set vy, can be modelled

by the 6 x 2 constraint matrix:

OO O ===
=== oo
[ eolo el

GGG GG
Ve (i_) /UA\ﬂE_T.l

Fig. 4.15 — Six-phase machine in a double-star configuration with an open-circuit
fault on phase 1.
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e  the VSI current set iy, is independent of the VSI voltages set vy,;, meaning
that G ygpr = 0,

o the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e  the mutual relationship between vy, and vyg; and between iy,, and %,g; are
identified by the 6 x 6 network interconnection matrix

[ ool Nol
[N eNoBol S =
oo o, OO
oo, oo o
O R OO OO
o oo oo

As can be seen, the fault did not change N, which is still equal to the identity matrix.
For machine modelling and control purposes, this is very convenient, since the
adaptation of the drive model to the faulty configuration only requires changing the
constraints matrix M. Additional faults can also be analysed in the same way.

Again, it is worth recalling that the fault could have also been modelled with a
different set of constraints equations. The resulting matrix M would have been different,
but the system behaviour would have been the same (it would have only changed the

physical interpretation of vy gr).

Open-end winding configuration

Consider a five-phase machine (n =5) whose windings are supplied at the two
terminals by two independent five-leg converters (m = 10) as in Fig. 4.16.

Since, for the considered configuration, the two converters are isolated from one
another, the sum of all the phase currents is zero. Then, there is a single constraint (n, =
1) which is:

v tleme T lEms T lEma T lEM s = 0

By considering the auxiliary network voltage vypr to be the voltage between the
reference nodes of the two converters, by applying Kirchhoff’s laws it results that:

LR FE R e A R A g
S\

Vo) e () Vs

~ —uygr+ —

Fig. 4.16 — Five-phase machine with open-end winding supplied at both sides by two

isolated five-phase converters.
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iVSI,l = iE]M,l? ivsz,(j = _iEM,17 Vem,1 = VYysri — Yvsre — UNET
tysra = tpa,2s tysir = —lgMm Vgpm,2 = Vysi2 — Yvsi,r — UNET
tysrs = tpa,3 tysrs = —lpa1 Vgpm,3 = Vvsi,z — Vvsi,s — UNET
tysra = i tysro = —leam1 Vgpm,a = Vysia — VYvsio — YUNET
iVSI,S = iEALS? Z'v51r,10 = _iE]M,U Vem,5 = Vysrs — Vysrio — UNET

The converter voltages and currents can be grouped in the 10 x 1 sets vyg; =
T . . T . . .
[Oysris s Vysiao) | and dygp = [iygr s - iysrio] » respectively, while the electrical
machine voltages and currents can be grouped in the 5x1 sets
T . ; T .
[vEM’l7 ...711EM75] and i), = [ZEM‘VI, 7ZEA175} , respectively.

From the previous equations, it results that:

Vpm =

e the constraint on the phase currents set iy,, and the effect of the auxiliary
network voltage vy to the machine voltages set vy;, can be modelled by the
5 X 1 constraint matrix:

e e

]
e the VSI current set iy, is independent of the VSI voltages set vy,g;, meaning
that G ygpr = 0,
e the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e the mutual relationship between vy,, and vyg; and between ig,, and iyg; are
identified by the 5 x 10 network interconnection matrix

i1 0 o0 o 0 -1 0 0 0 O
o 1 o o0 O 0 -1 0 0 O
N=fo 0 1 0o o 0 0O -1 0 O
o o0 o 1 o0 0 O 0 -1 0
o o0 o o 1 0 0 0 o0 -1

Note that the constraint on the phase currents would not have been present in case
a common-mode current had a possible flowing path. This would have been the case, for

example, of converters with the same DC-bus or simply with the same common ground.

Symmetrical/Asymmetrical reconfiguration

Consider a nine-phase machine (n = 9) supplied by a nine-leg converter (m = 9) in
a single-star configuration (n, = 1).

As explained in [152], a nine-phase machine can be rearranged in a symmetrical
configuration or in an asymmetrical configuration by just changing the order of the phase
windings. In the first case, the machine windings can be grouped in three symmetrical
three-phase sets mutually shifted by 40° with each other. In the second case, the machine
windings can be grouped in three symmetrical three-phase sets mutually shifted by 20°
with each other.
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VEGG GG aaan

L ek g g o

Fig. 4.17 — Two possible reconfigurations of a nine-phase machine: a) Symmetrical;
b) Asymmetrical. The magnetic axes disposition has been added to facilitate the

physical interpretation.

When the machine is in a symmetrical configuration, by using the same approach as
in the previous examples, it can be easily verified that the drive model results in N =TI
and in M = [1,1,1,1,1,1,1,1,1]T.

With reference to Fig. 4.17, in the asymmetrical configuration it is sufficient to do
the following rearrangements:

e the set {1,2,3} of the symmetrical configuration is equal to the set {1’,2,3"}
of the asymmetrical configuration,

e the set {4,5,6} of the symmetrical configuration becomes the set {7’,8,9'} of
the asymmetrical configuration, and

o the set {7,8,9} of the symmetrical configuration is connected with opposite
polarity and becomes the set {6’,4’,5’} of the asymmetrical configuration.

By taking as reference the symmetrical configuration, the electrical connection in the
asymmetrical scenario can be done as in Fig. 4.17b.

In this case, the single isolated neutral point constraint is:
vy tleme T lemy tlemy T lenmy tleme T lEm T lEMs T lEMY =
=lpma T lem2 Tlem3 —lemr —'EmMg ~ 'EMmo TleEMma T lEMs T lEME = 0

The auxiliary network voltage can be again considered as the voltage between the
single isolated neutral point and the converter reference node. By applying Kirchhoff’s

laws it results that:
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tysra = lpm =t VEm,” = YEm, = Yvsii — UNET
tysre = lpamy = tEa,2s VEm,2 = YEm,2 = Vvsr2 — UNET
tysrs = lpmy = tEM,3 VEm,3 = YEm,3 = Vvsi3z — UNET
ZIVSIA = Z'EMA’ = _iEM,sa Vem.a = ~VeEms = Vvsra — UNET
Z.VSITS = Z.EMTS’ = _iEM,ga Vems = —VeEMm,9 = VYvsrs — UNET
ZIVSIT(S = Z.EM76’ = _iEM,77 Veme’ = —VeEm,7 = VYvsre — UNET
tysrr = lpmr = tEMas VEm, 7 = VEMm,a = Vvsi,r — UNET
tysrs = lpams’ = tEM,ss VEm,g = YEm,5 = Vvsis — UNET
tysro = lpamy = tEM,6 VEm,9 = YEm,6 = Yvsio — UNET

The converter voltages and currents can be grouped in the 9 x 1 sets vyg; =

T S i T ) ) i
[Oysris s Vysro) ' and dygy = [iygr s dysro] s respectively. The electrical machine
voltages and currents can be grouped in the 9 X 1 sets vy, = [Vga 15, Vgno) - and
gy = [iEM<,17 ,iEMyg]T, respectively, in a way to identify the same variables of the

symmetrical configuration (and using the same machine model to analyse the system).
From the previous equations it results that:
e the constraint on the phase currents set iy,, and the effect of the auxiliary
network voltage vy to the machine voltages set vy;, can be modelled by the
9 x 1 constraint matrix:

—_ = e e

-1
-1
-1

e the VSI current set iy, is independent of the VSI voltages set vy,g;, meaning
that Gygr =0,

e the EM voltages set vy, are unaffected by the EM currents set ©y,,, meaning
that Rypp = 0, and

e the mutual relationship between vy,, and vyg; and between iy,, and iyg; are

identified by the 9 x 9 network interconnection matrix

2
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Once again, the set of equations describing the system can be represented
synthetically with the matrix formalism as (4.12)-(4.13). Thanks to this approach, the
change of the machine configuration can be studied with the same mathematical model
of the original machine formulation, with the only difference being in M and IN. In other
words, once the machine parameters have been identified in the symmetrical
configuration, the asymmetrical machine (which is simply obtained by rearranging the
windings connection) does not need a new parameters identification.

4.4 Configuration space modelling

The electrical equation (4.19) completely describes the electrical drive behaviour in
presence of currents constraints through the introduction of the network internal
feedback matrix F'. However, the resulting model, despite correctly describing the
machine dynamics, is not convenient for control purposes, since the matrix F', which
depends on the machine parameters, also multiplies the converter voltages set vyg;.

A different formulation, which is more convenient for control purposes, is here derived
basing on the algebraic properties of the constrained system. This formalism will be
useful for the decoupled control of the machine phase currents developed in Chapter 6.

4.4.1 Configuration space

Mathematically speaking, the machine currents set ig,, is a vector of the n-
dimensional space R". All the feasible currents, which satisfy the constraints (4.8), belong
to the null-space” N (MT) of the constraints matrix MT, which is identified from the
equation MT .z = 0. This null-space N (MT7) is a vector subspace of R* and can be
mathematically interpreted as a hyperplane. It is here named configuration space of the
system®. The orthogonal complement® of the configuration space N+ (MT) is here named
complementary configuration space of the system. For a known linear algebra property!’,
this space is equal to the range' R(M) of the constraint matrix M.

4.4.2 Configuration space representation

As previously stated, the configuration space V(M) is a subspace of R". Since it is
defined by n, constraints, the dimension of N(M™") is n; =n —n, and represents the
number of degrees of freedom for the machine currents. Similarly, the complementary
configuration space (M) = N+(MT) is a subspace of R* with dimension n,. To better
identify the properties of the system, it is convenient to explore the properties of these
vector spaces.

" The null-space, or kernel, of a r x ¢ matrix A, is the set of all vectors & € R® such that
A-xz=0.

8 This name has been chosen due to the similarity to the configuration space introduced in
analytical mechanics to study the motion of rigid bodies in presence of mechanical constraints.

 Given a subspace § C R, its orthogonal complement §* is the set of vectors & € R™ such
that, for any y € 8, it results that ' -y = 0.

10 Recalled and proven in Appendix 9.4.6.

' The range, or column space, of a r x ¢ matrix A, is the set of all the vectors y € R” which
can be expressed as y = A - x.
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This operation can be done through the singular value decomposition (SVD) of the
constraints matrix M. The n x n,_ constraints matrix M can be expressed as [118]:

where:

~

M=U-=-VT = [U. Uj. %’]-VT:UCSS-VT (4.21)

U is a n X n unitary matrix (i.e., U-UT =U?T .U = I) whose columns are
called left singular vectors of M, which has been split into two rectangular
submatrices:

o U, which is the set of the first n, left singular vectors,

o Uy, which is the set of the last n; left singular vectors,
V is a n, X n, unitary matrix (i.e., V- VT = VT.V = I) whose columns are
called right singular vectors of M, and
¥ is a n X n, rectangular matrix, whose non-diagonal elements are all zero (i.e.,
Yy =0 with k # h) and whose diagonal elements, called singular values of M,
are all positive (i.e., &), = o), > 0, with k = 1,...,n,). The singular values have
been grouped in the n, x n, diagonal matrix ’i, which is therefore symmetric
(le., £ =37) and positive definite (ie., y* -3y >0,Vy +£0) and, as a

consequence, it is invertible.

A graphical representation of the decomposition (4.21) is depicted in Fig. 4.18.
The left singular vectors satisfy the following properties'?:

Number of phases n

~
-

Ul u,=I, UJ-U-=I

4.22)
T _ T — (
Uf-UC—O, UC-Uf—O,
Constraints . . Singular
Matrix Left Singular Vectors Matrix Values Matrix
b
Right Singular
Vectors Matrix
P . . VT
0
[— - g )
Number of Number of Number of degrees
constraints n.  constraints n. of freedom ny

Fig. 4.18 — Singular Value Decomposition of the constraints matrix M.

2 Proven in Appendix 9.4.7.
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U, -U'+U, - Uf =1 (4.23)
M™U,=V-E M"'-U=0 (4.24)

From these properties it is possible to derive the following important conclusions'®:
e the matrix U, is a basis of the configuration space N (MT) and, for this reason,
is here named configuration matriz, and
e the matrix U, is a basis of the complementary configuration space N+ (MT) =
R(M) and, for this reason, is here named complementary configuration matriz.
Since U is a n x n unitary matrix, it can be used as a different basis for the whole

space R™. Therefore, any vector € R™ can be written as:

Y.
z=U-y=[U, Uf]'[yf}:Uc'chfo'yf (4.25)

where, from the properties (4.22), it can be verified that:
y=U"z, y =U"2 y=U= (4.26)

The n x 1 vector y represents the coordinates of & expressed in the new reference frame
defined by U. The n; x 1 vector y, and the n, X 1 vector y, represent the components
of the vector y in the directions defined from the configuration matrix U, and from the
complementary configuration matrix U, respectively.

By combining (4.25) and (4.26), any vector & € R” can be written as:
= (U, Uj)-z+(U,-Ul)z (4.27)

The n x 1 vector (U; - Uy) - x represents the projection of  in N (M™), and the matrix
() Iz Ufl) is the projection operator in the configuration space. Similarly, the n x 1
vector (U, - UT) - & represents the projection of z in (M) = N+ (MT) and the matrix
(U, - U7Y) is the projection operator in the complementary configuration space.

4.4.3 Machine equations in the configuration space

As discussed in Section 4.3, the constrained network model makes the electrical
machine satisfy the vector equations:

MT i, =1 =0

N o B . M (4.28)

Vpym = N - Vysr — ftnpr " tpy — V0 Unpr

Having introduced the configuration space, these equations can be reinterpreted in a

different way.
The first equation of (4.28) means that the feasible machine currents set i, must
belong to the configuration space N (MT). From the results obtained in Section 4.4.2,

this means that 45, . = Ul - iy, = 0 and that the vector 4, can be expressed as:

ipy = Uy iy, With  dpy , =Ujf igy (4.29)

3 Proven in Appendix 9.4.8.
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The ny x 1 vector ¢, , represents the unconstrained current components of the system,
which are the available degrees of freedom in the constrained system.

The second equation of (4.28) highlights that the electrical machine voltages depend
on the auxiliary network voltages set vypp through the constraints matrix M. By
projecting both sides of the equation in the configuration space N (MT) through the
projection operator (U, - U7} ) it results that:

(Uf ’ Ufl> “VEm = (Uf ’ Ufl) (N -vyg; — Rypr - ipy — M - vypr) =
= (Uf : UJ?) (N - vysr — Rypr - igy)

The equation (4.30) shows that the electrical machine voltages set vp,, in the

(4.30)

configuration space is only related to the converter voltages set vy, and to the electrical
machine currents %y,,, and is therefore independent of the auxiliary network voltages

set vy pr, contrarily to the full-order model (4.13).

4.4.4 Reduced order electrical drive model

The electrical drive mathematical model (4.19) can be simplified by considering the
configuration space concept. By pre-multiplying both sides of (4.18) for U]}" and by
considering (4.29), it can be proven' that the machine behaviour in the configuration
space satisfies the equation:

digy, )
Lpys- T’f+ (Rpars + Ryprs) ipay +epny = Ny vygy (4.31)

where the equivalent parameters are:

LEM,f = U}I‘ Ly - Uf ) iEM,f = U}r "
Rpyy =Uj - Rpy Uy epnrs = Uf ~epy (4.32)
RNET,f:U}'RNET'Uf7 Nf:UJ?~N

The equation (4.31) is a dynamical system of order n; < n. Similarly to the model (4.19),
this equation automatically includes the machine current constraints. However,
contrarily to (4.19), in this case the m x 1 input vector of the converter voltages vyg; is
weighted by the input matrix N, = UJ? - N, which only depends on the network
configuration (i.e., it is independent of the machine parameters). The block diagram of
this system is schematically represented in Fig. 4.19. This model will be used to develop
the control algorithm proposed in Chapter 6 and Chapter 7.

The equation (4.31) describes the evolution of the machine currents within the

Leuy %f +REvs ioms+ €sy=vemy o LEM

Ryer, f <
Fig. 4.19 — Functional block diagram of the reduced order system.

4 Proven in Appendix 9.4.9.
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configuration space, which has fewer degrees of freedom than the number of phases of
the electrical machine. For this reason, it represents a reduced order drive model. 1t has
the same form of the equation (4.5) for the unconstrained system and, in case the network
is not subject to any constraint, it can be reconducted to the model (4.5) (schematically
depicted in Fig. 4.3) by simply putting U,=1

Since the matrix Lp,, , defined in (4.32) is symmetric and positive definite, there
exists its inverse T'g), ; = Lh, ;- Then, the canonical state-space representation of the
reduced-order system (4.31) can be found by pre-multiplying both sides for I'j;;, ¢ and

by isolating the current derivatives, resulting in:

digy, .
T’f =[Tpumys (Reny+ Ryprg)] - ipa s+

o+ [Cpary - Nyl - vysr + [Toary - €pngl = (4.33)

=Apuy tevst Beuvg Vvsi ey

where Ay ¢y By p and dgy, , arve the state matrix, the state space input matrix and
the equivalent disturbance input of the reduced-order system, respectively. Similarly to
the unconstrained system (4.6), also for the canonical representation (4.33) these terms
also depend on the machine parameters, including the rotor position €, thus making the
canonical representation (4.33) a time-variant system.

It is worth emphasizing that the variable transformation introduced through this
configuration space approach is conceptually different from a Vector Space
Decomposition (VSD). Indeed, the VSD is a variable transformation intrinsically linked
to the machine design and parameters (e.g., to the disposition of the magnetic axes of
the phase windings), while the proposed configuration space approach only depends on
the electrical connection of the windings and to the corresponding constraints introduced
to the machine phase currents (which are unrelated to the machine design and
parameters). However, in some specific cases (e.g., symmetrical machines in a star
configuration with a single isolated neutral point), the two approaches might lead to
similar results, and the VSD transformation may also separate the configuration space
variables from the complementary configuration space variables.

4.4.5 Examples

Two examples are here given about the computation of the configuration matrix U,
and of the complementary configuration matrix U, starting from the knowledge of the
constraints matrix M. They are referred to the first two configurations exemplified in
Section 4.3.5. The extension to all the other examples are straightforward and only
requires numerical computations from the knowledge of M. Other examples will also be
given in Chapter 6 and in Chapter 7.

Single-star configuration

Consider again the six-phase configuration of Fig. 4.12, previously exemplified in
Section 4.3.5. In this case n = 6 and n, = 1; the constraint matrix has been found to be:



90 4 - Electrical Network Model

Il
I I O e

]

Its singular value decomposition has been computed numerically’® and the
corresponding matrices are:

0.41 —0.41 —0.41 —0.41 —0.41 —0.41 2.45
0.41 088 —0.12 —0.12 —0.12 —0.12 0
1041 —0.12 0.88 —0.12 —0.12 —0.12 o B
U= 041 —0.12 —0.12 0.88 —0.12 —0.12 » T = o’ V=N
0.41 —0.12 —0.12 —0.12 086 —0.12 0
[0.41 —0.12 —0.12 —0.12 —0.12 70.12J [OJ

It can be verified that UT - U =U -UT =T (i.e., it is the 6 x 6 identity matrix) and
that VT .-V =V . VT =1 (ie, it is the 1 x 1 identity matrix).

The configuration matrix U} is given by the last n —n, =4 —1=15 columns of U,

while the complementary configuration matrix U, is instead only the first column of U:

0.41 —0.41 —0.41 —0.41 —0.41 —0.41
0.41 0.88 —0.12 —0.12 —0.12 —0.12
U — 041 U._ |7012 08 —0.12 —0.12 —0.12
c 0.411"° I —0.12 —0.12 0.88 —0.12 —0.12
0.41 —0.12 —0.12 —0.12 0.86 —0.12
[0.41J [70.12 —0.12 —0.12 —0.12 70.12J

It can be verified that the properties (4.22)-(4.24) are satisfied, and that U} - U, =1
(i.e., it is the 1 x 1 identity matrix), U} - Uy = I (i.e., it is the 5 x 5 identity matrix),

and U}‘ -U, =0 (i.e., it is a 5 x 1 vector with all the elements equal to zero).

Finally, the projection matrices in the configuration space and in the complementary
configuration space are:

0.83 —0.17 —0.17 —0.17 —0.17 —0.17
—0.17 0.83 —0.17 —0.17 —0.17 —0.17
—0.17 —0.17 0.83 —0.17 —0.17 —0.17
—0.17 —-0.17 —0.17 0.83 —0.17 —0.17|’
—0.17 —-0.17 —0.17 —0.17 083 —0.17
Lfo.n —0.17 —-0.17 —0.17 —0.17 0.83J

U, U} =

1 The singular value decompositions in the proposed examples have been computed in
MATLAB through the “svd” command. The results here reported have been rounded to the
second decimal unit.
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0.17 017 017 017 017  0.17
0.17 017 017 017 017  0.17
0.17 017 017 017 017  0.17
0.17 017 017 017 017  0.17
0.17 017 017 017 017  0.17
[0.17 0.17 017 017  0.17 0.17J

U, Ul =

Note that, while U} Uy =1 and U . U,=1 (ie., the columns of U; and U, are
orthogonal), U;-Uj # I and U, U}l # I (i.e., the rows of U; and U, are not
orthogonal). Again, it can be verified that the property (4.23) is satisfied.

From the numerical evaluation of the projection matrices, it can be noted that the
matrix Uy - UJ?, once applied to any 6 x 1 vector & = [y, ..., z4]T, results in subtracting
the average value %Zzzlazk from all the terms of x. The projection matrix U, - UT,
instead, results in a 6 x 1 vector whose elements are all equal to %22: 1Tk These
considerations may help to better understand the physical meaning of the configuration
space and of the complementary configuration space.

Multiple-star configuration

Consider again the six-phase configuration of Fig. 4.13, previously exemplified in
Section 4.3.5. In this case n = 6 and n, = 2; the constraint matrix has been found to be:

OO =
= =0 O O

01

Its singular value decomposition has been computed numerically, resulting in:

—058 0 —0.58 0.33 0.33 0.33 1.73 0
—058 0 —0.21 —0.46 —0.46 —0.46 0 1.73
U_|-058 0 079 012 012 012 | | 0 0
0 —058 0 067 —0.33 —0.33]|° 0o 0|’
0 —058 0 —0.33 067 —0.33 0 0
0 —058 0 —0.33 —0.33 0.67 0 0
-1 0
V= 0 -1

and, again, UT-U =U -UT =1 (with dimension 6 x6) and VI . V=V .VI=T1
(with dimension 2 x 2).

The configuration matrix U, is given by the last n —n, =6 —2 =4 columns of U.
The complementary configuration matrix U, is given by the first n, = 2 columns of U.
Again, it can be verified that the properties (4.22)-(4.24) are satisfied.

The projection matrices in the configuration space and in the complementary
configuration space are:
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r0.67 —0.33 —0.33 0 0 0

—0.20 067 —0.33 0 0 0

o |—0.33 =033 0.67 0 0 0
Up-Uy = 0 0 0 0.67 —0.33 —0.33|"’
0 0 0 —0.20 067 —0.33

Lo 0 0 —0.33 —033 0.67

0.33 033  0.33 0 0 0

0.33 033  0.33 0 0 0

ot (033033 0.33 0 0 0
U.-Uc = 0 0 0 0.33 033  0.33
0 0 0 0.33 033  0.33
0 0 0 0.33 0.33 0.33J

and again it can be easily verified that Uy - U} +U,-UI'=1.

From the numerical matrices, it can be observed that the projection matrix Uy - UJ?,
once applied to any 6 x 1 vector & = [z, ...,%4]T, results in subtracting the average
value éZizlxk from the three-phase set {x,,z,, 25} and the average value %Zij} T,
from the set {z,, 25,24}, which are the two star-connected subsets of the considered
configuration. The projection matrix U, - UJ, instead, results in a 6 x 1 vector whose
first three elements are all equal to %Zi: L %1, and the last three elements are all equal
to éZi: 2T Again, this helps to get a better physical insight into the meaning of the
configuration space and of the complementary configuration space.

If, alternatively, the system had been represented with the matrix:

OO =

0]

obtained from the same electrical configuration, the singular value decomposition would
have been:

—0.49 —0.30 —0.41 —0.41 0.41 0.41 2.80 0
—0.49 —0.30 —0.41 0.41 0.41 0.41 0 1.07

U — | 049 —0.30 0.82 0 0 0 s_|0 0
—0.30 0.49 0 0.67 —0.33 —0.33|" 0o 0|’
—0.30 0.49 0 —0.33 067 —0.33 0 0
—0.30 0.49 0 —0.33 —0.33 0.67 0 0
—0.85 0.53

V= —0.53 —0.85

This means that, by choosing a different M to analyze the same electrical network, the
matrices U; and U, are also different. However, it can be verified that the new matrices
still satisfy all the conditions (4.22)-(4.24) and that the projection matrices U; - U} and

U, - U} are equal to the previously computed ones.
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4.4.6 Electromagnetic = torque expression in the

configuration space
The electromagnetic torque 7, developed by the electrical machine has been
formalized through the equation (2.33). It is worth recalling that it is composed of the
superposition of three terms:

e a term T(6) which is independent of the machine currents and which mainly
identifies the cogging torque phenomena,

o aterm fE,,(0) i, which is linearly depending on the machine currents and
which identifies their interaction with the permanent magnets,

e a term (¢hy - Lpas(0) - igy)/2 which is quadratically depending on the
machine currents and which identifies both the variable reluctance phenomena
and the mutual interaction between the stator and the rotor currents.

When the machine currents iy,, are subject to the algebraic constraints (4.8), since
the relationship (4.29) holds, the torque expression can be formalized with respect to the

ng x 1 set of unconstrained current components iy, = U} - iy, resulting in:

. 1 . , .
1., =Ty (9) + f]gM(Q) “lpy T 5 z}zM Ly (0) - ipy =
(4.34)

. 1 . , .
= To(e) + fITDILI,f(e) “tpap T 9 Z%M,f ) LEM,f(Q) “teEm,f

where the equivalent parameters are:
Ly s (0) = U} ~Lipy(9)- U, , fear s (0) = U}  Fen(0) (4.35)

Since the configuration matrix U, is only linked to the machine current constraints,
which are constant in time, it can be easily proven that the parameters in (4.32) and the
parameters in (4.35) satisfy the relationships:

EM,f 0
(4.36)
e, ;=W Fpn p(0) +w Ly +(0) iy

As a result, by considering both the equations (4.31) and (4.34) it can be concluded that
an electrical machine with n windings, supplied through a constrained network with n,
current constraints, behaves, both electrically and mechanically, exactly as an equivalent
machine with only n; =n —n, windings.

4.5 Summary and remarks

This section has developed the mathematical modelling of the electrical drive basing
on the interconnection network between the electrical machine and the power electronics
converter. The interconnection network, which has been formalized as a linear time-
invariant multiport system, is responsible for both the link between the machine
windings and the converter leg voltages and for the presence of algebraic constraints on
the machine currents.

The direct relationship between the converter voltages and the machine voltages has
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been represented through a network interconnection matriz N. The effects of resistive
and conductive elements in the network (if present) can also be included through a
network resistances matric Rypp and a network conductances matriz G ygp,
respectively. Their contributions can almost always be neglected for electrical drive
modelling targeted at control purposes.

The presence of current constraints is particularly relevant for the whole drive
functioning, because it has the same effect of an internal feedback action which alters
the machine voltages according to the system overall functioning. It has been modelled
by introducing a constraint matriv M and a set of auziliary network voltages vygr,
which can physically be interpreted as the voltages existing between some nodes of the
physical system.

By explicitly considering the effect of the auxiliary voltages set vypr is has been
possible to develop the complete model of the electrical drive in presence of currents
constraints. This model depends on a network internal feedback matrixz F', which is
related both to the constraints and to the machine parameters.

A different formulation of the constrained drive model has been then obtained by
introducing the concept of the configuration space of the system. The constrained drive
equations, projected in the configuration space, result in a reduced order model, which
can describe the dynamic evolution of the electrical drive while at the same time
intrinsically taking into account the constraints on the machine currents. This set of
equations depends on a configuration matriz Up, which is only related to the current
constraints and does not depend on the machine parameters.

The modelling approach adopted in this chapter is heavily based on linear algebra
properties. A rich set of examples has been provided for each case, in a way to make the
results and the applications more intuitive. The results and properties of this analysis
are the core basis of the control algorithms developed in Chapter 6 and in Chapter 7.



5 Field Oriented Control of
Asymmetrical PMSMs

The Field Oriented Control (FOC) is currently the most common approach for the
control of multiphase machines. It is directly derived from three-phase machines and is
based on a proper reference transformation of the machine phase variables. The chosen
reference frame is directly related to the spatial displacement of the magnetic flux density
field in the air-gap! of the machine, and is based on the proper definition of space vectors

related to the electrical variables of the machine.

Symmetrical machines have, by design, many special properties which make their
modelling to be particularly convenient in this moving reference frame, and FOC
algorithms for this kind of machines have been deeply analysed in the technical literature.
On the contrary, asymmetrical machines do not meet many of those features and, by
using the same field-oriented approach, their analysis and control become more
challenging.

The present chapter derives and analyses the field-oriented control approach for a
generic n-phase surface-mounted permanent magnet synchronous machine (PMSM)2.
The analysis is presented for a generic winding disposition (i.e., asymmetrical, with an
arbitrary angular shift) and with a single isolated neutral point configuration. The
presence of multiple spatial harmonics of the magnetic field at the air gap is explicitly
addressed to identify the field-oriented reference frames and to introduce some torque
enhancement control strategies based on the injection of harmonic currents.

For the present analysis, the asymmetry is either resulting from the machine design
(i.e., intrinsically asymmetrical configurations) or coming from a post-fault configuration
of an originally symmetrical machine®. One of the aims of this analysis is to emphasize
the main differences between symmetrical and asymmetrical machines, in a way to point
out which properties are kept, and which properties are lost.

The chapter is structured as follows. Section 5.1 focuses on the machine
mathematical model. First, the phase variable model (whose generalized formulation has
been given in Chapter 2), is particularized to the specific case study. Then, coherently
with the field-oriented approach, the model is reformulated in a reference frame whose
components are synchronous with a set of spatial harmonics of the magnetic field at the
air gap, which allows to emphasize the currents/fluxes interactions for the
electromagnetic torque generation. Section 5.2 is then focused on the torque control
strategy, which is finalized at computing a set of reference currents to develop a desired
electromagnetic torque. As known, for a multiphase machine it is possible to exploit

! Hence the name “Field Oriented”.
2 The same approach can also be used for a Brushless DC (BLDC) machine.
% As an example, a n;-phase machine subject to n, open-circuit faults is here analysed as an

asymmetrical machine with n = n; — n, phases.
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higher-order spatial harmonics for the torque development through a proper injection of
harmonic currents. Some different strategies are presented to generalize this torque
enhancement to asymmetrical machines while, at the same time, optimizing the drive
energetic performances. Section 5.3 addresses the current control strategy, by first
presenting the standard control strategy applied in symmetrical machines, and then by
showing how it can be adapted to deal with asymmetrical configurations. The overall
control scheme is summarized in Section 5.4, and is then particularized to a specific nine-
phase case study in Section 5.5 and Section 5.6. Finally, Section 5.7 sums up the
conclusions of this chapter.

For notation simplicity, the subscripts “EM” and “VSI” adopted in Chapter 4 will
not be used anymore. The output voltages of the converter legs will be further on denoted
as u, while the voltages at the machine winding terminals will be denoted as v. Moreover,
the network wiring resistances will be neglected.

5.1 Mathematical model

The PMSM under analysis is assumed to have n identical stator windings arranged
in P, pole pairs and distributed along the stator periphery of the machine so that their
magnetic axes have an electrical phase displacement of « (with k =1,...,n being the
phase index) measured from an arbitrary reference position. All the windings are star-
connected with a single isolated neutral point. This architecture is schematically
represented in Fig. 5.1.

For a symmetrical machine design, all the windings are evenly placed along the stator
periphery, with a reciprocal displacement of (27/n). This leads to magnetic axis
displacement of the k-th phase which can be simply expressed as «), = (2n/n) - (k—1).
On the contrary, for an asymmetrical configuration, the magnetic axes angles ¢, can
assume any arbitrary value.

This section particularizes the generalized machine model presented in Chapter 2 to

the examined configuration.

a)

Fig. 5.1 — Schematic representation of the multiphase drive under analysis:
a) Circuital architecture; b) Phase windings magnetic axes disposition.
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5.1.1 Phase variable domain

Under the linearity hypothesis, the fluxes induced in the n stator windings are given
by the superimposed contribution of the magnetic field generated by all the phase
currents and by the permanent magnets on the rotor. The generalized model (2.29) is
particularized into:

¢=L-i+Ppy,(0) (5.1)

The magnetic flux density field generated at the air gap by the permanent magnets,
once decomposed in a Fourier series with respect to the stator angle, is given by the
superposition of an infinite number of spatial harmonics. These harmonics produce in
each k-th machine winding an induced flux linkage 1 p) ;,, which is a periodic function
of the rotor electrical position 0, = P, - 6.

Then, the flux linkage induced in the k-th machine phase (with £k =1,...,n) can be
expressed as the Fourier series:

+0oo
wPM,k(eel) = Z W -cos(h - (0, — ay) + @) (5.2)
h=1

with ¥,,, and ¢, denoting the magnitude and the phase displacement of the h-th spatial
harmonic contribution?. The magnitudes ¥,,, depend both on the rotor magnets and on
the stator windings design. For a purely sinusoidal machine, only the fundamental
harmonic (with index h = 1) is present, whereas, for a non-sinusoidal machine, multiple
harmonics are present.

For a surface-mounted PMSM, once the variable reluctance effects linked to the
stator slots are disregarded, the n x n inductances matrix L in (5.1) can be assumed to
be invariant with respect to the rotor position. Moreover, as proven in Chapter 2, L is
always symmetric and positive definite. Finally, in the particular case of symmetrical
windings designs, L is a circulant matriz, meaning that L, , = Ly, ., for all the
couples k,h = 1,...,n [55], [1563] °.

From the fluxes expression (5.1), the induced back-EMFs can be split in the
transformer induced contribution and in the motional-induced contribution as:

do_ | di dvpy g di

a LTata bate (5-3)

From the expression (5.2), the PM-induced back-EMF in the k-th phase is equal to:

. _ dYpys _ 06, 8wPM,k _
k= CPMk = . o a9, N

+oo
=W Z bWy, - sin(h- (0 — o) + ¢y,)
h=1

(5.4)

where w,; = P, - w is the rotor electrical speed.

4 The harmonic index h is a strictly positive integer, ranging from 1 to +o0o. The spatial
harmonic of order 0 is absent because the magnetic flux density B is a solenoidal field.

% This is because any permutation of the phase indexes leaves the overall structure unaffected.
This property is not guaranteed for an asymmetrical windings design.
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Given the single isolated neutral point machine configuration, the sum of all the
phase currents is forced to be zero. The network model developed in Chapter 4 is
therefore simply represented by imposing N=I and M =1,=[1 1 - 1]T. The
constraint equation is then represented as:

1Ti=) i,=0 (5.5)
k=1
while the machine phase voltages set is:
v=u—1, vygr (5.6)

where vy represents the voltage between the inverter reference node O and the neutral
point N of the machine phase windings (as represented in Fig. 5.1).

Since the windings have been supposed to be equal, the resistances matrix is simply
R=R-I.

To sum up, the electrical equations of the considered PMSM multiphase drive can
be written in the phase variable domain as:

&
L-d—;+R~i+e:v:u—1n-vNET (5.7)

The electromagnetic torque developed by the machine, expressed in terms of phase
variables, is instead expressed as:
T . Oy
Tem:-flglw(e)'lz T'Zk:PP'

k=1 k=1

< 5¢PM,k )
a0,

1y, (5.8)

5.1.2 Space vector formalism

The stator currents flowing in the machine windings modify the overall flux density
field at the air gap by generating a field distribution which, similarly to the one generated
by the PMs, can also be decomposed in the superposition of an infinite number of spatial
harmonics. Each h-th spatial harmonic of this magnetic flux density field at the air-gap
can be synthetically identified through a single complex variable, which is proportional
to the h-th order space vector of the machine currents, defined as®:

) ) . 2 .
lh:th+J'th:\/%'sz'ejhak (59)
k=1

In other words, i, identifies, through its magnitude and phase, the intensity and local
displacement of a spatial harmonic of the magnetic flux density field generated at the
air gap by the stator currents’.

% The definition (5.9) is typically named power invariant. Other space vectors definitions (e.g.
amplitude invariant) have also been introduced in the technical literature. They would lead to
similar analysis and results.

" To be more specific, the radial component of the magnetic flux density at the air-gap can
be expressed as B(y) = EZ; Re{by, - iy, - e 7} = Zzz by, - lin| - cos(h P,y — Ziy,), where by, is

a weighting factor depending on the machine design (e.g., number of turns, winding factor,
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Coherently with the field-oriented approach, and extending what is typically done
for three-phase machines, each current space vector can be expressed in a reference frame
synchronous to the corresponding harmonic of the PM induced fluxes (and, consequently,
synchronous to the corresponding spatial harmonic of the magnetic field at the air-gap).

In this context, the space vector i, can be redefined by applying a complex rotation as:

(dq)

by =gy iy = 1y, e Maten) (5.10)

The complex variable g'ild@ defined as per (5.10) represents the same space vector i, in a
synchronous “field-oriented” reference frame, which rotates at the speed h - w,;. The real
part ig;, = Re{g’f‘v} and the imaginary part i., = Im{g’f‘v} represent the direct azis
component and the quadrature axis component of 1;1dq>7 respectively.

Given the positions (5.9) and (5.10), with simple algebraic manipulations the
electromagnetic torque T, developed by the machine and expressed via (5.8) can be
rewritten through the space vector formalism as®:

+00 too
n . .
Tem = ;;71 (\/; “h- Pp ' ‘Ith) “lgh = ;;71 Kp  tqn (5.11)

with k;, = \/n_/Q P, h-¥,, being a torque gain coefficient related to the h-th spatial
harmonic. It is also worth noticing that each gain x, (which, dimensionally, is equivalent
to a flux) is proportional to the magnitude of the h-th harmonic in the motional induced
back-EMFs (5.4).

By using this field-oriented approach, from (5.11) it can be deduced that only the
quadrature axis components of the space vectors of the machine currents, by interacting
with the corresponding harmonics of the fluxes induced by the PMs, are contributing to
the electromagnetic torque production. From (5.11), each h-th spatial harmonic
contributes to the torque T, as if it were produced by an equivalent machine with £ -
P, pole pairs and with an induced flux magnitude equal to ¥,,,. Usually, the lowest
odd-order harmonics have the highest gains &, and, therefore, they are preferable for
torque control.

Together with the space vectors defined in (5.9), it is also convenient to introduce
the zero-sequence component of the machine phase currents as the scalar variable:

. 1 .
fg=—="> i (5.12)
Vo =

With the position (5.12), the phase currents constraint (5.5) due to the isolated neutral
point configuration is simply expressed as:

iy =0 (5.13)

mechanical dimensions, etc..) and v is the angle with respect to the magnetic axis of the first
machine phase. This expression, which is a Fourier series in the spatial angle P, - v, highlights
how the magnitude and phase of the space vector g, influence the h-th spatial harmonic of the
flux-density field generated by the machine stator currents.

8 Proven in Appendix 9.5.1.
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5.1.3 Vector space decomposition

As typically done, the mathematical model of the multiphase machine can be
reformulated through a variable transformation known as wvector space decomposition
(VSD) [1].

As mentioned in Section 2.3.2, this change of variables is identified by the linear
transformation (2.38), which is here repeated:

Tysp =C -z <= x=C1 zyyp (5.14)

where C' is the generalized Clarke’s transformation matriz and x is a generic n X 1 phase
variable vector.

The field-oriented approach consists in choosing the transformation matrix C in a
way that the transformed currents vector iygp = C - % includes a set of space vector
components {i,,%,,} to be controlled. Given (5.9), the components of the h-th space

vector 4y, = i, +j - iy, can be included in the transformed set iygp through the rows:

h = (5.15)

C — 2 [cos(hozl) cos(hay) - cos(hay,,)
n

sin(hay) sin(hay) - sin(hay,)

Similarly, given (5.12), the zero-sequence component i, can be included in the
transformed set 4ygp through the row:

CO:%~ 111 - 1 (5.16)
Indeed, with the positions (5.15)-(5.16), it can be verified that: [iy, iy,]" = C) -4 and
iy =C, - 1.

The proper choice of the transformation matrix C, which can be built as the
concatenation of the 1 x n row vector C; defined as per (5.16) and of several 2 x n
submatrices C,, defined as per (5.15), is crucial for proper machine control.

From (5.11), to achieve a complete control of all the (infinite) spatial harmonics
interactions, it would be desirable to control all the (infinite) space vectors of the
machine currents. However, since the set of machine phase currents constitutes a system
of n variables, the number of degrees of freedom is limited, and only up to n scalar
components can be set arbitrarily. Moreover, the winding configuration further reduces
the number of controllable components by forcing to 0 the zero-sequence component %,
which should be therefore included in the set %ygp.

Then, for a machine with an odd number of phases, it is possible to freely control at
most (n —1)/2 space vectors at the same time whereas, for a machine with an even
number of phases, the number of independently controllable space vectors is (n — 2)/2.
In this latter case, the transformed set %y gp can be completed by introducing a second
zero-sequence component iy through an additional row Cy, typically built as [2], [154]:

Co=—4-][1 -1 1 - —1] (5.17)

vn
Moreover, the generalized Clarke transformation matrix C must be a full rank matrix
to guarantee the existence of its inverse C~! and, therefore, to preserve the overall
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number of state variables (i.e., to allow for the inverse transformation ¢ = C™! - 4ygp).
This means that a chosen set of space vectors can be controlled only if the corresponding
rows C), in the transformation matrix are linearly independent.

As a result, a practical way to establish whether a set of space vectors can be freely
controlled is to compute the rank of the matrix C built upon the submatrices C}, and
the zero-sequence row C,, (and, eventually, of the second zero-sequence row C; ), which
only depend on the magnetic axes disposition of the machine windings. If some rows are
linearly dependent on some others, there are certain algebraic constraints between the
corresponding space vector components, which therefore cannot be imposed arbitrarily®.

In many applications the Clarke transformation matrix is built by considering the
lowest order space vectors [57], resulting in':

c, cos(ay) cos(ay) -+ cos(ay,)
sin(ay ) sin(ay) sin(a,,)
& cos(2a;)  cos(2ay) cos(2a,)
C, 5 sin(2a;)  sin(2 ;) sin(2 «v,,)
C = ' =\ cos(3a;) cos(3ay) cos(3av,,) (5.18)
: sin(3a;)  sin(3ay) sin(3 ;)
(Co) ' :
1/v2)  (=1/v2) (=1/v2)
Co 1/v2 1/v2 1/v2
with iVSD = [ixh iyl? Z'x27 Z'y27 Z'x37 Z'y37 A (16)7 Z.O}T

Another common choice is to select only the lowest odd-order space vectors [57] as:

c, cos(ay) cos(ay) -+ cos(ay,)
sin(ay ) sin(a,) sin(a,,)
Cs cos(3a;)  cos(3ay) cos(3 a,)
C, 5 sin(3a;)  sin(3¢y) sin(3 «v,)
C = =4/—- |cos(bay) cos(bay) cos(bav,,) (5.19)
" sin(5a;)  sin(5ay) sin(5 «,,)
(Ca) : : :

9 A simple example of this incompatible control is related to the mapping of different space
vectors to the same transformed components. For instance, considering a symmetric five-phase
machine, since o, = (k—1) - (27/5), it can be immediately verified by application of (5.9) that
19 is the complex conjugate of 4,. This means that the ninth spatial harmonic torque contribution
cannot be controlled independently from the fundamental component contribution. Similar
relationship can also be found for different space vectors and for different number of phases. For
a generic (i.e., asymmetrical) winding configuration the relationship between different space
vectors components might be harder to directly investigate through (5.9), but it can easily
addressed by evaluating the rank of C. Some examples can be found in [119].

" For symmetrical machines the definition (5.18) represents a special case of a Discrete
Fourier Transformation (DFT) applied to a set of n equally spaced samples [154].
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With dysn = [iy1, g1, % fygs fygs Gyss o (1 )5 Gp) T+ In this way, it is possible to take
advantage of the lowest odd-order spatial harmonics of the machine, which are usually
related to the highest torque gains k.

Other approaches are also possible. Generally, the most convenient choice depends
on the machine design through the effect of both the torque gains &, and of the magnetic
axes disposition.

It is worth noticing that, in case the required number of rows of C exceeds the
number of spatial harmonics to be controlled (like in case of sinusoidal machines, where
only ¥, # 0), the other rows of C can be arbitrarily chosen.

By using the VSD transformation (5.14), the model (5.7) is modified into:

diys .
Lygp - c\{t 2+ R-iygp +€ysp = Vysp = Uysp — € Unpr (5.20)

with:
e Lygp=C-L-C! being the inductances matrix in the chosen VSD reference
frame, and
e c¢=0C" 1, being responsible for the mutual interaction among the VSD
components related to the isolated neutral point configuration.

The constraint (5.5) is instead simply modified to:
ip=10 0 0 - (0) 1] -iygp=0 (5.21)

The model (5.20) represents the particularization of (2.37) to this specific case study.

Several simplifications apply for symmetrical machines, which are instead generally
not true for asymmetrical configurations.

First, for a symmetrical machine with an odd number of phases, it can be proven'!
that the generalized Clarke transformation matrix C chosen either as (5.18) or as (5.19)
not only is invertible, but it is also unitary (i.e., C~! = C%).

Moreover, since the inductances matrix L in the phase variable domain is a circulant
matrix, (i.e., L;, = L, 1), it can be proven' that the columns of the generalized
Clarke transformation matrix C' chosen either as (5.18) or as (5.19) are the eigenvectors
of L. Consequently, the computation of the transformed matrix Lygp =C-L-C~! =
C - L-C7 performs the diagonalization of L.

Additionally, the transformed self-inductance parameters related to the same space
vector components are equal (i.e., L, = L, = Lj,).

Finally, since the magnetic axes are equally shifted from one another, it also results
c=C-1,=[000..(0) Vn]T.

Given these properties, all the components of (5.20) are decoupled from one another
and can be written element by element. The h-th space vector components satisfy the
set of first-order differential equations:

' Proven in Appendix 9.5.2.
2 Proven in Appendix 9.5.3. A similar proof can also be found in [55] basing on the properties
of the complex Fortescue transformation.
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di
[Lh : d;h + Ry + €y, = Uy = Uy,

d (5.22)
tyh .
Ly - d};f + R iy + ey, = Uy = Uy,

The second zero-sequence component (if present) satisfies the differential equation:
dig

Lo gp

+R-ig+ey =v5 =ugy (5.23)
The zero-sequence component equation in (5.20), since i, = 0, is the algebraic equation:
€y = Vg = Uy — VN Unpr (5.24)

and it only defines the neutral point potential shift'® vy, = (u, — €,)/Vn.

These properties drastically simplify the modelling and control of symmetrical
machines, which can be analysed with the same well-known techniques of three-phase
machines. However, they are instead not guaranteed for a generic (i.e., asymmetrical)
winding configuration. In such cases, there might be coupling effects among different
transformed variables, due both to the magnetic effects (through Lygp) and to the

electrical winding configuration (through c).

5.1.4 Rotational transformation

Once the generalized Clarke transformation matrix C has been built, the VSD
current set ygp, can be further modified by transforming each couple {i,,, i, } related
to the h-th space vector i, into the corresponding couple {iy, .} of the synchronous
space vector g';dq).

Given (5.10), this operation can be done with the matrix formalism by defining, for

each h-th space vector, a rotational submatrix built as:

(5.25)

cos(h @, + sin(h 6, +
D, (0,) = [ (hbe + n) (h e ‘Ph):|

—sin(h0,, + ¢,) cos(hb,+ ;)

in a way that:

Lap Ty Ty tap
L } =D, (0,) - {Z } ) and {z } = D;(0,,) - [z } (5.26)
qh vh vh qh
This operation, applied to all the chosen components, defines a further variable
transformation as:

Ty, =D(0,) Tysp = Tysp =D '(0,) Tyq (5.27)

where D(0,,) is a rotational transformation matriz, which is built as a block-diagonal
matrix by combining the rotational submatrices D, (0,;) defined as per (5.25). No
rotation is instead applied to the zero-sequence component i, and to the second zero-
sequence component i, (if present).

3Tt can be interpreted as the particularization of (4.14).
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Given the property (5.26), the rotational matrix D(f,,) is always unitary, meaning that
D(6,) = D'(0,,).

The cascaded application of the Clarke’s transformation matrix C and of the
rotational transformation matrix D(6,;) represents a generalized Park’s transformation
from the phase variable domain into the multiple synchronous variable domain.

Different choices of the Clarke transformation matrix C also lead to different
rotational matrices D(0,;). For instance, the rotational matrix associated with the matrix
C defined via (5.18) is:

D, (0,,) 0 0 (0) o
0 Dyf,) O (0) o
0 0 Dy, ~ (0) O
D)= | . L (5.28)

0 0 0 0) 1
with 44, = [ia1, %41, Ta2) Tq2s tags tqss -+ » (79 ), 7], while the rotational matrix associated
with the definition (5.19) is:
Dy@6,) 0 0 (0) o
0 Dy, 0 (0) o
0 0 D@, - (0) 0
D)= | _ _ o (5.29)

with 24, = [ZdlvZq172d372q372d572q57 ey (), g

By applying the rotational transformation (5.27) to the system (5.20), the electrical

T
equation of the machine, expressed with the matrix formalism, becomes:

1) a T W qu2(9d) 'idq +R- idq + edq(eel) =
(5.30)
= Vyq = Uqq — 9(0.) - vnpr

e L,,(0,)=D(,)- Ly D"(f,) being responsible for the transformer
induced back-EMF's in the synchronous domain,

o Ly,(0,)=D@,)- Ly, - (0D/d0,)" being responsible for the motional
induced back-EMFs due to the moving reference frame transformation, and

e g(8,)=D(8,) - cbeing responsible for the mutual interaction among different
synchronous components related to the isolated neutral point configuration.
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The model (5.30) represents the particularization of (2.40) to the specific case study.
If the chosen set of space vectors completely describes all the spatial harmonics of
interests, the rotational submatrices (5.25) constraint to zero the direct axis components
of the motional induced back-EMFs set e,

Again, in case of a symmetrical machine, several simplifications can apply. Indeed,
in such a case, the application of the rotational transformation can be applied to each
space vector related couple (5.22), resulting in the familiar synchronous equations:

dig, . .
[Lh : dtl —hw, thqh + R ig), + €qp = Vap = Uqgp

4 (5.31)
Lyt . .
Ly, - d?fl Fhwe Ly tgp + R igy + €qp, = Vgp, = gy,

while the equations for the zero-sequence component and the second zero-sequence
component (if present) are the same as in (5.23)-(5.24). If the chosen space vectors
completely identify all the spatial harmonics of the machine, it can be proven that'* the
transformed PM-induced back-EMFs are simply ey, = 0 and ey, = \/n_/2 chwy Y-

However, similarly to the VSD model (5.20), this decoupling is not guaranteed in
case of an asymmetrical winding disposition, and the differential equations governing the
machine behaviour show additional interactions among different subsets. As exemplified
further on in a specific case study, this can have an important impact on the multiphase
machine control.

5.1.5 Torque expression in the synchronous domain

In case the chosen set of space vectors can completely describe all the spatial
harmonics of interests, the expression (5.11) is simplified and can be reformulated in the
matrix formalism as:

Tem =r": idq (532)

where k is a n x 1 vector grouping the gain factors of the considered spatial harmonics.

As an example, under the reasonable assumption that all the even-order spatial
harmonics of the magnetic flux density field at the air-gap are absent, and that the odd-
order harmonics with index h > n are negligible, by using the VSD transformation (5.19)
the vector kK would be expressed as:

T
k=10 kK 0 Ky 0 Ky - (0) 0] =
- T (5.33)
=P, 5 [O Un 0 3¥,. 0 50, - (0) O]
where the terms related to the direct axes components ¢4, and to the zero-sequence
component i, (and, eventually, to the second zero-sequence component i) are zero.

The corresponding electromagnetic torque would be:

T,,=P,- \/; (Upp gy +3 W gz +5 W5 - igs + ) (5.34)

4 Proven in Appendix 9.5.4.
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5.1.6 Power losses expression

By only considering the Joule losses in the stator windings'®, the instantaneous power
dissipated by the machine can be expressed as:

pr=p R-ii=R-("-i)=R-I}s (5.35)
k=1

IRMs:”i”:ViT'i:UZii (5.36)
=1

is an equivalent root mean square (RMS) current for the whole machine.

where the term

Considering the variable transformations (5.14) and (5.27), the instantaneous power

losses can be written in terms of the synchronous current set %4, as:
— 2 T
pr=R-Ipyg=R-1" -i=

=R- (071 : DT(gel) : idq>>lx : (071 : DT(eel) : idq) =

» (5.37)
=R-i},- (D(0,)-C"-C-D'(0,)) i, =
=R-il, - G(0) iy,

where G(0) = D(0,,)-C~*-C~'-D(4,,)) is a weighting matriz for the instantaneous
power losses computation'®. The matrix G(0) only depends on the chosen VSD and
rotational transformations and, therefore, it can be computed analytically.

The steady-state average power losses P of the machine can be simply found by
averaging pp over a full 27 electrical rotor cycle. If the synchronous current set 4,4, is

constant, this results in:

1 2m 1 27 .
%/0‘ pR(gel) deel = %[ R- l(liq ' G(g) : ldq deel =

. 1
(2

where H = (1/2m) _fOZWG(Oel)dGEI is a weighting matrix for the average power losses

Pr

(5.38)

27
G(G)d96,> Vigg = R-dh - H -y,
0

computation. The matrix H is simply given by the element-by-element average of G(6,,)
and can also be computed analytically.
It can be proven that all the non-diagonal terms of G(,,) are trigonometric functions

with a zero average value over a full cycle of 6_,, and that the diagonal terms related to

el
the same h-th space vector components have an equal average value H;, > 0 over a full

electrical rotor cycle!”. Therefore, H is a positive definite diagonal matrix.

15 This is coherent with the approximations introduced in the generalized mathematical model
developed in Chapter 2.

16 1t is worth recalling that the notation C~T stands for C~T = (C~1)T = (CT)~L.

7 Proven in Appendix 9.5.5.
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Considering, as an example, the VSD and rotational transformations (5.19) and

(5.29), the corresponding matrix H is:

H 0 0 0 0 0 (0) 0

0 H 0O 0 0 o0 (0) 0

0 0 Hy; 0 0 O (0) 0

0 0 o0 Hy 0 O (0) 0
H=,0 0 0 0 Hy 0 (0) 0 (5.39)

0o 0 o 0 0 H (0) 0

0) (0) (0) (0) (0) (0) (Hy) (0)

o o0 o0 0 0 o0 (0) H,

meaning that the corresponding expression (5.38) for the average power losses is:

Pr=R- (Hl Cidy + Hy 'iil +H3-i§3+H3 ’i<213+"'

(5.40)

+H5.i§5+H5-z'§5+--~+(Hg-z'g2)+H0-z'g>

Again, a drastic simplification is obtained for symmetrical machines. Indeed, as
previously stated, for a symmetrical machine the Clarke transformation matrix C is
unitary, meaning that C~! = CT. Therefore, the power losses weighing matrix are

simplified to'® H = G(6,;) = I. Therefore, the power losses expression simply becomes:

Pp=pp =R (i tgq) = R+ [[ia,|f =
(5.41)
=R- (ifn 2y + i3y +i2s 4 id5 025+ + (ig7) + zg)
meaning that it simply results Ipyq = || 4| = || 4, |- In this case, the average power losses
are equal to the instantaneous power losses, and all the components of the synchronous
current set %4, are equally weighted in their computation'®. On the contrary, for an
asymmetrical machine configuration, this property is not generally true, meaning that

different components of 44, may have a different impact on the overall power losses.

5.1.7 Mechanical model

The electrical machine mechanical model is governed by the dynamical equations
(2.3)-(2.4), which are here reported:

d
J.d_‘:+F(w) w=T, —T, (5.42)
de

¥ Proven in Appendix 9.5.6.
9 This explains why the definition (5.9) is also known as power invariant.
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where it is worth recalling that J represents the rotor inertia of the electrical machine,
F(w) represents a mechanical friction coefficient and T, is the mechanical braking torque
applied to the rotor shaft.

The electrical machine rotor shaft is typically connected to other rigid bodies through
a mechanical transmission system. Both the rigid bodies and the transmission system
can actively influence the mechanical behaviour of the electrical machine. This effect
depends on the mechanical braking torque T,,, which, in many common applications, can
be modelled through the simple equation:

d
Tm = ‘]m ' d—‘: + Fm (w) Tw At Tload (544)

This simplified model considers three contributions:
e  the term J,, - dw/dt represents an inertial torque contribution, which is related
to the moment of inertia of the rotating mechanical bodies J,,,,
e the term F, (w) - w represents a friction torque contribution, and
e  the term 7} ,, represents a loading mechanical torque, related to the mechanical
power absorbed by the connected system.
By properly combining (5.44) with (5.42), the dynamics of the rotor speed is:
J dw

A Fyw) 0 = (40 S [F@) 4 F@)] 0 = T Tia (5.45)

P
+ at

eq
which has the same form as the expression (5.42), but with different values for the
parameters. Therefore, the speed control can just refer to the overall mechanical group
inertia J,, = (J + J,,) and friction coefficient F, (w) = [F(w) + F,, (w)] of (5.45).

The difference between (5.42) and (5.45) can be relevant in case of torque
measurements done at the joint between the electrical machine and the mechanical load,
which would provide the value of T,,. However, T, is generally not equal to the actual
torque T, developed by the electrical machine or to the torque 7},,, required by the
mechanical load, because it does not consider the machine inertia and friction
contributions. Further details are given in Appendix 9.1.2.

5.2 Torque control strategy

The machine control strategy is aimed at developing a desired electromagnetic torque
T coming, for example, from a speed feedback controller. Since the electromagnetic
torque is produced by the mutual interaction between fluxes and currents, this
requirement can be obtained by formulating a proper strategy to compute the reference
currents for the machine.

In field-oriented control algorithms, the problem is formalized in the multiple
synchronous domain by considering the torque expression (5.32), which is used to
compute a reference current set 3, to be tracked. Once the synchronous reference
current set 23, has been computed, the corresponding set of phase reference currents can

be simply found through an inverse Park transformation, as:
=C1-D',)- 13, (5.46)

Considering the general case in which multiple spatial harmonics are present in the
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magnetic field at the air gap, different strategies can be formulated to compute ¢, for a
given reference torque 77, . This section presents some of these torque control strategies,
specifically addressed to asymmetrical machine configurations.

5.2.1 Fundamental currents control strategy

This torque development strategy is directly derived from standard FOC algorithms
developed for three-phase PMSMs. It consists of controlling only the component i, of
the synchronous current set ¢,,, while keeping all the other terms to zero.

With this choice, the torque expression (5.34) simply becomes:

. n .
T, =k iy =P, \/; Uy g (5.47)

and the reference current to develop a desired electromagnetic torque 77 is simply

found by inverting (5.47), resulting in:
T, T

- em

o= —___Tem
ql K /—n/2 ] Pp U, (5.48)

The functional block diagram of this torque control strategy is schematically represented
in Fig. 5.2.
The synchronous current set i3, = [0 75 0 0 ... (0) 0" can be transformed

into the phase variable domain by applying (5.46). The only rotational submatrix to

multiply non-zero terms is D,(f,,). Consequently, the optimal phase currents are
sinusoidal functions of the rotor electrical position 6, and, in steady-state conditions
with a constant angular speed and a constant reference torque, they are also sinusoidal
in time.

The average losses obtained when only the fundamental current component is used
can be found via (5.40) to be:

—>
1/71/2 : Pp'\lfj\/ﬂ

Fig. 5.2 — Functional block scheme of the fundamental current control algorithm.
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H
FUND . X
P;z ):R’H1'Zq12:R'T 2'5—1 (5.49)

em
1

and are quadratically increasing with the reference torque T7,,.

An example of this strategy will be given in Section 5.6.1.

5.2.2 Third harmonic injection strategy

For machines with significant higher-order spatial harmonics in the PM-induced flux
linkages, it is possible to exploit the quadrature components of some higher-order space
vector components to contribute to the electromagnetic torque development. This results
in a higher number of degrees of freedom, which can be used to optimize some
performances of the drive.

The simplest enhancement can be obtained by also controlling the i, current
component. In steady-state conditions at a constant speed and constant torque, due to
the 36, rotation in the D(6,,) matrix, the application of a constant ., corresponds to
a third harmonic injection (THI) into the machine phase currents [119], [123].

In this case, the torque expression (5.34) becomes:

T, =K1 iqn T Ky igs=DF,- \/; (‘I’Ml “lgp 3 W Z013) (5.50)

Contrarily to the previous case, there are now two available degrees of freedom for the
torque control (being i,, and i.;). Therefore, their reference value can be chosen to
optimize some system performances while, at the same time, developing the desired
reference torque T ..

The choice of the proposed optimization is to minimize the average power losses Pr.
Considering (5.40), their expression is:

Py =R-Ipys=R-(H ’i§1+H3’i<2;3> (5.51)

As a result, the proposed strategy can be formalized as the constrained minimization
problem:

min }{H1 “igy + Hy-i23}  subject to Ky -igy 4 kg igg = Th, (5.52)

{iql %q3

This problem can be easily reformulated in terms of a third-harmonic injection ratio,
defined as [119], [123]:

k=igz/iq (5.53)
With the position (5.53), the torque development requirement becomes:
I, =K ’ifu +hg k- 221 = (ky + k- rg)- iZI (5.54)
and the currents i,; and iy can be expressed as:

. T , k-T*
—_ tem d L= fem
fal K+ k- Ky an ba3 Ky k- Ry (5.55)

The minimising function is therefore reformulated as a function of k:
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H, + H, - k?

— T2 — LT 2
PR(k)_R IRMS(k) R Tem (l{l+k',‘£3)2

(5.56)

The function (5.56) is convex with respect to the injection ratio k¥ and its minimum can
be found by nullifying its derivative Py /0k. Then, the optimal injection ratio is*:

k* = KS/KI

5.57
H,/H, (57
and the corresponding optimal currents are:
H, - H, -
i 3 K1 * and i 1 K3 T (5.58)

ql Hl '552; + Hg ':‘i% em q3 Hl '552; + Hg ':‘i% em

A schematic block diagram of this strategy is represented in Fig. 5.3.
From (5.57) and (5.58) it can be concluded that currents are proportional to the

reference electromagnetic torque 77, and their ratio depends both on the induced fluxes

magnitudes (via x; and x3) and on the magnetic axes disposition (via H, and Hy).
The average losses with the optimal injection ratio are:

(FUND)
Pr

(5.59)

They can be compared with the losses obtained when only the current i, is

exploited. Their ratio is:

(THI) 2
Pr _ Hy - kY
PIEND ~ H, i+ H, R

(5.60)
which can be easily verified to always be less than 1, meaning that PI(ZTHI) < PI(ZFUND). In
other words, from the energetic point of view, it is always convenient to exploit

(whenever possible), this third harmonic injection strategy.

H3'K1
H - xi+ Hs -kt

H3'K1
H - xi+ Hs -kt

Fig. 5.3 — Functional block scheme of the third harmonic injection strategy.

2 Proven in Appendix 9.5.7.
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In case ¥,;; =0 (like in machines with a sinusoidal magnetic field at the air-gap),
since it results k; = 0, the expression (5.57) simply becomes k* = 0, meaning that in3 =
0 and that the third harmonic injection cannot be exploited for torque enhancement.

It is worth emphasizing that the proposed harmonic injection strategy does not lead
to torque ripple, since it is formalized basing on the instantaneous torque expression,
which is forced to be constant. It is also worth noticing that the same strategy can also
be applied for different harmonic injection (e.g., fifth-harmonic injection).

An example of this strategy will be given in Section 5.6.2.

5.2.3 Multi-harmonic injection strategy

The previous strategy can be extended to allow for the simultaneous exploitation of
multiple harmonics at the same time. Indeed, considering (5.40), all the quadrature
components 4, of the transformed set %4, can contribute to the torque development.

By choosing a constant 44, set each subset {iy,,i.,} is subject to a rotation of 16,
in the inverse transformation (5.46). Then, in steady-state conditions at a constant speed
and constant torque, this corresponds to a multi-harmonic injection (MHI) into the
machine phase currents [122].

Again, the higher number of degrees of freedom can be used to minimize the average
stator power losses in the machine. Considering the general expressions (5.32) and (5.38),
this strategy can be mathematically formalized as the constrained optimization problem:

rgin{igq “H iy} subject to k' -i4, =T}, (5.61)
a
which is the generalization of the problem (5.52).

The problem (5.61) can be solved analytically by using the Lagrange multiplier
method. A Lagrangian function for (5.61) can be chosen as:

£(qumu‘> = 5 l(liq -H - Lgq — K- (K’I “laq — Tem) (562)

where u is the Lagrange multiplier associated with the torque development requirement.
The solution to the constrained optimization problem is found by nullifying the gradient
of E(idq, ), which results in the linear algebraic system:

oL .
5idq:H'ldq7ﬂ'“:0
(5.63)
oL . ;
@ZRT g — 10 =0
which leads to the optimal synchronous current set?:

. H ' kg .
g = T 1. g Lem (5.64)

and to the simple functional block diagram of Fig. 5.4.

2 Proven in Appendix 9.5.8.
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Fig. 5.4 — Functional block scheme of the multiple harmonic injection strategy.

Generally speaking, by using (5.64), the zero-sequence component i, the second zero-
sequence component i;* (if present) and all the direct axes components i}, are zero,
because they dissipate power without actively contributing to the torque development.
The quadrature axis components 7, are instead non-zero and each one of them is
proportional to the reference electromagnetic torque T and to the ratio (k,/H, ) of the
corresponding harmonic. This result is also expected because it favours the spatial
harmonic components with the highest induced fluxes ¥, (and, hence, the highest
values of k;, which does not depend on the magnetic axes disposition) and the lowest
contribution to the average power losses (and, hence, the lowest values of H,, which are
instead related to the magnetic axes disposition).

To give an example, given the VSD and rotational transformations (5.19) and (5.29),

the expression (5.64) is particularized in:

. 0 wk/H, 0 ry/Hy, 0 ky5/H, -+ (0) 0T
* — - 5 5 ) T*
ldq K%/H1+K§/H3+K/§/H{)+ em (565)

The average machine losses with the optimal currents set (5.64) are:

1
(MHI) _ o\ w2
PR, _PR(qu)_R'Tcm 'K/T.H,I.K/

p(FUND)
R

(5.66)

They can be compared with the losses obtained when only the current i, is

exploited. Their ratio is:

(MHI)
Py H/w, _ H/w (5.67)
PI(QFUND) K'-H 'k 3 (H,/k) .
which can be easily verified to always be less than 1, meaning that P gm—n) sP IgUND)'

Similarly, by comparing (5.66) with the losses expression (5.59) obtained with the
optimal third harmonic injection strategy of Section 0, it can be verified that it also
results PI(%MHI) < PI(%THI) . This means that, from the energetic point of view, it is always
convenient to exploit this multi-harmonic harmonic injection strategy.

In case of a symmetrical machine, since H = I, the expression (5.65) is simplified to:

. 0 K 0 K3 0 Ky - (0) OF
taq = 2 2 2 T =
K] + K3+ Ky + -
(5.68)
_\/5 0 Wy 0 3Wus 0 5%, - (0) 0" T},
Vn Wi, + 903, +2503, + - P,

Given the common denominator, each h-th quadrature current component is
proportional to h W,;, which is the same proportionality ratio of the induced back-
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EMFs. This means that, for a symmetrical n-phase machine with only the odd-order
harmonics with index h < n, the optimal phase currents have the same waveform of the
induced back-EMFs.

An example of this strategy will be given in Section 5.6.3.

5.2.4 Maximum torque per ampere strategy

The injection strategies proposed in the previous sections made use of a constant
reference current set 4, and exploited the higher number of degrees of freedom to
minimize the average stator losses Py expressed by (5.38). The choice of a constant 3,
allow for an easier implementation of the control strategy in a real-time application,
since the optimization can be conveniently computed offline. Moreover, as discussed later
on, by computing a constant synchronous set 4}, the current control can be performed
with standard regulators (e.g., PI controllers).

However, the drive energetic performances can be further improved by allowing the
reference current set ¢, to be variable with the electrical rotor position 6, and by aiming
at the minimization of the instantaneous power losses pp.

Since pp = R - I%,,5, the minimization of py for a given reference torque T, can be
also interpreted as the maximization of the developed torque T,,, for a given overall
RMS current Ip,,q. As a result, this approach represents a mazimum torque per ampere
(MTPA) strategy.

Considering the generalized formulation of the torque (5.32) and the instantaneous
power losses (5.37), the problem can be formalized as:

1

S
Kty =T,

Igin{i;'i‘q “G(0,) - iaq} subject to { e (5.69)

i, =0
where the additional constraint i, =0 (required by the isolated neutral point
configuration) must now be directly enforced in the optimization procedure because
G(6,,) is, in general, not diagonal®.

The problem can be reformulated similarly to (5.61) and solved analytically through
the Lagrange multipliers method. The optimal current set is®:

G/eq(gel) 'K

i5,(0e) = WT G0, 17, (5.70)

where the weighting matrix G, (0,,) is defined as*:

Gey(0.) = [élégel) g} (5.71)

and G (0,) isa (n — 1) x (n — 1) matrix obtained by removing the last row and the last

22 The additional constraint i, = 0 was not needed in the problem formulation (5.61) because
it was always inferred by the optimal solution (5.64). This is because H is diagonal and does not
lead to coupling effects among different components of iy, in the evaluation of Pr.

2 Proven in Appendix 9.5.9.

24 This operation is needed to enforce if, = 0, which is required by the hardware configuration.
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column from of G(6,) (i.e., the row and the column related to the zero-sequence
component 4,). The functional block diagram of this control strategy is represented in
Fig. 5.5.

Again, the optimal currents in (5.70) are proportional to the reference torque T, .
However, contrarily to the reference currents set (5.64) the solution (5.70) now depends
on the instantaneous electrical rotor position 6.

Since G, (f,;) is, in general, not diagonal, the set i} (f,;) can also present non-zero
direct axis components ¢};,. These components, despite not developing any torque, can
reduce the overall machine losses by interacting with the other components of 4.

Since 3, periodically depends on 6, when applying the inverse transformation

el»
(5.46), the resulting optimal phase currents set may also show additional harmonics
which are absent in the fluxes and induced back-EMFs spectra (even in case of sinusoidal
machines). These additional harmonics do not develop any average electromagnetic
torque (because they do not interact with any corresponding term in the induced fluxes),
but they can neutralize the torque ripple introduced by the interaction of the other
harmonics.

The expression of the instantaneous power losses obtained with this current
references computation strategy is:

MTPA x 2 1

ppM(0)=R-Ts, TG0, (5.72)

The corresponding average losses Pg can be found by averaging the expression (5.72)
over a full 27 electrical rotor cycle:

2m
(MTPA) .2 A 1
P =R-T — | ———=—+———df .
R em QW\/OKI . G/ﬁq(eﬁl) ‘K el (5 73)

About PI(ZMTPA)7 for which an analytical expression is not given (since the resolution

of (5.73) is, in general, not easily computed) it can still be said that, since the expression
el by
averaging, it results PI(ZMTPA) < PI(?MHD < PI(?THD < PI(ZFUND). This means that, from the

energetic point of view, the proposed MTPA strategy is always more convenient than

i3,(0,;) given by (5.70) results in the minimization of pp for any value of 0

the other injection strategies developed in the previous subsections. A comparison
example is provided in Section 5.6.5.
However, for real time applications, the computation of (5.70) should be based on

the value of the electrical rotor position 6_;, which might not be easily addressed given

el

—> Ge/q( 9@1)

K

Fig. 5.5 — Functional block scheme of the MTPA strategy.
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the matrix inversion in (5.71). Moreover, as will be discussed further on, the presence of
a non-constant reference 3, may require a more complex current controller to effectively
track the higher-order current harmonics.

As previously stated, for symmetrical machines it results pp = Pp = R - 4}, - i4,. In
this case, the proposed MTPA strategy is equal to the multi-harmonic injection strategy
developed in Section 5.2.3, and the optimal current set ¢, computed via (5.70) is equal
to the set provided in (5.64) (which it is worth recalling to be independent of 6,;).

An example of this strategy will be given in Section 5.6.4. A generalization of this
MTPA approach, directly derived in the phase variable domain and computationally
more convenient for real-time applications, will be derived in Chapter 6.

5.3 Current control

Once the chosen torque development strategy is executed, the controller must
compute a set of converter voltages in a way to drive the synchronous current set 2,
towards the desired references set 2. In field-oriented controllers this is typically done
in the multiple synchronous domain by referring to the mathematical model (5.30).

In other words, the current controller, by properly processing the error (igq — idq),
computes a set uj, of reference voltages for the converter, which are then transformed

back into the phase variable domain through the inverse Park transformation:
u'=C-D"(0,) uy, (5.74)

The set u* is then used as the input of a pulse-width modulation technique, which
computes the switching signals for the converter devices.

This section describes how the computation of wuj, is typically accomplished by
standard techniques developed for symmetrical machines, and what are instead the
differences in case of asymmetrical configurations.

5.3.1 Current controller for symmetrical configurations

For symmetrical machines, the electrical equations in the synchronous reference
frame are given by (5.31). As previously discussed, each space vector couple {ig,, %} is
decoupled from the others, while the mutual coupling between 44;, and 4, is only due to
the rotational transformation (5.27). Moreover, in symmetrical machines, all the torque
control strategies presented in Section 5.2 result in a constant reference synchronous
current set.

As a result, in this case, similarly to how it is done for three-phase machines, the
control can be easily achieved with proportional-integral (PI) controllers and simple
compensation actions. The reference converter voltages in the synchronous domain are
computed as:

{USh = Wi, — hwy Ly ig, + €qp (575)
5.75

* ok .
Uy, = Wy, +hwy Ly ig), +eg,

and correspond to the functional block diagram of Fig. 5.6, where:

e the terms wj;, and wj, are the output of PI controllers respectively acting on



5.3 - Current control 117

the errors (i, —iq;,) and (i%;, —ig,),
o the terms (—hw, Ly iy,) and (+hw, L, iy,) are the compensation terms for
the motional-induced back-EMFs due to the rotational transformation (5.27),
and
e the terms ey, and ey, are the compensation terms for the motional-induced
back-EMFs due to the permanent magnets on the rotor (and it is worth
recalling that, typically, ey, =0 and e, = VN2 hwy ).
The second zero-sequence current component (if present), whose dynamical
behaviour is governed by the differential equation (5.23), can be controlled by computing
the second zero-sequence voltage as:

Ugt = wy” + ey (5.76)

and corresponds to the functional block diagram of Fig. 5.7, where:

|
R | B .
| | |
1 558 w* I
h qh |
E PI o
I [
I, . I
! gh - ha o Liian N Udh ! i
| | |
} haw,, Ly -
T P X €qh, + | :
| | |
|
| &
[
| | |
| ! |

Fig. 5.6 — Functional block diagram of the decoupled current controller in the h-th

synchronous reference frame for a symmetrical machine.

Second Zero-Sequence
Controller

Fig. 5.7 — Functional block diagram of the second zero-sequence current controller

for a symmetrical machine.
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e the term wy* is the output of a PI controller acting on (iy* — 4y ), and
e the term e; compensate (if present) the second zero-sequence component of
the motional induced back-EMF related to the permanent magnets.
Naturally, since i, = 0 because of the isolated neutral point configuration, no control
action is needed for the zero-sequence current component. Consequently, the zero-
sequence voltage g can be arbitrarily chosen with any typical common-mode injection
strategy proposed for star-connected systems (e.g., min-max injection, higher-order
harmonic injection, etc..., as mentioned in Section 3.2.2).

The equations (5.75)-(5.76) can be grouped and rewritten with a matrix notation as:
ugq = wzq + Wey qu2 : idq + €4q (577)

which corresponds to the schematic block diagram of Fig. 5.8, where

e the set wj, is composed of the output voltage references computed by all the
feedback PI controllers,

e the term w,; - Lyqp - %44 is the compensation of all the motional induced back-
EMFs generated by the machine model transformation into a moving reference
frame, and

e the term e, is the compensation of the motional induced back-EMFs due to
the permanent magnets on the rotor (which, for a symmetrical machine, can be

computed as ey, = w - K).

5.3.2 Current controller for asymmetrical configurations

As previously discussed, for asymmetrical configurations the dynamical model (5.30)
presents additional mutual interactions between the state variables, which not only
depend on the magnetic behaviour of the machine (through the effect of the inductances
matrices Ly,; and Ly,,), but also on the electrical connections of the phase windings,
which are represented by the term g(0,;) - vy in (5.30). In this case, the current control
may be more challenging.

Feedback Controller

Compensation Actions

Fig. 5.8 — Functional block diagram of the field-oriented current controller for a
symmetrical machine.
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A possible way to adapt the current controller to this new configuration without
significantly altering the basic control scheme® (5.77) is to compute the references
voltages set as:

Wy = Wiy +wy - Lagn(0,)) - igq + €4q(0) +9(0,) - vipr (5.78)

The block scheme of this controller structure is represented in Fig. 5.9. Its structure is
similar to the one of Fig. 5.8, but with the additional term g(0,,) - vygr, aimed at
compensating the mutual interactions due to the electrical configuration.

The term vyp, can be computed from the zero-sequence equation in (5.30) to
compensate for the steady-state effects of the electrical network. A general formulation
in case of a constant synchronous current set ¢ is provided in (9.21) of Appendix 9.5.10,
while a simple application example in which this additional compensation is computed
analytically will be given in Section 5.5 and Section 5.6. Since the strategy (5.78), by
keeping the same structure of (5.77), compensates only the motional-induced coupling

Feedback Controller

+

* *
Vd Ud
v q
A

i 0 ‘
i —p - - }
| (] UNET UNET g ( 0 ) |
} i1q | Computation el !
! ]
L a

Electrical Configuration Compensation

Fig. 5.9 — Functional block diagram of the field-oriented current controller for an

asymmetrical machine.

% QOther approaches can also be applied for the current control. For example, in case the
asymmetry is coming from the post-fault reconfiguration of an originally symmetrical machine,
another convenient option is to use the same VSD transformation and compensation terms of
the healthy machine. In this case, however, the current references computed by any of the
strategy presented in Section 5.2 are always non-sinusoidal and, contrarily to the healthy
configuration, the current controller would also require additional control terms to follow the
higher order harmonics (e.g., negative sequence synchronous PI controllers, resonant controllers,
VPI controllers, etc...).
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terms of vygp, and neglects the transformer-induced terms (i.e., the terms related to
digp/dt and dig,/dt), the stability robustness of the controller may be negatively
affected, thus requiring a more conservative tuning of the controller parameters.

Moreover, for a generic winding configuration, the expressions of the PM-induced
back-EMFs ey, =0 and e, = \/n/2-hw, - ¥,, (which have been adopted in the
schemes of Fig. 5.6 and Fig. 5.8) are not generally guaranteed, meaning that €4q may
also depend on 0,,. In this case ey, if not properly compensated, behaves as a periodic
disturbance input for the current control.

In case of a constant reference current set &3, the same Pl-based structure of
symmetrical configurations can still be applied for the computation of w},. On the
contrary, the feedback controller structure might also need additional changes in case
the reference current set %, is not constant (e.g., for the MTPA strategy developed in
Section 5.2.4). Indeed, for a non-constant synchronous current set, the feedback control
may require additional control terms to follow the higher harmonics of i}, (¢,;) (e.g.,

negative sequence synchronous PI controllers, resonant controllers, etc...) [62], [63].

5.4 Complete drive control algorithm

The functional block scheme of the overall field-oriented controller is represented in
Fig. 5.10.

First, the “Speed Controller” compares the reference speed w* with the machine speed
w and computes the reference electromagnetic torque 77, to be applied. The machine
speed dynamics is described by the model (5.48), which is unrelated to the electrical
machine parameters and configuration. As a result, any standard speed controller
structure, like a PI regulator, can be used (as represented in Fig. 5.10).

The “Torque Control Strategy” block is then executed, by using one of the strategies
presented in Section 5.2 to compute the reference currents set i3, to be tracked. In case
the MTPA algorithm is chosen, this block also needs to know the instantaneous rotor
electrical position 6.

The generalized Park transformation, obtained by the cascaded application of the
Clarke transformation matrix C and of the rotational transformation matrix D(0,,), is

Speed Current Controller TInveése Park
Controller R ransiormation

Torque
PIR

Control
Strategy

Compensation
Terms

Transformation

Fig. 5.10 — Functional block diagram of the field-oriented controller.
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applied to compute the transformed currents set 2,4, from the knowledge of the phase

currents set 4.

The “Current Controller” block can then be executed. Following the discussion of
Section 5.3, this block compares the reference currents set 43, with the measured currents
set 24,, and processes this error with a feedback controller to compute the reference
voltage w},. As previously mentioned, for a generic machine configuration a simple PI
controller may not be suited to properly track the reference current 4},. Therefore, the
scheme of Fig. 5.10 has been explicitly represented considering a Proportional-Integral-
Resonant (PIR) controller architecture. As discussed in Section 5.3, the reference
voltages set uj, is found by adding the proper compensation actions to the set wy,.

The transformed voltages set uj, is finally transformed back into the phase variable
domain by applying an inverse Park transformation (5.74). The resulting set u* is
processed by a pulse width modulator to compute the switching signals for the

semiconductor devices.

The generalized Clarke transformation matrix C' and its inverse C~! (which it is
worth recalling that, for asymmetrical machine configurations, may be different from
C7) can be computed offline or during the algorithm initialization to reduce the overall
computational burden of the algorithm for a real-time application. The rotational
transformation matrix must be instead computed in real time for each measured value
of the rotor electrical position 6.

5.5 Application example

The general analysis of the previous sections has been particularized to a specific
application, which has been selected as an asymmetrical nine-phase PMSM. This section
describes the mathematical modelling of the machine, by mainly focusing on the variable
transformations adopted for the selected configuration. The numerical and experimental
results regarding the same machine are then discussed in Section 5.6.

5.5.1 Machine under analysis

The electrical machine under analysis is based on the prototype represented in Fig.
5.11. It is a nine-phase surface mounted PMSM with 1 pole pair, obtained by rewinding
an originally three-phase machine.

All the 18 machine windings are available externally and, according to their
connection, the machine configuration can be either symmetrical or asymmetrical®®. For
the present analysis, the machine has been arranged in an asymmetrical configuration.
The 9 machine phases are star connected with a single isolated neutral point.

The stator windings (geometrically identical) can be grouped into three symmetrical

% Further information about multiphase machine design compatible with both symmetrical
and asymmetrical configurations can be found in [152]. The analysis of this same machine in the
symmetrical configuration can be found in [155]-[157]. An example of the asymmetrical
reconfiguration of a symmetrical nine-phase machine has been previously given in Section 4.3.5.
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Fig. 5.11 — Nine-phase PMSM under analysis (left) coupled to a DC machine used
for loading (right).

three-phase sets whose magnetic axes are mutually shifted by 20° from each other. It is,
therefore, possible to define the angles set:

a=[0° 120° 240° 20° 140° 260° 40° 160° 280°]

which identifies the magnetic axes angles of all the machine phase windings.

The PM-induced back-EMFs have been found by measuring the terminal voltages
while the machine was spinning at a constant speed and all the phases were disconnected.
The back-EMFs have the same waveforms for all the 9 phases and are not sinusoidal.
The back-EMF induced by the permanent magnets in phase 1, found by spinning the
machine at around 1500 rpm, is depicted in Fig. 5.12.

For the present analysis, all the even-order harmonics and the odd-order harmonics
with index h > 9 are neglected.

As a result, the k-th PM-induced flux linkage (with k =1, ...,9) can be modelled as:

Vpar(0) = Z Y - cos(h (0 —ay) + @h) =
h=1,3,5,7

=W, COS(9 — ozk) + U, cos(3 (0 — o) + 803) +

e Uy cos(5 0—ay) + <,05) + U cos(? 0—ay)+ <,07)

The corresponding induced back-EMFs is then modelled as:

o .
fea(0) = gz)wk = Z bWy, 'Sm(h'(e_ak)"‘@h) =
h=1,3,5,7

==, -sin(0 —ay) =3, -sin(3 (0 — ay) + @3) +

=B, -sin(5 (0—a,)+ Lps) — TV -sin(? 0—ay)+ <,07)

The fluxes magnitudes and phases are reported in Table 5.1.
The inductances parameters have been computed with the machine in the
symmetrical configuration by individually exciting a single space vector at a time. The
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inductances matrix, reported in Table 5.II, has been found by computing the inverse
VSD transformation from the parameters found in the symmetrical configuration. It can

Tek Prevu f.00kHz Moise Filter
T T T T T T T T

500V |
|m.oms

100 J[dux 7155 <10Hz0a007 |

Fig. 5.12 — Waveforms of the PM-induced back-EMF in phase 1 (acquired at no load
at 1500 rpm).
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Fig. 5.13 — Waveforms of the PM induced flux and normalized back-EMF in phase
1 as a function of the rotor position (modelled only considering the 1%, 34, 5% and T
harmonics).

Table 5.1 - PMSM INDUCED FLUXES HARMONICS

h 1 3 5 7
U, [mWh] 385 119 38 7
w0y, [deg] 0° 180° 0° 165°
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Table 5.11 — PMSM INDUCTANCES MATRIX PARAMETERS

Ly, ky

[mH] 1 2 3 4 5 6 7 8 9
263  —35 35 81 58  —12 58 -8l 12
35 263  —35 ~12 81 58 12 58 -8l
—35  —35 263 58  —12 81 81 12 58
81  —12  —58 263  —35 —35 81  —58  —12

k, |5] —58 81  —12 35 263  —35 ~12 81 58
~12 58 81 35  —35 263 58 —12 81
58 12 -8l 81 —12 58 263  —35 —35
~81 58 12 58 81 —12 -35 263  —35
12 —81 58 —12 58 81 35  —35 263

be verified that, coherently with the mathematical model presented in Chapter 2, L is
symmetric and positive definite?”.
All the windings have approximately the same resistance R = 31.3 Q (which has been

measured in DC).

5.5.2 Machine model in the synchronous domain

For the control of the analysed machine, the generalized Clarke transformation
matrix C has been built according to (5.19), in a way to control the space vectors i, i,
i and i, and, therefore, take advantage of the fundamental, the third, the fifth and the

seventh spatial harmonics in the machine. Its explicit formulation is?:

cos(ay) cos(ay) cos(ay) cos(ay)

e sin(ay) sin(ay) sin(asy) sin(ay)

c cos(3ay) cos(3a,) cos(3ay) cos(3ay)

3 5 sin(3a, ) sin(3a,) sin(3a;) sin(3ay)

Cc=|C;| = 9 COS((5O(1)) COSE5OI2)) cos((5oz3)) cos((5oz4))
sin(5oy sin(5a, sin(da sin(bay,

Cr cos(7ay) cos(7a) cos(Tay) cos(Tay)

e sin(7a;) sin(7a,) sin(7asy) sin(7ay)
1/v2 1/v2 1/V2 1/V2

%" The inductances matrix could have also been found directly in the phase variable domain,
by separately supplying each phase at a time and measuring the induced voltage in the other
windings. This method has been used to characterize the machine analysed in Chapter 6. It has
a more general applicability, but typically requires more measurements to be done.

% The numerical values have been rounded to the second decimal unit.
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1/V2

—0.44

1/V2

1/V2
—0.36
0.30
0.24
0.41
0.44
—0.16
—0.08
—0.46
0.33

s .

1/v2

—0.24
0.41
0.47

0.08
—0.46
—0.24

0.36

—0.08
—0.46
0.24
0.41
—0.36
—0.30
0.44
0.16
0.33

0.44
0.16
0.24
0.41
—0.08
0.46
—0.36
0.30
0.33

—0.24
—0.41
0.47

0.47

0.16
—0.24

0.30
—0.24

0.47

0.41

0.41
0.08
0.46
0.36
0.30
0.33

0.41
—0.44
—0.16

0.36
—0.30
—0.44

—0.24
0.41
—0.24
—0.41
0.33

—0.24

—0.41

—0.24
0.41
0.33

0.47
0
0.47

0.08
—0.46

0.16
0.33

0.33

0.33

It can be verified that the rank of C is equal to 9, meaning that all the chosen space

vector components can be controlled simultaneously.

The inverse matrix C~', computed analytically®, is:

TEREREREREREREY
-+ + 4+ 1 1 |
~ o S~~~ o~
- N m F n O I~ 0 O
I 3 83 83 8 8 38 8 3
M M N M N M N M N
L2222 DD
g 28 9 98 9 2 g g 4
2 582 58 58858 5 &8 5
n v v v v v v wnu wu
B T T B R
-+ + 4+ 1 1 |
~ o S~ o~~~
— &N m <Ff O I~ o0 O
I 3 83 83 83 8 38 8 3
M M N M N M N M M
LD
2 2 ® 2 ®R B B B R
©C © O © O O O ©o ©O
S O & O & O & O O
~ o~~~ o~~~
- N m F n O I~ 0 O
I 8T 8 8 8 8 38 3 3
N N N AN
g 9 9 98 9 2 g g 4
2 582 58 588 5 &8 5
n v v v v v v wnu wu
~ o~~~ o~~~
- N m F n O I~ 0 O
I 8 8 8 38 38 38 3 3
N N A N A AN
n o v w v v wn wu
©C © © O O O O O ©
, S O 0 5 & © & 9 O

[ lE=>}

Il

-

0

sin(5a;) cos(Tay) sin(7ay) 1/V2+v2

cos(bay )

sin(5a,) cos(Tay) sin(7ay) 1/V2+V2

cos(bay)

sin(5ay) cos(7ay) sin(7a) 1/V2+V2

cos(bay)

sin(5ay) cos(Tay) sin(7ay) 1/vV2—2v2

cos(bay)

sin(5ay;) cos(Tay) sin(7ay) 1/vV2-2V2| =

- cos(basy)

sin(5ay) cos(Tag) sin(7ayg) 1/vV2—2v2

cos(bayg)

sin(5av;) cos(7a,) sin(7a;) 1/V2+V2

cos(ba;)

sin(5ayg) cos(7ag) sin(7ayg) 1/V2+V2

cos(bag)

sin(5ay) cos(Tay) sin(7ay) 1/V2+v2

cos(bay)

# With the aid of the Symbolic Math Toolbox of MATLAB. The numerical values are

approximated to the second decimal unit.
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[ 0.47 0 0 —0.82 047 0 0.47 0 1
—0.24 041 0 —0.82 —0.24 —041 —-0.24 041 1
—0.24 —-0.41 0 —0.82 —0.24 041 —-024 —-041 1

044 016 0.71 1.22  —-0.08 046 —0.36 030 -1
=1-036 030 0.71 1.22 044 —-0.16 —0.08 —0.46 -1
—0.08 —0.46 0.71 1.22 -0.36 —-0.30 044 016 -1
036 030 —-071 —-041 —-044 —-0.16 0.08 —046 1
—0.44 016 —-0.71 —-041 0.08 046 036 0.30 1
0.08 —046 —-0.71 —-041 0.36 —0.30 —0.44 0.16 1

The corresponding rotational matrix D(6,,) = D(6) takes the structure of (5.29).
Through the matrices C and D() it has been possible to apply the generalized Park
transformation to the machine mathematical model.
It can be verified that the equations describing the first, the fifth and the seventh
space vector components are decoupled from each other and assume the standard form:

di . .
[Lh- d‘yl—thhzqh—ﬁ—R-zdh = vy, = Ugp

iy, | ‘ (5.79)
Lh' dt +ththh+R'th+eqh = Ugp = Ugp

with h = 1,57 and e ), = \/9/2- hw ;.

The third space vector components show, instead, the additional coupling effect of
the neutral point potential shift through g(6), and are:
digs

LSW_ngSZq3+RZd3 = Ud3:

= ug; —2v/2cos (39 + 3 —g) “UNET
(5.80)

di
Lg.d—f+3wL3id3+R~iq3+eq3 = vy =

= gy — 2v/2cos (39 + g —Q—%) “VUNET

with e,3 = 1/9/2-3w W5 =3/V2 - wW .

Additionally, given the asymmetrical configuration, the voltage vypp is itself
dependent on 745 and i3. The explicit dependence can be found from the zero-sequence
equation of the mathematical model in the synchronous domain and by imposing the
constraints 4, = 0 and di,/dt = 0 (which are hardware-related). The following functional

relationship is obtained:

L, di )
VNpT = —%Ls- {2\/5 sin (39+<,03 +z) - (E—Bazzqg) +

6 dt
d (5.81)
7 —
- +2v/2 cos (36+ o +%) : (d—‘;g+ 3wz’d3>] _% 3 Yo

where L, , = Ly — L, is the mutual inductance related to the space vector i; (i.e., it
does not include the leakage effects) and ey = —6w ¥, 5 sin(360 + 5 — 7/6).
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The transformed inductance parameters appearing in the equations (5.79)-(5.81) are
reported in Table 5.111.

From the equations (5.80) and (5.81) it might seem that the common-mode inverter
voltage, by changing the voltage u, and, consequently, the neutral point potential shift
vygr Via (5.81), might affect the dynamics of i4; and 73 through (5.80). However, this
dependence (that would negate the exploitation of a common-mode voltage injection for
modulation purposes) is only apparent. Indeed, given the asymmetrical configuration of
the machine axes (and, consequently, the asymmetrical nature of the VSD and rotational
transformation matrices), any change in the common-mode voltage of the supplying
inverter not only affects the zero-sequence component v, but at the same time it also
changes the components w43 and u,3. Their simultaneous variations perfectly compensate
and does not affect the dynamics of i4;3 and i,3. Similarly, it can be verified from
inspection of C~! that the change of the zero-sequence component u, (while keeping the
components uy; and v unchanged) is not equivalent to the change of the VSI common-
mode voltage (which, indeed, also requires a coherent change of u,5 and qu). As a result,
for control purposes, the compensation of e, in (5.81) can also be achieved by changing
u, (as it will be exemplified in Section 5.6.6). This imbalance effect appearing in
asymmetrical machines with a single isolated neutral point configuration has also been
verified in [56]-[58].

5.5.3 Power losses weighting matrices

From the chosen VSD and rotational transformation matrices, it is possible to
compute the instantaneous power losses weighting matrix G(6) = D()-C~T.C~*.
D™ (#) introduced in Section 5.1.6.

The computation has been performed analytically®’, and results in:

(1 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0
0 0 Ggsas(0) Gazgs(@) 0 0 0 0 Ggso(0)
0 0 Gq37d3(9) Gq3,q3(9) 0 0 0 0 Gq3,0 (6)

GO =1]0 0 0 0 1 0 0 0 0 (5.82)
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0
0 0 Gogs(®) Gos(® 0 0 0 0 9

where the 6-dependent terms have the following expressions:
Table 5.1II — INDUCTANCES PARAMETERS IN THE SYNCHRONOUS DOMAIN.
L, [mH] L, [mH] L, [mH] L, [mH] L, [mH]

460 120 96 87 85

30 With the aid of the Symbolic Math Toolbox of MATLAB.
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Gy3.q3(0) = 5—4cos(60 + 23 + 7/3)
5+ 4 cos(66 + 2¢5 + m/3)

Q
o
«
fle]
<
—_ =~
)
=
Il

Gls,q3(0) = Gy3,a5(0) = 4sin(660 + 2p,5 + 7/3) (5.83)
Gz o(0) = Goq3(0) = —3v/6sin(360 + ;) — 3v/2 cos(30 + )
Gq310(9) = G(ng(ﬁ) = 3\/§sin(39 + ) — 3\/6(:05(39 + ¢3)

Since i, = 0, the instantaneous power losses are expressed by:

PR =13 + 2 + 5435 + 5025+ -
w44 cos(66 + 20, +7/3) - (i25 —i3s) + -
o 85060 + 205 +7/3) - (i - igz) + -

2 2 2 2
et tgs gy gy gy

(5.84)

The average power losses weighting matrix H, introduced in Section 5.1.6, is
obtained by simply averaging G(6) in a 27 period of §. Only the constant terms of (5.82)
are preserved, resulting in the simplified expression:

(5.85)

Il
[N el oloNoNoNeNal
OO OO OO UtOoO O
OO OO OO OO
OO O OO OO
O OO OO OO OO
O OO OO OO OO

eleolololoNoNel =
OO O OO UtoOo OO
OO L OO oo oo

This means that, by using a constant set 4,,, the average machine losses are:
Pp =3y +i2) + 5433 + 52 + i35 +i05 + 37 +1i27 (5.86)

Then, it can be concluded that, contrarily to what would happen for a symmetrical
machine, in this asymmetrical configuration the third space vector components {3, iqg}

are weighted 5 times more than the other components for the power losses computation.

5.6 Numerical and experimental results

This section presents the numerical and experimental results obtained for the
analysed asymmetrical nine-phase PMSM, with special focus on the different torque
development strategies introduced in Section 5.2.

5.6.1 Fundamental currents control strategy
The fundamental current control strategy, as explained in Section 5.2.1, only exploits
the quadrature current ., for the machine torque control. For the present analysis the
expression (5.48) is particularized in:
R

i - _—em
VTP R O
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The synchronous current set is 43, = [0d{; 000000 0]" and it can be transformed
into the phase variable domain by applying (5.46).

The optimal phase currents waveforms® and their harmonic spectra are shown in
Fig. 5.14. They are normalized by the peak current Ipynp = (2/9) - (T2, /¥ an)-

It can be noted that all the current waveforms are perfectly sinusoidal in 6 (i.e., only
the 1** harmonic is present). Moreover, the currents have the same magnitude for all the
phases. This means that the overall stator power losses are equally shared by all the 9
machine windings. The currents in each of the symmetrical three-phase subsets {1,2,3},
{4,5,6} and {7,8,9} are shifted by 120° from each other, while the different sets are
mutually shifted by 20° (i.e., they follow the same phase shift of the magnetic axes angles

set a).

5.6.2 Third harmonic injection strategy

This section particularized the third harmonic injection strategy presented in
Section 5.2.2 to the specific case study®. This strategy exploits both i, and i, for the
torque development. By particularizing (5.57) to the present case study, the optimal

injection ratio is:

b — Z:il _ 3%as/Van ~ 0.19
i 5/1

q3

and the corresponding values (5.58) of the optimal quadrature axes currents are:

. —i1—ly—1i3 — ) —dg— i3 i iy iy i3
5 — T g L0 o 1807 !
a8 1 - 208 IV
£06 = U]
a0 =Y N P .
2 504 g
E-1 =02 g 0 ‘1
= — | 0.0 el e A _180°
. —l4—15 — 16 — 14— 15— g ) — 14— 15— U6
5 — T g L0 g 1807
8 1 S 208 g
S E06 = L]
a0 3 P P
z &0 0.4+ 1 @ N
-1 & 0.2} -
= P00l e wweeee---o-- 180
. —ir —ig—lg — 7 — i3 — g . — 7 —ig—1lg
:§ § I s | © 1.0¢ T w 180 S A
R | 208 R
=06 - ot 1
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Fig. 5.14 — Waveforms and harmonic spectra of the reference currents obtained with

the fundamental current control strategy.

3 Obtained for varying 6 and for a constant reference torque 7T7,,.
32 Additional details, and further examples for machines with different number of phases, can
be found in [119].
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, 9 57,, . \/5 3y
i = n e Trand ity =g o BT
at \A 9W3,, +5%3, a3 2 9U2 . +502,

The power losses reduction can be computed via (5.60) and is:

(THI)
Pr 5¥in

= =~ (0.853
PI(%FUND) 99U, +50%,

To highlight that the computed injection ratio does indeed minimize the power losses,
Fig. 5.15 shows the normalized® ratio PR(k)/PI(ZFUND) for different values of k =i 3/i,-
It can be noted that, coherently with the analytical expressions, the minimum ratio of
the power losses (denoted by the red point in Fig. 5.15) is around 0.85 and is obtained
for an injection ratio of k =2 0.19. This means that the proposed optimal third harmonic
injection allows reducing the power losses of around 15% if compared to the sole
fundamental currents exploitation.

The corresponding optimal phase currents are shown in Fig. 5.16, together with their
harmonic spectra. Again, they are normalized by Ipynp = (2/9) - (T2, /¥ ), Which is
the peak phase current needed to supply the same electromagnetic torque by only
exploiting the fundamental component 4.

In agreement with the analytical results, only the first and the third harmonics are
present in the Fourier decomposition of the phase currents. The waveforms within each
of the symmetrical three-phase subsets {1,2,3}, {4,5,6} and {7,8,9} are identical and just
mutually shifted by 120°. Nevertheless, it can be noted that the three subsets behave
differently from one another. This leads to an unequal distribution of the third-harmonic
current components among the different phase sets, which is required to satisfy the

condition ¢, = 0 imposed by the hardware configuration.
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k= i(13/iql

Fig. 5.15 — Normalized power losses obtained with the proposed third harmonic

injection strategy, as a function of the third harmonic injection ratio.

3 Tt is here recalled that the power PI(%FUND) represents the overall machine power losses

obtained when only the fundamental current components related to i,; are exploited.
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Fig. 5.16 — Waveforms and harmonic spectra of the reference currents obtained with

the third harmonic injection strategy.

To be more specific, the magnitude of the third harmonic components are equal in
the sets {1,2,3} and {7,8,9}, but are /3 times higher in the set {4,5,6}. This unequal
distribution of the currents also leads to an unequal distribution of the overall stator
power losses: they can be computed to be 31.3% for the subsets {1,2,3} and {7,8,9}, and
37.4% for the subset {4,5,6}.

Finally, despite the reduction of the RMS current with respect to the sole exploitation

of iy, it can be noted that the normalized peak currents are higher than 1, with the

most affected set being {4,5,6}.

5.6.3 Multi-harmonic injection strategy

The multi-harmonic injection strategy developed in Section 5.2.3 is here
particularized for the analysed asymmetrical nine-phase machine®. The optimal
synchronous current set is now computed as:

., \/5 0 5%, 0 3F¥,; 0 25U, 0 35%¥,., O
1 = — .
da 9 5W2, +9W2, +12502 . +24502 em

which is the particularization of (5.64) and (5.65).

The power losses reduction can be computed via (5.67) and is:

(MHI)
Py 502,

L = = (.698
PIONDI T 5WR, £ 00, + 12503+ 245 03

which represents a reduction of the losses of around 30% with respect to the sole
fundamental harmonic exploitation.
Fig. 5.17 shows the corresponding optimal phase currents (normalized by Ipynp),

3 Additional details can be found in [122].



132 5 - Field Oriented Control of Asymmetrical PMSMs

=S
a
g
[
= ‘ ‘ =Ry ~180
0° 90° 180° 270 360° 13 5 7 9 11 13 13 5 7 9 11 13
0 [deg] Harmonic h Harmonic h

Fig. 5.17 — Waveforms and harmonic spectra of the reference currents obtained with

the multi-harmonic injection strategy.

together with their harmonic spectra. Coherently with the theoretical analysis, the
Fourier decomposition shows the presence of the 1%, the 3", the 5" and the 7" harmonics.

Similarly to the previous case, the currents of a single three-phase subset (i.e., the
subset {1,2,3}, {4,5,6} or {7,8,9}) are equal and just mutually shifted by 120°. On the
contrary, the three subsets behave differently from one another. Again, this is due to the
3" harmonic contributions which, to satisfy the single isolated neutral point constraint,
are again unequally distributed among the sets, and are /3 times higher in the set
{4,5,6}. All the other harmonics (i.e., the 1%, the 5% and the 7'") are instead equally
shared by all phases.

Once again, the unequal distribution of the currents also leads to an unequal
distribution of the power losses. In this case the losses in the subsets {1,2,3} and {7,8,9}
are around 31.7% of the overall losses, while the subset {4,5,6} is responsible for the
remaining 36.6%.

Finally, despite the RMS current reduction, the normalized peak currents are again
higher than 1, and the most affected subset is {4,5,6} where the peak current is around

50% higher than in case of the sole fundamental harmonic exploitation.

5.6.4 Maximum torque per ampere strategy

The MTPA strategy developed in Section 5.2.4 is here applied to the analysed
machine. The optimal synchronous currents are now computed by processing (5.70) for
each value of the rotor position 6.

The results of the optimization procedure (5.69) are depicted in Fig. 5.18, which
shows the synchronous current components and their harmonic spectra® in the whole
range [0°%360°] of 6. They have been normalized by I, = /2/9 - T;,, /¥, which is the

% The currents in the synchronous domain have not been shown for the other strategies
because they all lead to constant references.
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value of the quadrature current i ; when the fundamental current control strategy is
implemented. The zero-sequence current i, is always null (to meet the isolated neutral
point constraint) and, therefore, is not shown.

As can be noted, now the synchronous current components are not constant but,
instead, they are varying with the rotor position with a 6 6 periodicity. While iy, ¢45
and ¢4, are zero, the direct axis component 444 is actively controlled during the machine
functioning and is also an alternating function of 60, but with a zero average value.

It has been numerically computed that the normalized average power losses with this
strategy are:

Pyt N e T

pl(aFUND) 9 Uy, 21y kT -GL(0) & '
which represents a reduction of the losses of around 41% with respect to the sole
fundamental harmonic exploitation.

The corresponding optimal phase currents, obtained through the inverse
transformation (5.46), are depicted in Fig. 5.19, together with their harmonic spectra.
Similarly to the previous cases, they are normalized by Ipynp = \/m Iy =1(2/9)-
(Tz./%Y.un), which is the peak current obtained with the fundamental current control
strategy presented in Section 5.6.1.

Contrarily to the previous case, now also higher-order harmonics (i.e., 9%, 11t 13t
etc...) are present in the Fourier decomposition of the optimal currents. This is expected,
because of the interaction between the rotational transformation D(#) and the §-varying
set i3, (0).

Once again, the currents of the same three-phase subset (i.e., {1,2,3}, {4,5,6} or
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Fig. 5.18 — Waveforms and harmonic spectra of the reference currents obtained in

the synchronous domain with the MTPA strategy.
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Fig. 5.19 — Waveforms and harmonic spectra of the reference currents obtained with
the MTPA strategy.

{7,8,9}) are equal and only shifted by 120° from each other, while the currents in the
three sets are different. The magnitude differences are now not only limited to the 3™
harmonic components but are also present in the other orders.

Similarly to the previous cases, this asymmetry leads to an unequal distribution of
the power losses. In this case the losses in the subset {1,2,3} are around 33.5%, the losses
in the subset {4,5,6} are around 33.3% and the losses in the subset {7,8,9} are around
33.2% of the overall dissipation. If compared with the other harmonic injection strategies,
it can be noted that the proposed MTPA algorithm also leads to a more uniform
redistribution of the power losses among the machine phases.

Again, despite the RMS current reduction following the power losses minimization,
the peak currents are higher than in case of the sole fundamental current exploitation.

As explained in Section 5.2.4, the additional harmonics introduced by the MTPA
strategy do not develop any average electromagnetic torque, but are needed to cancel
out the ripple introduced by the interaction of the other harmonic components. In other
words, if these higher-order current harmonics are not fully controlled in a real-time
application, the electromagnetic torque developed by the machine would show a periodic

ripple, but its average value would be unaffected.

5.6.5 Torque control strategies comparison

The analysed torque control strategies working principles and main properties can
be summarized as follows:

e the fundamental current control strategy only exploits 4, for the torque
development and results in all the phase currents to be sinusoidal with the same
magnitude;

e the THI strategy exploits a constant i7; and a constant if; to develop the

electromagnetic torque, the phase currents show both a fundamental and a
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third harmonic component, and their waveforms are not equal for all the
windings;

e the MHI strategy exploits a constant synchronous current set 3, for the torque
development, the phase currents are not sinusoidal but also include a 3', a 5%
and a 7™ harmonic, and the 3" harmonic is unequally shared by different phase
windings; and

e the MTPA strategy exploits a f#-varying synchronous current set i;;q(e) for the
torque development, the phase currents show multiple harmonics (even with an
order higher than 7), which are all unequally shared by the different phase
windings.

Table 5.IV summarizes some of the overall features obtained from the previous
numerical analysis, while Fig. 5.20 shows the comparison of the overall machine stator
losses obtained with the analysed strategies in the whole range [0;360°] of the rotor
position 0 (considering a constant reference torque 77 ). The solid traces represent the
instantaneous power losses pp = R-Ziz L i2, while the dashed traces represent the

average losses Pp = (1/2m) - fo%pR(O) df of the machine in a full rotor cycle. All the
traces of Fig. 5.20 have been normalized by the power PI(ZFUND) =R-(2/9) (T2,./%n)?,

which is the average dissipation in case of the sole fundamental harmonic exploitation.

From the results of Fig. 5.20 it can be noted that the instantaneous power losses are
constant when only the fundamental current components are exploited whereas, for all
the other strategies, they depend on the rotor position with a 660 periodicity. As expected,
and as confirmed both by Table 5.IV and by Fig. 5.20, it can be concluded that
P;;UND) > PgHI) > PI(%MHI) > P;{MTPA), meaning that a progressive reduction of the
power losses can be fulfilled by implementing more advanced control strategies.

Given the machine asymmetrical configuration, the higher-order harmonics are not

——Fundamental Harmonic Only Multiple Harmonic Injection
|——Third Harmonic Injection ——MTPA strategy

09 T 2700 360°
0 [deg]
Fig. 5.20 — Comparison of the overall power losses obtained with the different torque

development strategies.
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Table 5.1V — TORQUE CONTROL STRATEGIES COMPARISON.

Fundamental THI MHI MTPA
Only strategy strategy strategy
Synchronous i iy and i ’L:q17l:q37 Z:qlvl:dfhiqfh
current 2455 L7 La5) tq7
components (constant) (constant) (constant) (f-varying)
Phase currents ) ] " 1%, 3% 5% and | 1%, 3%, 5t 7th gth
. 18t 1% and 3" " ) \
harmonics " 11 139 .
Aver: stat
Verage stator 0% 15% 30% 41%
losses reduction
Losses in the
n 33.3% 31.3% 31.7% 33.5%
subset {1,2,3}
Losses in th
osses T Fhe 33.3% 37.4% 36.6% 33.3%
subset {4,5,6}
Losses in the
n 33.3% 31.3% 31.7% 33.2%
subset {7,8,9}

equally distributed in all the phases, leading also to an unequal distribution of the power
losses, which however becomes progressively less relevant as the number of exploited
harmonics increases.

5.6.6 Simulation results

The proposed control strategies have been tested numerically in the
MATLAB/Simulink environment.

The machine model has been realized in the phase variable domain using the
parameters described in Section 5.5.

The supplying inverter has been simulated with an average model in a way to filter
out the effects of the harmonics introduced by the PWM technique. Its overall DC-bus
voltage has been set to 450 V.

A digital implementation of the controller described in Section 5.4 has been applied
and executed with a 10 kHz sampling frequency.

The feedback controller has been implemented in the multiple synchronous domain
and it has been realized with a proportional action, an integral action and a single
resonant action synchronized with 6 w.

Given the model equations (5.79), the controller for the fundamental, the fifth and
the seventh space vectors components of the currents have been set similarly to a
traditional FOC algorithm as:

kK -
{udh = wiy, —hwy Ly ig, + €qp

.
uy

. (5.87)
, = Wop T hwe Ly ig, + €qh
with o =1,5,7 and e, = V9/2-hw¥,, (where wj, and wyy, are the output of the
feedback PIR controllers).

On the contrary, the compensation terms of the third space vector components have
been set differently to neutralize the effect of vy ;. Basing on the equations (5.80), they
have been set as:
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™ ~
ugy = Wiz —3wLyiz — 2v/2 cos (36+ ©3 —§> “Ungr

™ .
Ugz = Wz + 3w Ly igs — 2v/2 cos (39+ N —g) “Unpr + €43

(5.88)

where w3 and w}, are the output of the feedback PIR controllers, while oy has been

chosen as:
- 2vV2wL, . . .
Vypr = % [st - cos (36 + ¢4 —Q—%) — g - Sin (36 + ¢+ %)] (5.89)

The term ¥y gy expressed in (5.89) has been computed from (5.81) by neglecting the
transformer induced back-EMFs and by compensating the effect of e, with the injection:

s
Wy = € = —6w Wy sin (30 + o, — 5) (5.90)

The computed reference set uj, has been transformed back into the phase variable
domain by using the inverse Park transformation (5.46). A constant common-mode
voltage injection of 225 V (i.e., half of the total DC-bus voltage) has been added after
the inverse Park transformation to obtain positive reference voltages for the computation
of the duty-cycles for the semiconductor devices.

The testing scenario is described as follows. During the whole simulation, the machine
is controlled to be at a constant speed of 600 rpm and is subject to an external
mechanical loading torque of 2 Nm. The test involves 4 different time intervals of 200 ms
each (i.e., 2 fundamental periods). Initially, in the interval [ty,¢,], the machine is
controlled by only using the fundamental current harmonic components by following the
torque control strategy presented in Section 5.2.1 and particularized in Section 5.6.1.
Then, in the [t;,1,] time interval, the current references are changed and are computed
by using the third harmonic injection strategy described in Section 0 and particularized
in Section 5.6.2. In the third time interval [t,,¢;] the strategy is modified into the
multiple harmonic injection approach described in Section 5.2.3 and particularized in
Section 5.6.3. Finally, in the interval [t5,1,], the MTPA algorithm of Section 5.2.4 and
Section 5.6.4 is executed. Since the machine is always kept at the same speed and subject
to the same loading torque, the analysis of the proposed torque control strategies can be
done through the machine currents and power losses.

The results are depicted in Fig. 5.21. All the currents are shown both in the multiple
synchronous domain and in the phase variable domain. The numerical results also
include the developed electromagnetic torque 7, and the average machine power losses
P, which have been computed from the instantaneous losses through a moving average
algorithm as:

t

Palt) = 7 / pr(r)dr =Ti0~ / SR-(r) dr (5.91)

t—T, t—Toy "

where T}, = 100 ms is one fundamental period.

As can be seen, for the first 200 ms only the current component i, is controlled to
a constant non-zero value, and the resulting phase currents are perfectly sinusoidal in
time, as in Fig. 5.14. The average power losses are around 188 W.
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When the third harmonic injection is executed, a constant 4,45 is applied and the
current 4., is reduced accordingly (because the machine is asked to develop the same
electromagnetic torque). The average power losses, after a 100 ms transient due to the
moving average procedure (5.91), stabilize around 160 W. The waveforms of the currents
follow the ideal references of Fig. 5.16.

Then, the multiple harmonic injection of Section 5.6.3 is performed, and all the

quadrature current components (i.e., ., ¢ 1,5 and zq7) are exploited for the torque

ql’ “q3>
development. The phase currents become highly non-sinusoidal, coherently with the

waveforms of Fig. 5.17, and the average losses further decrease to around 131 W.

Finally, the MTPA algorithm is implemented. Coherently with the results of
Section 5.6.4, the synchronous currents are no longer constant but, instead, show a
periodic variation with a 6w angular frequency (with the same waveform of Fig. 5.18).
While the direct axis components ¢4, ¢q5 and iy, are still kept to zero, the component
143 is now actively controlled to track a non-zero reference. The corresponding phase
currents follow the waveforms depicted in Fig. 5.19 and the average power losses decrease
down to the final value of around 111 W.

For each of the torque control algorithm, the numerical results are coherent with the
theoretical results discussed in Section 5.6.5. The electromagnetic torque, apart from
small transient deviations during the control strategy transitions, is always kept to 2 Nm.

5.6.7 Experimental results

Some of the theoretical analysis of this chapter have been also validated
experimentally.

In this case, the machine prototype (represented in Fig. 5.11) has been supplied by
two custom-made two-level multiphase voltage source inverters, based on Infineon
FS50R12KE3 IGBT modules. All the 9 inverter legs have a common DC-bus, whose
voltage is supplied by a Sorensen SGI600/25 single quadrant DC-voltage source and has
been set to V. = 450 V. A standard triangular carrier-based PWM algorithm, working
with a modulation frequency of 5 kHz, has been implemented to operate the converter.
The dead-time is implemented via hardware and is approximately equal to 5 ps.

The control algorithm has been implemented with a dSPACE DS1006 platform. It is
executed with a 10 kHz sampling rate and it is synchronized with the converter PWM
period. All the 9 machine currents have been measured through external LEM
transducers, which are connected to a DS2004 ADC board. The machine speed and
position have been provided through an incremental encoder and acquired through a
DS3002 encoder board. Additional measurements have been recorded using a Tektronix
DPO/MSO 2014 oscilloscope, equipped with TCP0030A current probes.

The testing scenario has been developed to validate the third harmonic injection
strategy developed in Section 5.6.2 and it has been conducted as follows. The machine
is feedback-controlled to keep a constant angular speed of 500 rpm. It has been
mechanically coupled to a DC machine, whole armature terminals are connected to an
external resistor in a way that the PMSM subject to a mechanical loading torque of
around 2 Nm.
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Fig. 5.21 — Simulation results.
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The torque control strategy has been performed by linearly varying the third
harmonic injection ratio k = i.3/i,, in a 20 s time window. All the other component of
the reference synchronous set 43, have been kept to zero. Since the reference current set
13, is constant, a simple PI controller has been used to drive all the components of the
synchronous current set 4,,. The compensation terms in the current controller have been
set as in (5.87)-(5.89).

Fig. 5.22 shows the average power losses P, and the quadrature currents 4., and 4.4
during the testing interval. The obtained waveform is similar to the theoretical results
depicted in Fig. 5.15. The minimum dissipation is obtained for k= 0.22 which is
reasonably close to the theoretical optimal ratio k* = 0.19 obtained from (5.57).

An oscilloscope capture of the results is also shown in Fig. 5.23. It shows the measured
currents i,, i, and i, (measured with current probes with 4 turns) without and with the
optimal third harmonic injection. They have been obtained by step-changing the
injection ratio k from zero to the theoretical optimal value k* = 0.19. As it is evident,
after an initial transient, the current controller can track the desired references and there
is good agreement with the corresponding theoretical current waveforms of Fig. 5.14 and
Fig. 5.16.

For comparison, Fig. 5.24 shows the same currents when the neutral point potential
shift vy pp is not properly compensated in the current control algorithm. In this case, it
can be noted that the current waveforms are distorted, especially in the first 500 ms.

— g1 — 13

T T T

=
250
E 200
150
0 5 10 15 20
Time [s]

Fig. 5.22 — Quadrature current components and average power losses for a linearly

varying third harmonic injection ratio in a 20 s time window.
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Fig. 5.24 — Phase currents i,, 7, and i, without and with the optimal third harmonic

injection (with an incomplete compensation of vy gy ).

This highlights that the proper compensation of vygp is crucial to ensure the current

controller effectiveness.

Finally, Fig. 5.25 shows the measured rotor speed w (reported with a scale of
40 mA/(rad/s)) and the torque T,, developed at the rotor shaft (reported with a scale
of 1 A/Nm) in the same operating conditions of Fig. 5.23. They have been measured by
a Datum Electronics M425 torque meter positioned at the joint between the PMSM and
the DC machine. As can be noted, the adopted third harmonic injection does not alter
the depicted waveforms, which are practically the same both before and after the change
of the torque development strategy. This is a further confirmation that it is possible to
alter the waveforms of the machine phase currents in a way to take advantage of the
available degrees of freedom without affecting the overall torque developed by the

machine®,

% For the analysed setup, the oscillations of T, are mainly due to unmodelled or neglected
phenomena (e.g., cogging torque, imperfect mechanical coupling, etc...).
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Fig. 5.25 — Speed and torque acquisitions without and with the optimal third

harmonic injection.

5.7 Summary and remarks

The present chapter has focused on the control of permanent magnet synchronous
machine using a field-oriented approach. The analysis has been carried out considering
a generic winding configuration (i.e., asymmetrical, with an arbitrary angular shift), in
a way to explicitly emphasize the main difference with respect to standard symmetrical

configurations.

First, Section 5.1 has focused on the modelling of the machine. A space vector
formalism has been introduced to link the spatial harmonics of the magnetic field at the
air gap to the machine currents. It has been shown that the electromagnetic torque can
be expressed as a linear combination of the quadrature components of the currents space

vectors, each of which is related to a specific spatial harmonic.

However, for control purposes, only a limited set of space vector components can be
controlled at the same time. The choice of these components is done by a wvector space
decomposition (VSD), by properly selecting a full-ranked Clarke transformation matrix.
In asymmetrical configurations, many transformation matrices chosen with a field-
oriented approach are usually not unitary. This affects the power losses expression (which
can weight differently each current harmonic component) and the transformed
mathematical model (which may show additional coupling effects among different space

vector components).

After the model analysis, some torque control strategies have been developed in
Section 5.2. It has been shown that also for asymmetrical machine configurations it is
possible to exploit higher-order spatial harmonic contributions for torque development.
Considering the fundamental current control as a baseline technique, a third harmonic
injection, a multi-harmonic injection and a maximum torque per ampere strategies have
been formulated, emphasizing their benefits and, once again, what are the differences

between symmetrical and asymmetrical machine configurations.
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Then, Section 5.3 has focused on the current control strategy, by first introducing
the standard field-oriented control approach used in symmetrical configurations, and
then by indicating some changes (like additional compensation terms) to adapt it to
asymmetrical cases.

The theoretical analysis, which has been done for a generic machine, has then been
particularized for a specific asymmetrical nine-phase PMSM, whose details have been
given in Section 5.5. Finally, Section 5.6 has shown the numerical analysis of the
proposed torque control approaches, the simulation results in a closed-loop control and
the experimental results with a real machine prototype.






6 Decoupled Phase Variable
Control of PMSMs

In Chapter 5 it has been shown that field-oriented controllers, despite being viable
and convenient solutions for symmetrical machines, suffer significant hurdles when
applied for asymmetrical configurations, including post-fault layouts. Indeed, in such
cases, the implementation of a proper VSD and rotational transformation may be more
complex, while the coupling effects between different current components can make the
current control more challenging. The aim of the present chapter is to propose an
alternative control algorithm that can automatically overcome the aforementioned
drawbacks and limitations, therefore being suitable for any machine design and
configuration [118].

The basic idea of the proposed approach is to re-derive the control algorithm without
using any VSD or rotational transformation, but instead by addressing it directly in the
phase variable domain. This is done while explicitly taking into account the electrical
topology of the drive, by exploiting the properties and results of the network modelling
approach developed in Chapter 4.

The concept of developing a machine control directly in the phase variable domain
is not new, but its application has never spread out if compared to FOC algorithms,
since the majority of electrical drives (both in industrial and in traction applications)
are three-phase and are intrinsically symmetrical. On the contrary, as it has been
previously discussed, multiphase drives can be realized in several different configurations,
regarding both the machine design and the electrical topology. Moreover, even
symmetrical multiphase machines may expose an asymmetrical behaviour when subject
to faults.

The main benefit of the proposed approach is its generality. Indeed, the same
controller structure can be applied for any machine design (e.g., different magnetic axes
disposition, back-EMFs waveforms, etc...) and for any electrical configuration (e.g., single
or multiple neutral points, open-end windings, etc...). This also makes it possible to use
the same controller in case of post-fault reconfigurations of the same machine, which is
an undoubted benefit for fault-tolerant multiphase drives. Based on these properties, the
proposed approach can be considered a viable alternative to standard multiphase drives
control algorithms.

The chapter is structured as follows. Section 6.1 summarizes the mathematical model
of the analysed PMSM drive, which strongly relies on the network model properties
derived in Chapter 4 and represents the analytical core for the control derivation. Section
6.2 describes a current references computation strategy based on a maximum torque per
ampere (MTPA) approach, analyses its properties and explains how it can also be
implemented for independent torque control strategies. Then, the current control is
examined. The proposed current controller consists of two components, which are
described in detail in Section 6.3 and in Section 6.4, respectively. The first component is
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a decoupling algorithm, aimed at neutralizing the mutual interactions among the
different machine phases, which come both from the magnetic phenomena inside the
machine and from the electrical connection among the phase windings. The second
component is a decoupled controller, which individually drives each phase current to
seek the corresponding reference computed by the MTPA algorithm. The overall control
algorithm is summarized in Section 6.5. Its experimental validation is described in
Section 6.6 (which describes the adopted nine-phase PMSM setup) and in Section 6.7
(which discusses different testing scenarios). Finally, Section 6.8 sums up the conclusion
of the work.

Again, as done in Chapter 5, the subscripts “FM” and “ VSI” adopted in Chapter 4
will not be used anymore. The converter leg voltages set will be denoted as w and the
electrical machine phase voltages set will be denoted as v. Additionally, the network
resistance matrix Ry, is supposed to be negligible.

6.1 Mathematical model

The drive under analysis consists of a n-phase PM machine supplied by a m-leg
converter. All the n machine windings are located on the stator and the permanent
magnets are placed on the rotor surface. The analysis is done considering magnetically
isotropic machines, for which the rotor does not present any variable reluctance effect.
Additionally, the effects of the stator slots are also disregarded.

Contrarily to the analysis of Chapter 5, no other assumptions are made regarding
the machine phase windings design and the converter architecture.

This section particularizes the generalized machine model presented in Chapter 2 to
the examined configuration, explicitly considering the drive architecture model analysed
in Chapter 4 through the multiport network approach. Fig. 6.1 shows a schematic
representation of a multiphase drive with the explicit identification of the PMSM, of the
VSI (average model) and of the interconnection network.

6.1.1 Machine model

As also presented in Chapter 2, under the linearity hypothesis, the fluxes induced in
each of the n stator windings is given by the superimposed contribution of the magnetic
field generated by all the phase currents and by the permanent magnets on the rotor.
The generalized model (2.29) is particularized into:

¢=1L-i+py(0) (6.1)

For magnetically isotropic machines the n x n inductances matrix L does not depend
on the rotor position #. As shown in Chapter 2, for energy-related reasons, L is always
symmetric and positive definite. As discussed in Chapter 5, in the special case of a
symmetrical machine design (i.e., when all the windings are identical and equally shifted
along the stator periphery), L is also a circulant matriz, meaning that it also results
Lyy =Ly forallkh=1,..,n.

The n x 1 PM induced fluxes set 1 p,, is a periodic function of the rotor position 6.
The waveforms of the flux linkages depend both on the magnetic field distribution
generated at the air gap by the permanent magnets (e.g., sinusoidal, trapezoidal, etc.)
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Fig. 6.1 — Schematic representation of a six-phase multiphase PMSM drive architecture,
with explicit identification of the VSI (average model) and of the electrical interconnection
network (double-star configuration with two isolated neutral points).

and on the spatial distribution of the stator windings (e.g., distributed or concentrated
windings). A Fourier decomposition can be applied with respect to the mechanical
position 0 < 6§ < 27 to identify the different harmonic contributions, each of which is
related to a specific spatial harmonic of the magnetic field at the air gap. The
fundamental harmonic of this Fourier decomposition identifies the pole pair periodicity
of the machine. In other words, for a machine with P, pole pairs, the set 1p,, varies
with the electrical angle 6,, = P, - 6. For purely sinusoidal machine only one fundamental
harmonic is present. On the contrary, for a non-sinusoidal machine, multiple harmonics
are present. In the special case of a symmetrical machine design, the flux linkages induced
by the PMs in two consecutive phases expose identical waveforms, which are shifted
from one another by the angle o = 27/nP,. This property is not guaranteed for a generic
machine configuration, for which the flux linkages induced in different phase windings
can also differ from one another.

From the fluxes expression (6.1), the induced back-EMFs can be split in the

transformer induced contribution and the motional induced contribution as:

do ds

— =L -—+wfp,0 6.2

dt dt + fP]\J( ) ( )
where it is here recalled that w = df/dt is the rotor mechanical speed, and fp,, () =
0 py;/00 is the n x 1 set of normalized PM-induced back-EMFs. Similarly to ¥ p,,, also
fpa periodically varies with the rotor position 6 and can be studied as the superposition
of different harmonics of its Fourier spectrum. The same properties regarding the pole
pair periodicity and harmonic content are also valid.
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By denoting as e =w fp,,(f) the motional-induced back-EMFs, the machine
electrical equations can be written in a matrix formalism as:
ds

L o+Rite=v (6.3)

Since for magnetically isotropic PM machines the variable reluctance effects are
absent, the electromagnetic torque expression (2.33) only depends on the interaction

between the stator currents and the rotor magnets, and is therefore simplified to:

T, = fh(0) i (6.4)

6.1.2 Drive electrical model

As explained in Chapter 4, the machine phase windings are connected with each
other and to the supplying converter through a known interconnection network, which
typically introduces some algebraic constraints to the machine currents. The n, <n
constraints be modelled through the vector equation:

MT.i=0 (6.5)

where M is the n x n, constraints matrix. By neglecting the network resistive voltage
drops!, the machine electrical equation (4.18) is therefore expressed as:

iy
L~d—z+R-i+e:v:N~ufM-vNET (6.6)

where wu is the m x 1 set of converter leg voltages and v gy is the n, x 1 set of auxiliary
network voltages representing the potential shift due to the constraints on the currents.

As explained in Chapter 4, the model dependence on the auxiliary network voltages
set vy gy can be dropped out by projecting the system equation (6.6) in the configuration
space, which is identified by the n x n; configuration matrix U; (with n; =n —n.). As
explained in Section 4.4, the matrix U, can be computed from the singular value

decomposition of M and is such that:
i=U; 1y, and Uj-M=0 (6.7)

where 4, is a n; x 1 set of free current components and can be found from the original

set of phase currents as i; = U} - 4.

The electrical equations (6.6) of the drive model can be therefore transformed in the
reduced-order equations:
di

LR ipte; = v, = Nyu (6.8)

Lia

where, coherently with the definitions of Section 4.4.4, the projections of the variables

and the parameters in the configuration space is given by:

! The network resistive drops could however also be explicitly considered by merging the
network resistances matrix Rypp to the machine resistances matrix R.
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L, =U} LU,

Ry =UJ R.U,

N;=U[-N (6.9)
vy =Uj

‘v
€y :U}'e:U}'waJM(Q)

6.1.3 Mechanical model

Similarly to how it has been discussed in Section 5.1.7, the equivalent mechanical
model of the electrical machine and of the connected rigid bodies can be represented
through the equations:

dw

Jeq g T Fea(@) w0 =Tor = Thoaa (6.10)
dé
a@w _ 11
it (6.11)

where it is recalled that J,=J+J,, and F, (w)=[F(w)+ F,,(w)] respectively
represent the overall inertia and the overall friction coefficient of the mechanical group
(i.e., including both the electrical machine and the mechanical load). In this framework,
T, ,0q identifies the loading torque applied to the drive (which it is worth recalling to be
different from the mechanical torque 7,, applied at the rotor shaft of the electrical
machine).

6.2 Torque control strategy

The machine control strategy is aimed at developing a desired electromagnetic torque
Tﬁ*m )

obtained by formulating a proper strategy to compute the reference currents set ¢*.

typically coming from a speed controller. Given (6.4), this requirement can be

Naturally, for the reference currents to be feasible, the n x 1 set ¢* must satisfy the
algebraic constraints M T - * = 0 related to the network configuration. This means that,
for a n-phase machine subject to n, algebraic constraints, there are ny =n —n, free
current components which can be chosen. Moreover, the torque development requirement
can be also formalized as an additional constraint for choosing the current references set.
As a result, there are n; — 1 degrees of freedom to choose the set 4* while producing the
desired torque 77, and respecting the network algebraic constraints at the same time.

These degrees of freedom can be properly exploited to optimize some system
performances by choosing a convenient objective function. The present section proposes
a mazimum torque per ampere (MTPA) strategy to compute ¢*.

6.2.1 Maximum torque per ampere algorithm

The MTPA strategy is aimed at developing the maximum possible electromagnetic
torque for a given machine equivalent current I,,. This requirement is perfectly
equivalent to develop the given reference torque 77, while minimizing I,

In the present analysis, the machine equivalent current is chosen to be an overall
root mean square (RMS) current Ip,,4 computed as the Euclidean norm of the machine
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currents set :
n
Inys =il =ViTi= [ > a2 (6.12)
k=1

For a machine with equal windings resistances, the current I,,q is directly related
to the machine losses. Indeed, in such a case, the instantaneous Joule losses of the
machine would be expressed as:

pr=Y R-i} =R T}y (6.13)
k=1

Therefore, the minimization of Ip,,s would lead to the minimization of the Joule losses
in the machine windings. Consequently, the thermal stress on the machine would be
reduced and the energetic efficiency of the drive would be optimized?.

Since the minimization of Ip,s can be also addressed by minimizing I%,,q, the
proposed MTPA algorithm is formalized as the constrained optimization problem?®:

T i s
Iniim{iT -1} subject to {]‘f\?f . ;: gﬁm (6.14)

The optimization problem (6.14) is the minimization of a quadratic function of n
variables subject to a set of n, + 1 linear constraints. As known, it could be solved with
a pseudo-inverse algorithm. However, since the set fp,, of normalized PM-induced back-
EMFs varies with the rotor position 6, the corresponding pseudo-inverse matrix could
not be computed offline. Therefore, this resolution approach is unfeasible for real-time
applications using typical digital controllers.

For this reason, an analytical solution for (6.14), suitable for a real-time
implementation, is here derived by using the Lagrange’s multiplier method. By
considering both the objective function I%,,o =4 -4 and the linear constraints f},, -

1 =Ty, and M" -7 =0, a possible choice for the Lagrangian function is:

i v) =5 i (Fhyy i — T) — 07 - (M) (6.15)

1 em

N =

where:
e 4 is the Lagrange multiplier related to the reference torque development
requirement, and
e v is the n_,x 1 vector of Lagrange multipliers related to the n, algebraic
constraints on the machine currents expressed by (6.5).

The optimal solution to the minimization problem (6.14) is found by nullifying the

2 For a machine with different windings resistances, the windings losses minimization can be
achieved by formulating the overall machine RMS current differently. For example, a possible
formulation would be I, ;4 = (m )/Ry = (m )/ R, for any value of R. The overall
machine windings losses would be pp = R, - I3 g and all the proposed arguments of this section
would still be valid, with only some slightly different formulations for the final results.

3 The explicit dependence of fp,, on the rotor position 6 has been omitted for notation
compactness.
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gradient of the Lagrangian £(%, u, ). This leads to the following linear algebraic system
of (n+n, + 1) equations in (n + n, + 1) variables:

e

2=t e —M-v=0

o o

aszM-l—Tem =0 (6.16)
oL -

Z=—MT.i=0

v ¢

The linear system (6.16) has a unique solution which, since the objective function (6.12)
is convex, is the global minimum of the optimization problem (6.14). Then, the analytical
formulation of the optimal current set #* is*:

: W feu
’L* iy ee———— Tﬁ*m

where W is a n x n MTPA weighting matriz defined as:
W=I-M-(MT M) MT (6.18)

The matrix W only depends on the algebraic constraints imposed on the machine
currents. Therefore, it can be computed offline, and the computation of * via (6.17) is
suitable for real-time applications. The set ¢* is then the input reference for the current

control algorithm.

The functional block scheme of the algorithm (6.17) is schematically represented in
Fig. 6.2.

It can be proven® that the weighting matrix is equal to the configuration space
projection matrix W = Uy - Uf1 This property may be convenient for the algorithm
numerical implementation, especially in case of IN = I, because it provides an alternative
way to compute the projection matrix Uy - U]}" via (6.18), without using the singular
value decomposition of M. As will be seen in Section 6.3, the matrix U;- U]}" has an

important role for the decoupled current control.

The same MTPA strategy can also be completely formalized in the configuration
space, resulting in the expression (9.23), which gives the same reference currents obtained
via (6.17)°.

In case of a single isolated neutral point configuration (in which the constraint matrix
is simply M = [1,1,1,...,1]7) the solution (6.17) is completely equivalent to the solution

(5.70) obtained in the synchronous domain (it is indeed the same optimization problem,
which is only formulated with a different variable representation).

* Proven in Appendix 9.6.1.
® Proven in Appendix 9.6.2.
5 Proven in Appendix 9.6.3.
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Fig. 6.2 — Functional block scheme of the MTPA algorithm.

6.2.2 MTPA solution properties

Several properties can be deduced from the inspection of (6.17).

First, as expected, the optimal phase currents set ¢* is proportional to the reference
torque T, and depends periodically on the rotor position 6 through the effect of fp,,(6).
As a result, when the machine works in steady-state conditions at a constant speed and
with a constant loading torque, the reference currents are periodic in time and their
period is proportional to the rotor speed w (to be more specific, their period is linked to

the machine electrical speed w,; = P, - w).

In many typical operating conditions, the denominator (fZ,, W - fpy,) in the
expression (6.17) is constant and the optimal reference current set i* is proportional to
the normalized back-EMFs set fp,,. As a result, in steady state conditions, the currents
have the same harmonic content as the PM-induced back-EMFs. All the harmonics
contribute to the development of the electromagnetic torque and their mutual interaction
does not lead to any torque ripple. This is, for example, what typically happens for
sinusoidal machines in healthy configurations, either when the magnetic axes disposition
is symmetrical or when the n windings can be split in multiple symmetric subsets (e.g.,
multiple three-phase configurations). In other words, for these configurations, the
optimal currents are also sinusoidal functions of 6.

On the contrary, in all the other cases when (fF,, - W - fpy,) is not constant, the
optimal currents set ¢* is not proportional to fp;,; and, in steady-state conditions, it
shows also harmonic components which are absent in the PM-induced back-EMFs
spectra. These additional harmonics do not develop any average electromagnetic torque,
but are only needed to neutralize the torque ripple caused by the mutual interactions of
the other harmonics appearing in both 2* and fp;, harmonic spectra at the same time.
This behaviour not only exists in machines with highly non-sinusoidal back-EMFs but
can also be observed for machines with sinusoidal PM-induced back-EMFs in case of
post-fault reconfigurations. In other words, the optimal currents computed via (6.19) in
healthy configurations might be sinusoidal, while in case of post-fault conditions (where
the only difference is in the weighting matrix W) they might be non-sinusoidal.

Some problems may arise when the denominator (f},, - W - fp,,) of (6.17) is close
to zero. Indeed, in this case, the computed reference currents would tend towards infinity
and be unfeasible for real applications. When this happens, it means that the machine

is not capable of supplying the required electromagnetic torque T}, while satisfying the
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hardware constraints at the same time”. For example, this is what would happen in case
the stator currents cannot generate a rotating magnetic field at the air gap (as it happens
for a single-phase machine). Anyway, this occurrence seldom occurs to multiphase drives®
and, therefore, it can be disregarded in this context. A proper saturation of the set #*
computed by (6.17) should be nevertheless implemented in order to avoid unreasonable
high values of the reference currents, thus preventing overcurrent phenomena.

6.2.3 Torque sharing strategy

The proposed MTPA strategy (6.14) can also be applied to some machine windings
subsets. This may be useful in case different groups of windings are supplied by
independent sources, because it allows the control to transfer power between them, as
depicted in Fig. 6.3.

By considering a total number ngg; of isolated windings groups, this capability is
met by simply partitioning both the vector fp,, and the vector ¢ into ngp, subsets and
applying (6.14) to each one of them. Mathematically speaking, the expressions (6.17)
and (6.18) are particularized in:

it _ Wsgr, - Feu,ser, . (6.19)
SET, = FT JSET,
L § pyseT, - Wser, * Foarser, 7T

_ T -1 T 6.20

WSET,L =I- MSET,h : (MSETh : MSET;L) : MSETh ( )

which must be applied to each h-th subset (with h =1,...,nggy), as schematically
represented in Fig. 6.4.

The constraint matrix Mggp, and, consequently, the weighting matrix Wgg,, only

SET: SET,

L
= 14 14

.

45
.

SET;

Fig. 6.3 — Power transfer between isolated phase windings subsets.

7 This limitation is unrelated to the electrical drive control algorithm, and is instead
intrinsically related to the drive configuration. When this happens, the torque development
strategy cannot be imposed instantaneously as in (6.14) but, for example, only on average in a
full rotor cycle (like it is done in single-phase machines).

8 Given the presence of many phases, being unable to generate a rotating field at the air-gap
would require a high number of faults.
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Fig. 6.4 — Application of the MTPA strategy for torque sharing purposes.

refer to the phases of the h-th windings group, just as if they were referred to a different
PMSM with a reduced number of phases. Also, note that the different windings groups
can also have a different number of phases (as exemplified in the illustration of Fig. 6.3).

The reference torque T7

m,seT, Of each h-th subset can be chosen according to a

desired power-sharing requirement. To give a practical example a windings subset with
a higher reference torque will provide more power than one with a lower reference torque.
Similarly, a subset with a reference torque in opposition to the rotor speed would absorb
mechanical power instead of supplying it (i.e., it would behave as a “braking” subset
instead of a “motoring” subset). The only condition to meet to keep guaranteeing the
overall torque development (which is usually needed for the speed control), is:

NSET

> Tomser, = Tim (6.21)
h=1

From the electromechanical point of view, this approach can be interpreted as
applying the MTPA strategy to different PM machines having the same rotor. However,
it is worth emphasizing that generally, from the electromagnetic point of view, the
different subsets dynamically interact with one another. Consequently, contrarily to the
current references computation strategy, the current control (which will be discussed in
the following sections) cannot be separately applied to the different subsets.

6.3 Decoupling current control algorithm

Once the reference currents set ¢* has been computed, the control algorithm must
find a set of reference converter voltages u* to drive the measured currents set ¢ towards
i*. However, the dynamical equation (6.6) regulating the machine currents can be
interpreted as a multi-input/multi-output control problem and, therefore, the
simultaneous control of all the phase currents is not a trivial process.

Indeed, as already discussed, the currents are subject to multiple mutual interactions,
which can be caused both by the magnetic phenomena in the machine (through the effect
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of the mutually induced back-EMFs) and by the phase windings connection (due to the
internal feedback actions caused by the constraints of the current).

This section presents and discusses a decoupling algorithm scheme, aimed at
neutralizing the aforementioned mutual interactions. In this way, the machine phase
currents can be controlled independently from one another by using a decoupled
controller design, which will be analysed in Section 6.4.

6.3.1 Decoupling algorithm principle

The basic idea of the proposed solution is simple. It consists of replicating the
equation (6.8) describing the drive model (in the configuration space), but by
substituting the real current derivatives di,/dt with a set i} of reference current

derivatives. This operation results in a desired set of voltages v} which is computed as:
L, -6t +R;-i;+e; = v} (6.22)

The reference derivative set §i} is computed basing on ¢* and % through the procedure
which will be described in Section 6.4.

Proving that the position (6.22) does achieve the desired currents dynamics
decoupling is straightforward. Indeed, if v, = v} (i-e., if the voltage supply is done
properly), (6.22) can be substituted into the reduced-order drive model (6.8) and the
following formula is obtained:

de

I . B . .
Lf~E+Rf~zf+ef—Lf-61f+Rf~zf+ef (6.23)
Then, by cancelling out the resistive term R, -4, and the motional induced back-EMFs
term e, and by grouping the remaining terms, it results that:
diy .

Since L, is a ny x ny symmetric and positive definite matrix, the only solution to the
homogeneous vector equation (6.24) is obtained when the multiplying vector is zero or,
in other words, when:

— = iy (6.25)

This equation can be separately applied to each of the n; current components, resulting

in the system of equations:

dig

dt

=0}, (withk=1,..,n) (6.26)

This means that, by only acting on the k-th reference derivative &} ;, each k-th current
component 4, can be controlled independently from all the others. Therefore, thanks
to the position (6.22), it has been possible to achieve the dynamic decoupling of the
current components in the configuration space. The working principle of this decoupling
algorithm is schematically represented in the block diagram of Fig. 6.5.
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6.3.2 Decoupling algorithm requirements

This paragraph shows what are the mathematical properties that the drive model
must satisfy to meet the condition (6.22), which achieves the desired decoupling.

The controller must compute a set of reference converter voltages set u* in a way to
supply the desired v}. This requirement can be interpreted as the resolution of the linear

system:
N;-u* =wv} (6.27)

where v} is known and has been computed as per (6.22).

Since N, = U} - N is a n; X m matrix, the vector equation (6.27) is a system of n;
equations in m unknowns. Usually m # n; and special attention must be given to the
resolution of (6.27). Indeed, the existence and uniqueness of the solution may not be
satisfied.

To guarantee the existence of the solution for any possible value of the reference
vector v}, the number of equations n; should not be greater than the number of
unknowns m. Therefore, it must result m > n;, meaning that N, should be either a
square matrix or a horizontal rectangular matrix (i.e. the number of converter legs m
should be greater than the number of free current components n, =n —n,).

As a trivial example, a three-leg converter (m = 3) cannot fully control the phase
currents of a five-phase machine (n = 5) with a single isolated neutral point configuration
(n, = 1), because it would result n;, =n—n,=5—-1=4>3=m.

The condition m > n; is not sufficient, by itself, to always guarantee the solvability
of the system (6.27). Indeed, another requirement is that all the n; equations of (6.27)
must be compatible with each other. This condition is satisfied when all the rows of IN;
are linearly independent from one another (i.e., when the rank of N ¢ is equal to n f). If
this prerequisite is not met, the equation (6.27) may not have a solution because two or
more equations conflict with one another. Physically, this condition would mean that
some winding voltages (or some combinations of winding voltages) in the electrical
machine cannot be directly affected by the VSI leg voltages.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

a) i zfi
5i " Reduced b)
Ui Decoupling | v Order i
‘ Algorithm Machine "
Model *

0
—* Back-EMFs
(21N Estimation

ef‘ i » %’fdt i’

Fig. 6.5 — Working principle of the proposed decoupling algorithm: a) Expanded
functional block diagram; b) Equivalent block diagram of the decoupled system (i.e.,
simple integrator).
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As a trivial example, a converter leg that is not connected to any machine terminal
cannot influence any machine winding voltage and the matrix N, would have a row
with all zeros.

Another trivial example is represented by the parallel connection of two windings: in
this case, the corresponding voltages would always be equal, and the converter would
not be able to individually influence them. The matrix IN; would have two identical
(and therefore, linearly dependent) rows, meaning that its rank would be lower than n Iz

To sum up the results of this section, the decoupling algorithm (6.22) can be applied
if that the matrix N, is full-ranked and with m > n;. This prerequisite is met by most
of the typical multiphase drive configurations, and is automatically verified if IN is a
full-ranked n x m matrix®. For this reason, the solvability of (6.27) will be further on
taken for granted.

6.3.3 Pseudo-inverse based decoupling algorithm

Provided that (6.27) can be solved and, therefore, that the decoupling algorithm
(6.22) can be applied, it is here shown what is the resulting analytical expression of the
converter references voltages set u*.

If N, is a square matrix, the system (6.27) only has one solution which can be

computed by a simple matrix inversion as:
u*:N;1~v’}:NJ71~(Lf~5i}+Rf~if+ef) (6.28)

If N, is a rectangular matrix, the system (6.27) has infinite solutions. The general

formulation of a solution can be decomposed into two parts:
ut =g, +ug (6.29)

The voltage set uj,, in (6.29) is the minimum-norm solution'’ of (6.27), and can be
computed as:
* _ T ko T -k .
uopt—Nf~vf—Nf~(Lf~61f+Rf~zf+ef) (6.30)
where N} is the Moore-Penrose pseudo-inverse of N, and is such that N - N} =11t
can be noted that the expression (6.30) takes the same form of (6.28) and can be
interpreted as being its generalization when N is not a square matrix.
The voltage set ug is any m x 1 vector belonging to the null-space of N, (i.e., such
that N, - uj = 0). Since N, has a rank n,; < m, the number of degrees of freedom for
choosing v; is m —n; = (m —n) + n,.. This means that uj can be related both to the

presence of more converter legs than the number of machine phases (i.e., when m > n)
and to the presence of algebraic constraints for the machine currents (i.e., when n, > 0).

9 Proven in Appendix 9.6.4.
' This means that the vector uj,, is the solution of (6.27) which minimizes the Euclidean

Norm of the VSI reference voltages set, which is |u*|| = /(uv*)T - u*.
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In this latter case, u{, can be interpreted as the generalized formulation of the common-
mode voltage injection which is typically applied in star connected system with isolated
neutrals. This means that a lack of degrees of freedom for the machine phase currents
leads to the presence of more degrees of freedom for the converter leg voltages.

Since the minimum norm set u}, computed as per (6.30) usually requires some
converter leg voltages to be negative, and given that this requirement cannot be achieved
through most of the inverter architectures, the set u;, can be chosen to properly condition
the overall leg voltages set u* to be in a feasible range. Then, a general formulation for
this injection set is'!:

uy = (I=NJ-Np)-uyy (6.31)

where uj, is a desired offset voltages vector, which can be chosen as the set of midrange
voltages values associated with each converter leg (e.g., half of the DC-bus voltage) or
through other known common-mode voltage injection algorithms (e.g., min-max
injection, higher harmonic injections, etc.). It can be proven' that, with the position
(6.31), the voltage set u* = u}, +uf is the solution of (6.27) that minimizes the
Euclidean norm Hu — uszH, which represents a distance between the leg voltages set u
and the desired offset voltage vector u ;.

The proposed decoupling algorithm is general and can be applied to a wide range of
different machine and drive configurations, including concentrated or distributed
windings design, symmetrical or asymmetrical magnetic axes configuration, sinusoidal or
non-sinusoidal induced back-EMFs, single or multiple-star connections, healthy and
faulty scenarios, and so on. Its schematic block diagram is represented in Fig. 6.6.

6.3.4 Decoupling algorithm in the phase variable domain

The decoupled algorithm presented in the previous sections has been completely
formalized within the configuration space of the drive, concerning the reduced-order
model (6.8). This approach can be directly reformulated for the whole full-order drive
model (6.6) with relatively few changes.

oif L;-64
o . % * *
1 ‘1 v, U,

Yyl R, Ry | | v o N, i U

o

Fig. 6.6 — Functional block scheme of the decoupling algorithm implemented in the

configuration space.

1 Proven in Appendix 9.6.5.
2 Proven in Appendix 9.6.6.
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Consider the reference derivative set for the free current components §z}. This set is
a ngy x 1 vector of the configuration space. The corresponding reference derivatives set

for the real machine currents is a n x 1 vector 62* such that:
M?" . §i* =0, = U;- 61’}, and 51’} = U}F - 01" (6.32)

By pre-multiplying both sides of (6.25) for U; and by considering (6.32), it results:

dz .\
=% (6.33)
which, once expressed in components, is:
Qi
ﬁ =&t (withk=1,..,n) (6.34)

This consideration means that, by using a reference set di2* compatible the hardware
constraints, the proposed decoupling algorithm not only works for the configuration
space components %;, but also for the actual (i.e., n-dimensional) set of the machine

phase currents 4.

The expressions (6.30) of the minimum-norm voltage reference u* is computed as'3:
uy, = [(UJ?N)WL U}] (L-6i*+R-i+e) (6.35)

This expression is given by the product of two terms:

e them x nmatrix [(U} - N)" - Uf], which is only related to the interconnection

network and does not depend on the machine parameters, and

e the nx1 vector (L-0i*+ R-i+ e), which is only related to the machine
parameters and does not depend on the interconnection network.

The expression (6.31) of the injection voltage set uj, is instead unaltered by referring
to the full-order drive model. By recalling that N, = U]}" - N, the same expression is

here explicitly rewritten as:
uy=[I—(Uf-N)'-(Uf - N)] - ugy (6.36)

The schematic diagram of the decoupling algorithm implemented directly in the
phase variable domain is depicted in Fig. 6.7. As can be seen, the algorithm can be
grouped in two separate sections:

o the “Machine Compensation” block, that identifies the machine-related terms,
which are independent of the electrical topology of the system, and

o the “Network Compensation” block, that identifies the network-related terms,
which are independent of the machine parameters.

3 Proven in Appendix 9.6.7.
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The expressions (6.35)-(6.36) are simplified when IN = I, which is the case of most
star and multiple-star connected drive configurations (both in healthy and in faulty
scenarios). Indeed, in such a case, the expressions simply become:

wy = (U;-Uf)-(L-0" + R-i+e) (6.37)

uy = (U, U;) - ugyy (6.38)

Then, in this case, it can be concluded that:

e the minimum-norm voltages set uy, is the projection of the reference vector
(L-6i"+ R -1+ e) in the configuration space,

e  the injection vector uf, can be computed by projecting any offset vector u} 7p 0
the complementary configuration space.

The functional block diagram of Fig. 6.7 is modified into the diagram of Fig. 6.8. As can
be seen, the machine compensation block is still the same, while the network
compensation block is simplified and does not require any Moore-Penrose pseudo-
inversion.

All the formerly addressed generality properties of the proposed decoupling algorithm
are still valid. Additionally, by directly formulating it in the phase variable domain, it
can be concluded that:

e Once the electrical machine parameters are given, the vector ov* =
(L-di*+ R -i+ e) (ie., the machine compensation blocks of Fig. 6.7 and Fig.
6.8) is always computed with the same expression, regardless of how the
different phases influence each other. Any detectable change in the machine
parameters (for example, related to thermal effects) can be directly considered
by properly updating the corresponding terms.

e  Once the network configuration is given, all the pre-multiplying matrices in
(6.35)-(6.36) (i.e., the network compensation blocks of Fig. 6.7 and Fig. 6.8)
are univocally identified. For a real-time implementation, they can be computed
during the algorithm initialization and can be updated only in case of network

reconfigurations (for example, after a fault recognition).

‘Machine
'Compensation

1 25k e o
| 62'.[,'51'+ i i

Fig. 6.7 — Functional block scheme of the decoupling algorithm implemented in the

phase variable domain.
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Machine
‘Compensation

Fig. 6.8 — Functional block scheme of the decoupling algorithm if N = I.

6.4 Decoupled current control algorithm

Once the proposed decoupling algorithm is implemented, the machine currents can
be independently controlled from one another. This means that the multi-input/multi-
output control problem is conveniently reduced in multiple single-input/single-output
control problems, which can be solved through well-known tools of control theory.

The decoupled current control aims to drive the n x 1 machine currents set ¢ towards
the desired references current set ¢*. Naturally, to be feasible, the reference current set
+* must satisfy the same hardware constraint MT - i* = 0 of the actual machine currents,
which is automatically guaranteed by the current references computation strategy
presented in Section 6.2.

If executed in the configuration space, the decoupled current control algorithm is
asked to compute the ny x 1 reference derivatives set §2} to be used in (6.30). If executed
in the phase variable domain, the decoupled current control algorithm is instead asked
to compute the m x 1 reference derivatives set d¢* to be used in (6.35). The two
approaches are perfectly equivalent.

Any single-input/single-output feedback controller structure can be used (e.g., linear,
hysteresis, dead-beat, sliding mode, model-predictive, etc.). The different current
components could also be driven by different controller architectures. Moreover, the
feedback controller structure can be also supported by an additional feedforward action.

The present section proposes a simple linear controller architecture which can be
used in most of the typical applications. Given the linearity, the proposed controller
properties can be conveniently studied both in the Laplace domain and in the frequency
domain by using standard dynamical systems analysis tools (e.g., transfer functions,
Bode diagrams, etc.).

6.4.1 Decoupled system transfer function

When the decoupling algorithm (6.35) is implemented, it has been shown that each
k-th current ¢, (with k =1,...,n) is governed by the corresponding reference derivative
413, through the dynamical equation (6.34), which represents a simple integrator. Then,
the transfer function of the decoupled system in the Laplace domain would be:



162 6 - Decoupled Phase Variable Control of PMSMs

<lils) _1
Nevertheless, as explained in Chapter 3, the actual leg voltages set u does not
coincide with the reference voltages set u*. Indeed, it has been shown that for a pulse-
width modulated converter driven by a digital controller, by focusing on the low-
frequency harmonic content of the output voltages, from (3.5) it results that:

w,(t) = gt — Tae) (6.40)

where 7,,, = T, + Tpyps/2 is the overall time delay introduced by both the discrete-time
control and by the modulation technique. This time delay can be represented, in the
Laplace domain, by the transfer function:

M(s) = Llug(s) o @ ¥ Tdel (6.41)

which, in the frequency domain, has unitary magnitude but introduces a phase delay
which increases with the frequency.

As a result, by explicitly taking into account this delay effect, the overall decoupled
system transfer function (6.39) can be better approximated as':

Llig)(s) %1

) = Zlsig](s)

. e 5 Tdel (6.42)
This additional delay effect is particularly important for the decoupled controller tuning,
since it significantly affects the stability margin of the system.

6.4.2 Decoupled controller

The proposed feedback controller architecture is equal for all the n machine phase
currents. Each k-th single-input/single-output linear controller (with k=1,...,n)
processes the k-th current tracking error (if — ;) and computes the reference derivative
set 67}, which is then used in the decoupling algorithm (6.35).

As shown in Section 6.2, each reference current ¢} is a periodic function of the
electrical angle 0,; = P, 0. This means that, in steady state conditions at a constant rotor
speed, all the reference currents are periodic in time, with the fundamental angular
frequency w,, = P, w.

Contrarily to standard FOC algorithms, since the proposed controller directly works
in the phase variable domain, a simple proportional-integral (PI) structure is not
effective, since it cannot nullify the tracking error in case of periodic current references.
Therefore, to guarantee the steady-state tracking error to be zero, the standard PI
structure is enforced by adding multiple resonant controllers actions.

Indeed, similarly to how an integral action results into an infinite magnitude gain for
constant references (which are at zero frequency) each h-th resonant action leads to an
infinite magnitude gain at its resonance frequency w,, and is therefore suited to track

sinusoidal references [158]-[161]. The total number of resonant actions n,., required to

S

4 Proven in Appendix 9.6.8.
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track a generic periodic reference is related to the number of harmonics of its Fourier
series expression.
The proposed controller transfer function in the Laplace domain is:

L[0i3](s) K S s

§) = RN g I K,, —
éle) Li, — 1] (s) Pt T ; Bh- g2 4 w2

(6.43)
where:

e K is the proportional controller constant,

e K is the integral controller constant, and

*  Kp, is the h-th resonant controller constant.

An additional benefit of this multiple resonant structure is that, similarly to how an
integral action can perfectly reject constant disturbances, each h-th resonant action can
perfectly reject sinusoidal disturbances at its resonance frequency w,. In real
applications, these disturbances may come, for example, from an imperfect compensation
of the induced back-EMFs vector e = w fp,,(#) or from an imperfect knowledge of the
machine parameters in the decoupling algorithm (6.35).

To allow the controller to work with variable speed drives, each h-th resonance
frequency w; should be synchronized in real-time with the measured machine angular
speed w. The implementation algorithm used in this work is described in Appendix 9.1.1
and relies on the synchronization with the rotor position 6. Because of sampling effects,
for a digital control, the maximum resonance frequency is limited by the Nyquist
frequency f,/2 and, therefore, it should be sufficiently lower than w, = 27 - f,/2 =7 f,.
The resonant actions in (6.43) can also be replaced by different controllers with an
equivalent behaviour (e.g., multiple rotating integrators, vector proportional-integral
controllers, repetitive controllers, etc...).

As known, for feedback-controlled systems many properties can be found from the

analysis of the open-loop transfer function:
FH(s) =C(s)-G(s) (6.44)

For the proposed current control algorithm a qualitative open-loop frequency
response is graphically represented in the Bode diagram of Fig. 6.9. In this example, the
feedback controller transfer function C(s) in (6.43) has been realized with three resonant

terms synchronized with w,;, 3w, and 5w,. It can be clearly seen that the magnitude

el
gain for these frequencies is infinite, meaning that the resonant actions can perfectly
track the fundamental, the third and the fifth harmonic of the desired current reference.
Each resonant term is also responsible for a 180° jump of the phase diagram.

The progressive increase of the phase delay with the frequency is instead due to the
time delay effect introduced by the term e *7¢t in (6.42), which approximately describes
the combined effect of the PWM technique and of the discrete-time control.

As for any linear controller, the 0 dB crossover frequency® wyyg of the open-loop

! For a feedback controlled system with open-loop transfer function % (s), the 0 dB crossover
frequency is the angular frequency wygg for which |H (jwyqg)| =1, [162]. Under the normally
adopted assumption that | (jw)| > 1 for w < wyyg and |[H(jw)| € 1 for w > wygp, the 0 dB
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Fig. 6.9 — Qualitative Bode diagram of the open-loop decoupled system.

transfer function frequency response (which mostly depend on K p) should be chosen as
a trade-off between the closed-loop controller dynamic requirements and its robustness.
Indeed, higher values of wyqg would be preferable to make the closed-loop transient
performances to be faster but, given the phase delay in (6.42) caused by the modulation
procedure and by the digital controller implementation, high values of wy,z may also
lead to low values for the stability phase margin'® of 7 (s), which might compromise the
stability of the closed-loop system.

The choice of the integral and resonant parameters K; and Kp, (with h=
1,...,m,.s) also depend on the required dynamic response of the system towards tracking
errors. Generally speaking, higher values lead to faster settling transients, but too high
values may also lead to overshooting effects. Moreover, as previously stated, an imperfect
compensation of the machine parameters in the decoupling algorithm (due, for example,
to measurement uncertainties and neglected or unmodelled phenomena) can be
neutralized in steady-state thanks to the resonant controllers. However, these effects can
also reduce the stability robustness of the closed-loop control. To avoid instability

phenomena, it is possible to reduce the 0 dB crossover frequency wyyg with respect to

crossover frequency can give an estimation of the dynamic performances of the closed-loop
system: the higher is wyyp, the faster is its transient behaviour.

16 For a feedback controlled system with open-loop transfer function 7 (s), the phase margin
is the angle ¢, =7 — |[ZH (jwogg)|, [162]. Under the normally adopted assumption that
[H(jw)| > 1 for w<wygg and |[H(jw)| <1 for w>wyp, the phase margin can give an
estimation of the stability properties of the closed-loop system: the higher is ¢,,, the more robust
is the system stability with respect to parameter uncertainty and unmodelled dynamics. However,
in case of more 0 dB crossover frequencies, the stability properties of the system cannot be
directly addressed through ¢,, and the use of Nyquist’s theorem may be required.
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the theoretical value!”. The required reduction should be verified on the specific machine.

Finally, it is worth recalling that the chosen structure of (6.43) is only a possible
choice for the current controller, which could have also been realized with different
architectures or implementations, naturally resulting in different transient performances

and different parameter tuning approaches.

6.5 Complete drive control algorithm

The overall structure of the proposed drive control algorithm is schematically
represented in Fig. 6.10.

First, the “Speed Controller” compares the reference speed w* with the machine speed
w and computes the reference electromagnetic torque 77, to be applied. The machine
speed dynamics is described by the model (6.10)-(6.11), which is unrelated to the
electrical machine parameters and configuration. As a result, any standard speed
controller structure, like a PI regulator, can be used (as represented in Fig. 6.10).

Next, the “Back-EMFs FEstimation” block is executed to compute both the
normalized PM-induced back-EMFs vector fp,, (which is required from the current
references computation strategy) and to estimate the motional induced back-EMFs
vector € = w - fp,, (which is instead used in the decoupling algorithm).

The “MTPA” block (whose structure has been previously represented in Fig. 6.2) is
then executed to find the references currents set ¢ via equation (6.17). In case of torque
sharing strategies, as explained in Section 6.2.3, this block is separately executed for all
the chosen subsets of the machine windings (as it will be exemplified in Section 6.7.8).

The “Current Controller” block is finally executed. The Proportional-Integral-
Resonant (PIR) feedback controller described in Section 6.4 compares the reference
currents set ¢* with the actual currents set ¢ and, through this error, it computes the
reference derivative currents set d2* to be applied'®. The decoupling algorithm (6.35)-

Speed
Controller Current Controller
6i*| Decoupling | u*
PIR Algorithm |

|

y Y |
. >k !
[ e Uoff }
|

Back-EMFs Estimation

Fig. 6.10 — Functional block diagram of the proposed controller.

7 The value which would have been chosen in presence of a perfect decoupling algorithm.
8 To guarantee the feasibility of the current control, it is convenient to pre-multiply both #*
and % for the projection matrix (UfT . Uf) before the execution of the decoupled controller, in a
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(6.36) (whose functional block diagram has been previously represented in Fig. 6.7) is
then executed to find the reference voltages set w*, which is finally applied through a

pulse width modulation algorithm.

All the matrices needed for the execution of the proposed algorithm can be
conveniently computed offline or during the algorithm initialization to reduce the
computational burden for real-time applications (and, therefore, to make the algorithm
execution faster). In case of configuration or parameters changes, these matrices can be
updated in real-time without altering the drive control scheme (as it will be exemplified
in Section 6.7.7).

6.6 Experimental setup

The proposed control algorithm has been experimentally validated with the setup
depicted in Fig. 6.11.

6.6.1 Electrical machine

The electrical machine under analysis (see Fig. 6.12) is a nine-phase surface-mounted
PMSM with 3 pole pairs.

The machine windings have been designed as 3 symmetrical three-phase sets whose
magnetic axes are mutually shifted by 15° in the electrical reference frame (i.e., 5°

mechanically). It is, therefore, possible to define the angles set:
a=[0° 120° 240° 15° 135° 255° 30° 150° 270°]

The set « identifies the magnetic axes electrical angles. All the 18 windings terminals
(the positive/negative couples for all the n = 9 machine phases) are available externally.

The PM-induced back-EMFs have been found by measuring the terminal voltages
while the machine was spinning at a constant speed and all the phases were disconnected.
All the back-EMFs are sinusoidal functions of the electrical rotor position 6., = 3 and
are mutually shifted with each other according to their magnetic axes angles. As a result,
the k-th PM induced flux linkage and the corresponding normalized back-EMF (with

k=1,...,9) can be respectively modelled as:

Vpprp(0) = Wppp g - cos(30 — )

M pas )
feai(0) = ggf’k =3 Wpy, sin(30—ay)

way to enforce (6.32). In theory, this operation would not be required. However, in real
applications, it can neutralize both the effects of computation errors for the reference set ¢* and
of measurement noises in the actual currents set 4.

9 The machine has been obtained by re-wounding an originally three-phase PMSM. The
analysis of this machine with a VSD-based approach can be found in [84].
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Fig. 6.11 — Experimental setup.

The flux magnitudes ¥ p,, , are reported in Table 6.1. It can be noted that they are
equal for the windings belonging to the same symmetrical three-phase set. They also
have the same value for the sets {1,2,3} and {7,8,9}, but are lower for the set {4,5,6}%.

Table 6.1 - PMSM INDUCED FLUXES MAGNITUDES.

k 1 2 3 4 5 6 7 8 9
ek
268 268 268 259 259 259 268 268 268
[mWb]

20Tt is worth emphasizing that the machine analysed in this chapter is fundamentally different
from the machine analysed in Chapter 5. Indeed, while both are nine-phase PMSMs with an
asymmetrical configuration, the machine of Chapter 5 was with a single pole pair and with non-
sinusoidal back-EMFs (being equal for all the phases). On the contrary, the machine analysed in
this chapter has 3 pole pairs and sinusoidal back-EMFs (but they are not equal for all the phases).
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Fig. 6.12 — Nine-phase PMSM under analysis. Top-left: Front view; Top-right: Side
view; Bottom-left: Stator; Bottom-right: Rotor.

All the windings have approximately the same resistance R = 8 Q (measured in DC).
As a result, the resistances matrix is the scalar matrix R = R - I.

The machine inductances matrix parameters L, , have been found at blocked rotor
by individually supplying each k;-th machine phase with a 50 Hz voltage v, (t) and by
measuring the corresponding current 4, () and the induced voltage v, (with k, # k)
in all the other phases, which have been left in open circuit. The results have been
reported in Table 6.11. It can be verified that, coherently with the mathematical model,
L is symmetric and positive definite.

The rotor inertia has been estimated to be around J=22-1073 kgm? The
mechanical friction due to the bearings is approximately linear with the rotor speed and
it has been estimated to develop a braking torque of about 0.2 Nm when the machine
speed is 500 rpm, meaning that the friction coefficient is F 2 4-1073 (Nm)/(rad/s).
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Table 6.11 — PMSM INDUCTANCES MATRIX PARAMETERS.

Ly i, ky
[mH] 1 2 3 4 5 6 7 8 9
252  —33 33 139  —62 —2.1 83 73 04
33 252 33  —21 139 62 04 83 —73
33 33 252 62 —21 139 73 04 8.3
139  —21 6.2 172 —33 33 139  —62 —2.1
k, |5| —62 139 —21  —33 172 —33  —21 139 —6.2
21 62 139 33 33 172 62 —21 139
8.3 04 —7.3 139  —21 6.2 252  —33 33
73 83 0.4 62 139 —21  —33 252 —33
04 -73 83 21  —62 139 33 33 252

6.6.2 Power electronics converter

The machine has been supplied by two custom-made two-level multiphase voltage
source inverters, based on Infineon FS50R12KE3 IGBT modules (see Fig. 6.13). All the
m =9 inverter legs have a common DC-bus, whose voltage is supplied by a Sorensen
SGI600/25 single quadrant DC-voltage source and has been set to Vo = 200 V.

,'-

Fig. 6.13 — Voltage Source Inverter.
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A standard triangular carrier-based PWM algorithm, working with a modulation
frequency of 10 kHz, has been implemented to operate the converter. The modulation
dead-time is implemented via hardware and is approximately equal to 5 ps.

6.6.3 Interconnection network

Each converter leg output node is directly connected to one machine phase positive
terminal. As a result, the network interconnection matrix IN is always the 9 x 9 identity
matrix. On the contrary, the machine negative terminals have been connected differently
for each testing scenario, meaning that the constraints matrix M is not always the same.

6.6.4 Controller board and algorithm implementation

The proposed control algorithm has been implemented with a Plexim RT Box 1
platform (see Fig. 6.14). The control is executed with a 10 kHz sampling rate and it is
synchronized with the converter PWM period.

All the 9 machine currents have been measured through external LEM transducers,
which are connected to the platform ADC channels. The machine speed and position
have been provided through the incremental encoder Omron E6B2-CWZ1X, with a
resolution of 1000 pulses/revolution.

For each testing scenario, the configuration matrix Uy, the complementary
configuration matrix U, and the MTPA weighting matrix W have been computed during
the algorithm initialization, basing on the provided constraint matrix M.

For all the tests the network interconnection matrix is always equal to N = I. As a
result, the decoupling algorithm described in Section 6.3.4 does not require any pseudo-
inverse matrix computation and simplifies to the one described in equations (6.37)-(6.38).

The implemented speed controller has a standard Pl-based structure. For safety
reasons the reference torque 7T, computed by the speed controller has been limited to
a feasible range of +5 N m.

The feedback current controller has been implemented in the phase variable domain

plegs

RT Box 1

Fig. 6.14 — Plexim RT Box 1 controller board.
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with the transfer function (6.43). It has been designed with a proportional action, an
integral action and six resonant actions synchronized with the lowest odd-order integer
multiples of the machine electrical speed w,; = 3w. In other words, the chosen resonance
frequencies are w, = h - 3w, with h = 1,3,5,7,9,11.

The offset vector uj;, for the VSI leg voltage injection (6.38) has been set to half of
the DC-bus voltage (i.e., 100 V) for all the 9 converter legs.

6.6.5 Mechanical load

The PMSM has been mechanically coupled to a DC machine, used for loading (see
Fig. 6.15).

The DC machine inertia is around J,, 2 6 - 1073 kgm?, making the overall group
inertia to be J,, 6" 1072 kgm?, approximately. Similarly to the PMSM, the
mechanical friction of the DC machine has also been estimated to be roughly linear with
the machine speed and with a similar friction coefficient F,, = 41072 (Nm)/(rad/s).

The armature of the DC machine has been connected to an external resistor through
a controllable contactor. When the contactor is open, the only braking torque acting on
the system is due to the mechanical friction. When the contactor is closed, the DC
machine develops the additional torque T},,,, which is proportional to the speed w and
is such that 7;,,; = 2 Nm when the machine speed is equal to 500 rpm.

A Magtrol Torquemaster TM 210 has been positioned between the PMSM and the
DC machine rotor shafts. This torque meter has been used to measure the torque 7,
developed at the joint between the two machines?.

Fig. 6.15 — Mechanical coupling between the nine-phase PMSM under analysis and
the DC machine used for loading. The torquemeter has been positioned at the joint

between the two machines.

2 Note that this measurement does not correspond to the overall electromagnetic torque 7T,
developed by the PMSM, since it neglects the PMSM inertia and friction torque contributions.
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6.7 Experimental results
To validate the proposed algorithm and to emphasize its generality and flexibility, it

has been tested in several different scenarios, discussed and analysed in this section?.

For each scenario, the constraint matrix M, the configuration matrix U; and the
MTPA weighting matrix W are explicitly shown?’. However, note that for a real-time
implementation only M is required, and that the other matrices can be numerically
computed from it (i.e., the user does not need to provide them). The figure representing
the layout of each examined configuration also shows the corresponding constraint
matrix M and the corresponding physical interpretation of the auxiliary voltages set
vypr- To facilitate the interpretation of the constraints, different colours have been used
to denote both the machine phase windings and the columns of M. The DC-bus negative
node has been considered as the reference node for the VSI leg output voltages.

6.7.1 Single neutral point healthy configuration
This testing scenario is aimed at showing the effectiveness of the proposed control
algorithm in a healthy machine configuration, both at varying speed and at varying load.
The configuration under analysis is represented in Fig. 6.16. All the machine phases
are star-connected to a single isolated neutral point. The sum of all n = 9 phase currents
is forced to be zero, meaning that the system is subject to n, = 1 algebraic constraint.
The constraints matrix M and the configuration matrix U, are:

—-0.33 —-0.33 —-0.33 —-0.33 —0.33 —0.33 —0.33 —0.33
092 —-0.08 —0.08 —0.08 —0.08 —0.08 —0.08 —0.08
—0.08 0.92 —-0.08 —0.08 —0.08 —0.08 —0.08 —0.08
—0.08 —0.08 0.92 —-0.08 —0.08 —0.08 —0.08 —0.08
, Up=1-0.08 —0.08 —0.08 0.92 —0.08 —0.08 —0.08 —0.08
—0.08 —0.08 —0.08 —0.08 0.92 —0.08 —0.08 —0.08
—0.08 —0.08 —0.08 —0.08 —0.08 0.92 —0.08 —0.08
—0.08 —0.08 —0.08 —0.08 —0.08 —0.08 0.92 —0.08
—0.08 —0.08 —0.08 —0.08 —0.08 —0.08 —0.08 0.92

Il
= e e e e

The corresponding MTPA weighting matrix W is:

08 -011 -011 -0.11 -0.11 -0.11 -—-0.11 -0.11 -—0.11
—0.11 089 -011 -0.11 -0.11 -0.11 -0.11 -—-0.11 —0.11
—-0.11 —-0.11 089 -011 -011 -0.11 -0.11 -0.11 —0.11
-0.11 -0.11 —0.11 089 -011 -0.11 -0.11 -0.11 —0.11
W=|-011 -011 -0.11 -0.11 089 -0.11 -0.11 —-0.11 —0.11
-0.11 -0.11 -0.11 -—-0.11 —0.11 089 —-0.11 -—-0.11 —0.11
-0.11 -0.11 -0.11 -0.11 —-0.11 —0.11 0.89 —-0.11 —0.11
-0.11 -011 -0.11 -0.11 -0.11 -—-0.11 —0.11 0.89 —0.11
-0.11 -0.11 -0.11 -0.11 -0.11 -0.11 -—-0.11 -—0.11 0.89

22 These tests have also been analysed in [118].

2 The configuration matrix has been found through the “svd” command in Matlab. The
MTPA weighting matrix has been found by applying equation (6.18). All the parameters reported
here are rounded to the second decimal unit.
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Fig. 6.16 — Schematic diagram and constraint matrix for the single neutral point

healthy configuration.

It can be verified that, in this configuration, the denominator f},, -W-fp,, of the
MTPA algorithm (6.17) is independent of 6, meaning that the steady state reference
currents are sinusoidal. This is expected since the machine windings are designed in a
multiple three-phase configuration and that the only constraint involves the overall
common-mode current. The waveforms and harmonic spectra of the optimal phase
currents are depicted in Fig. 6.17 for a whole [0°; 360°] electrical cycle. Since the optimal
current set 4* computed via (6.17) is proportional to the torque, the results of Fig. 6.17
are normalized by T, .

Note that the matrix W, once applied to any 9 x 1 vector @, simply subtracts its
average value éZi: s This provides a much easier physical interpretation of the
weighting matrix related to the MTPA algorithm. This property comes from the fact
that W is equal to the configuration space projection matrix U, - UJ?.
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Fig. 6.17 — Waveforms and harmonic spectra of the optimal reference currents in the

single neutral point healthy configuration.
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The experimental test has been conducted as follows. Initially, the machine works at
no load at the speed of —500 rpm, and therefore the electromagnetic torque 7,,, only
needs to balance the mechanical friction. Then, the machine reference speed w* is
changed to +500 rpm. After the speed inversion has been performed and the machine
has reached the steady-state conditions, the mechanical load is changed by commanding
(via RT Box platform) the closing of the DC machine contactor.

The results are depicted in Fig. 6.18. The first three subplots show the machine phase
currents (solid lines) and the corresponding references (black dashed lines). The fourth
subplot shows the developed electromagnetic torque 7, (solid line) and the controller
reference torque T, (dashed line); the torque has been estimated by computing (6.4)
with the measured currents. The last subplot shows the machine speed w (solid line) and
the corresponding reference value w* (dashed line); a zoomed version of the speed
dynamics after the load torque step change is shown in a box inside the same subplot®.

For the first 100 ms, the machine is in steady-state conditions at —500 rpm. The
currents are sinusoidal and develop a torque of around —0.5 Nm to neutralize the overall
drive train friction.
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Fig. 6.18 — Experimental results in the single neutral point healthy configuration.

Solid lines: measured variables; Dashed lines: reference variables.

24 Note that the timing instants are shared by all the subplots, including the zoom of the speed.
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Immediately after the speed reference change, the torque reference jumps to the
maximum value of +5 Nm and the reference currents increase accordingly (coherently
with the MTPA strategy). When the machine speed approaches its reference value, the
torque decreases down to the final value of around 0.5 Nm (which is again only related
to the drive train friction). The speed inversion is completed in around 250 ms and the
steady-state currents are again sinusoidal functions of time, but their phase displacement
is reversed (e.g., initially i, was ahead of i;, while now it is the opposite).

At around 600 ms the controlled contactor is closed, and the DC machine terminals
are connected to the external resistor. The drive loading torque increases and the speed
drops down from the reference value. Then, to counteract this drop, the speed controller
increases the reference torque 77, and, because of the MTPA strategy, the PMSM
current references ¢}, (with k£ =1,...,9) increase proportionally to it. The speed reaches
the minimum value of around 460 rpm after 50 ms and is regulated back to the reference
value of 500 rpm in around 350 ms. At steady-state conditions, the currents are again
sinusoidal functions of time and develop an overall torque of around 2.3 Nm.

As can be seen, all the steady-state currents of the experimental results depicted in
Fig. 6.18 are consistent with the theoretical currents computed numerically and
represented in Fig. 6.17.

An oscilloscope capture of the experimental results is also shown in Fig. 6.19. It
includes the measured currents 4,, i, and i, (measured with current probes with 4 turns)
and the torque T, developed at the rotor shaft (measured by the torque meter at the
joint between the PMSM and the DC machine and reported with a scale of
100 mV/Nm).

6.7.2 Two neutral points healthy configuration

This testing scenario is very similar to the previous one, with the only difference
being represented by a different machine windings connection.

In this case, the machine configuration is schematically represented in Fig. 6.20. The
machine windings are divided into two star-connected groups with two isolated neutral

Tek stop — 29,0kHz Moise Filter
™ T T T
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Fig. 6.19 — Oscilloscope capture of the experimental results in the single neutral

point healthy configuration.
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Fig. 6.20 — Schematic diagram and constraint matrix for the two neutral points

healthy configuration.

points. The first group includes the windings {1,2,3,7,8,9} and, given the machine design,
it behaves like an equivalent six-phase machine (with two symmetrical three-phase
windings sets mutually shifted by 30°, electrically). The second winding group includes
the remaining windings sets {4,5,6} and is equivalent to a symmetrical three-phase
machine. The n = 9 phase currents are now subject to n, = 2 constraints, identified by

the two isolated neutral points.

The constraint matrix M and the configuration matrix U, are:

—0.12  0.07 0.07 0.07 0.88 —0.12 —0.12
—0.12  0.07 0.07 0.07 —-0.12 088 —0.12
|—0.12  0.07 0.07 0.07  —012 —0.12  0.88 |

10 —041 024 0.24 024 —-041 —-041 —0.41

10 -0.12 —-0.51 —-0.51 —-0.51 —0.12 —0.12 —0.12

10 0.88 0.07 0.07 0.07r —-0.12 —-0.12 —0.12

0 1 0 0.67 —-0.33 —0.33 0 0 0
M=10 1|, U;= 0 —-0.33 067 —0.33 0 0 0

0 1 0 —-0.33 —-0.33  0.67 0 0 0

10

10

1 0

The corresponding MTPA weighting matrix, computed via (6.18), is:

083 —-0.17 —-0.17 0 0 0 —-0.17 —-0.17 —0.17

—-0.17 083 —0.17 0 0 0 —-0.17 —-0.17 —0.17

—-0.17 —-0.17  0.83 0 0 0 —-0.17 —-0.17 —0.17
0 0 0 0.67 —0.33 —0.33 0 0 0
W= 0 0 0 —-0.33 0.67 —0.33 0 0 0
0 0 0 —-0.33 —-0.33  0.67 0 0 0

—-0.17 —-0.17 —-0.17 0 0 0 0.83 —0.17 —0.17

—-0.17 —-0.17 —-0.17 0 0 0 —-0.17 083 —0.17

—-0.17 —-0.17 —-0.17 0 0 0 —-0.17 —-0.17  0.83

Again, it has been verified that, in this configuration, the product fr,, - W - fpy,
appearing as the denominator of the MTPA algorithm (6.17) is independent of 6,
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Fig. 6.21 — Waveforms and harmonic spectra of the optimal reference currents in the

two neutral points healthy configuration.

meaning that the optimal reference currents are still sinusoidal in steady-state
conditions. They have been reported in Fig. 6.21. As could be expected, they are identical
to the previous case. This is because, as a result of the multiple three-phase symmetry,
the optimal currents obtained in the single neutral configuration were already satisfying
i} + 45 + 15 + 5 + 4§ + iy = 0 and 7 + 4§ + 4§ = 0, which are the constraints of this new
machine configuration.

Similarly to the previous case, a physical interpretation of the weighting procedure
of the proposed MTPA strategy can be obtained by observing that, in this case, the
matrix W, once applied to any 9 x 1 vector x, subtracts the average value
é(Zizl x), + 22:7 z,,) from the set {1,2,3,7,8,9} and the average value éZijl x;, from
the set {4,5,6}, which correspond to the isolated windings subsets of the analyzed
machine configuration.

The testing scenario is the same as the previous case study. The results, shown in
Fig. 6.22, are almost identical to the single neutral point configuration. Again, an
oscilloscope capture has been reported in Fig. 6.23 to show the measured currents i,, i,

and i, and the torque developed at the rotor shaft T,,.

6.7.3 Two neutral points with one faulty phase

This test is aimed at showing the performances of the proposed controller in a post-
fault machine configuration.

The windings configuration, schematically represented in Fig. 6.24, is modified from
the previous case study by physically disconnecting phase 1 of the machine. This
introduces an additional algebraic constraint on the phase currents (which is ¢; = 0) and
the constraints matrix M is therefore modified to include an extra column.

The numerical values of the matrices M and Uf are:
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Fig. 6.22 — Experimental results in the two neutral points healthy configuration.
Solid lines: measured variables; Dashed lines: reference variables.
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healthy configuration.
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Fig. 6.24 — Schematic diagram and constraint matrix for the two neutral points

configuration with one faulty phase.

0.08 0.08 0.08 0.86 —0.14 —0.14
0.08 0.08 0.08 —-0.14 086 —0.14
| 0.08 0.08 0.08 —0.14 —0.14 0.86 |

1 01 0 0 0 0 0 0

10 0 —0.50 —-0.50 —-0.50 —0.14 —-0.14 —0.14

1 0 0 0.26 0.26 026 —045 —-045 —0.45

01 0 0.67 —0.33 —0.33 0 0 0
M=10 1 0|, U;=]-033 067 —0.33 0 0 0

01 0 —-0.33 —0.33  0.67 0 0 0

1 0 0

10 0

10 0

To have an easier physical interpretation, the open phase winding and the corresponding
column of M have been denoted with a different colour in Fig. 6.24. Note that, with the
chosen constraint matrix, the auxiliary network voltages vypr; and vypp, still
represent the potential of the two isolated neutral points (as in the previous example),
while the new auxiliary voltage vypr 53 is the voltage between the neutral point of the
six-phase group and the open terminal of phase 1.

The MTPA weighting matrix is modified to:

0 0 0 0 0 0 0 0 0

0 0.80  —0.20 0 0 0 —0.20 —-0.20 —0.20

0 —0.20  0.80 0 0 0 —0.20 —-0.20 —0.20

0 0 0 0.67 —0.33 —0.33 0 0 0
W=1| 0 0 0 —-0.33 067 —0.33 0 0 0

0 0 0 —-0.33 —-0.33  0.67 0 0 0

0 —0.20 —0.20 0 0 0 0.80 —0.20 —0.20

0 —0.20 —0.20 0 0 0 —0.20 080 —0.20

0 —0.20 —0.20 0 0 0 —0.20 —-0.20  0.80

In this case, it can be verified that the denominator f%,, - W - fp,, of the MTPA
algorithm is not anymore constant with the rotor position 6. As a result, the optimal
currents computed by the MTPA algorithm (6.17) are not anymore sinusoidal functions
of the rotor electrical angle 6, = 3 6. This is a direct consequence of the symmetry loss
due to the open-circuit fault and means that, in steady-state, the optimal currents are
not sinusoidal in time. Their waveforms and harmonic spectra are depicted in Fig. 6.25
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for a full [0°,360°] electrical rotor cycle. Coherently with the open phase constraint, all
the harmonics of i, are zero, while the other phases now also show some higher-order
harmonics, and especially a third-harmonic contribution. As previously explained, only
their fundamental components develop a non-zero average torque (in a full rotor cycle),
while all the other higher-order harmonics are only needed to neutralize the torque ripple.

The magnitude of the currents is not equally distributed among all the phases and
is higher than in the healthy configuration. From the optimal reference current
waveforms of Fig. 6.25, it can be computed that the overall RMS current Ip,,q is (on
average in a full rotor cycle) around 9% higher than in the healthy configuration. This
behaviour is expected because the faulty machine is asked to develop the same
electromagnetic torque of the healthy configuration, but at the same time it is subject
to an additional constraint (which is ¢; = 0)*.

In this case, the weighting matrix W, once applied to any 9 x 1 vector x, nullifies
the component x; and subtracts the average value é(ZZﬂ x, + 2217 Ik) from the set
{2,3,7,8,9} and the average value %22:411% from the set {4,5,6} (which, again, are
related to the isolated windings groups in this new machine configuration).

The same testing scenario of the previous cases has been repeated here. The
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Fig. 6.25 — Waveforms and harmonic spectra of the optimal reference currents in the

two neutral points configuration with one faulty phase.

% As also previously mentioned in Section 1.1.6, the choice of not limiting the currents in
the post-fault configuration (and to develop the same torque) allows to keep the machine
mechanical behaviour unchanged but, if prolonged in time, it may increase the thermal stress
and reduce the machine life-span expectations with respect to the healthy configuration. Different
options can also be chosen to deal with post-fault conditions. For example, a different approach
is to fix the maximum allowed RMS current or the maximum allowed peak current. These other
options are more conservative and can be tolerated for longer operations, but the maximum
electromagnetic torque of the drive would be lower than in the healthy configuration, meaning
that the machine mechanical capabilities would be changed.
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experimental results are depicted in Fig. 6.26 and the corresponding oscilloscope captures
are reported in Fig. 6.27.
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Fig. 6.26 — Experimental results in the two neutral points configuration with one

faulty phase. Solid lines: measured variables; Dashed lines: reference variables.
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Fig. 6.27 — Oscilloscope capture of the experimental results in the two neutral points

configuration with one faulty phase.
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If compared with the healthy configuration, both the speed and the torque show the
same dynamics (because they refer to the same speed controller). On the contrary, the
current waveforms are different and it can be immediately noticed that they are not
sinusoidal anymore. These non-sinusoidal references can still be perfectly tracked thanks
to the resonant actions included in the feedback current controller. It is worth
emphasising that the controller structure and parameters have not been altered at all,
and only a different constraint matrix has been provided.

6.7.4 Two neutral points with two faulty phases

The same strategy of the previous tests can be also applied in case of more than one
fault is present.

In this test, the winding configuration is represented in Fig. 6.28. If compared to the
configuration of the previous case study, an additional fault has been simulated by
physically opening phase 6 of the machine. The matrices M and U, are now:

1 01 0 0 0 0 0 0

1 0 0 O —0.35 —0.79 —0.14 —0.14 —0.14

1 0 0 O 0.18 0.41 —0.45 —0.45 —0.45

01 00 —0.64 0.29 0 0 0
M=10 1 0 0|, U= 064 —0.29 0 0 0

01 01 0 0 0 0 0

1 0 0 O 0.06 0.13 0.86 —0.14 —0.14

1 0 0 O 0.06 0.13 —0.14 0.86 —0.14

1 0 0 O 0.06 0.13 —0.14 —0.14 0.86

and the last column of M identifies the additional constraint i; = 0. Again, different
colors have been used to identify the two open-circuit faults in Fig. 6.28. The physical
interpretation of the voltages vypr 1, Unpr 2 and vypr 5 is the same of the previous case
study, while the additional auxiliary voltage vygr 4 is the voltage between the neutral
point of the three-phase subset and the open terminal of phase 6.

The MTPA weighting matrix is now:

0 0 0 0 0 0 0 0 0

0 0.80  —0.20 0 0 0 —0.20 —-0.20 —0.20

0 —0.20  0.80 0 0 0 —0.20 —-0.20 —0.20

0 0 0 0.50  —0.50 0 0 0 0
W=1|0 0 0 —0.50  0.50 0 0 0 0

0 0 0 0 0 0 0 0 0

0 —0.20 —0.20 0 0 0 0.80 —0.20 —0.20

0 —0.20 —0.20 0 0 0 —0.20 080 —0.20

0 —0.20 —0.20 0 0 0 —0.20 —-0.20  0.80

and, similarly to the previous post-fault scenario, the denominator of the MTPA
algorithm is not constant and, therefore, the optimal currents are not sinusoidal. Their
waveforms and harmonic spectra are depicted in Fig. 6.29. It can be seen that, because
of the opening of phase 6, the currents in phases 4 and 5 are opposite (in other words,
they behave as an equivalent single-phase winding).
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Fig. 6.28 — Schematic diagram and constraint matrix for the two neutral points
configuration with two faulty phases.
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Fig. 6.29 — Waveforms and harmonic spectra of the optimal reference currents in the

two neutral points configuration with two faulty phases.

Given the additional constraint, the overall machine RMS current is, on average,
around 19% higher than in the healthy configuration and a similar reasoning to the
previous example can also be applied to obtain a physical interpretation for the weighting
matrix W.

The experimental results are reported in Fig. 6.30 and Fig. 6.31. Again, the speed
and torque responses are the same, while the currents follow the waveforms of Fig. 6.29.
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Fig. 6.30 — Experimental results in the two neutral points configuration with two
faulty phases. Solid lines: measured variables; Dashed lines: reference variables.
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Fig. 6.31 — Oscilloscope capture of the experimental results in the two neutral points
configuration with two faulty phases.
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6.7.5 Three neutral points with one faulty phase

The windings configuration is represented in Fig. 6.32.

The nine machine phases have been grouped into the three symmetrical three-phase
groups {1,2,3}, {4,5,6} and {7,8,9}, each of which is star connected and with an isolated
neutral point. Additionally, phase 1 has been physically disconnected. As a result, the
system is subject to n, = 4 algebraic constraints and the constraints and configuration

matrices are:

1 0 01 0 0 0 0 0
10 0 0 —0.21 —0.21 0.37 0.37 0.37
10 0 0 0.21 0.21 —0.37 —0.37 —0.37
01 00 —0.53 —0.53 —0.19 —0.19 —0.19
M=|0 1 0 0|, U= |0.76 —0.24 0.10 0.10 0.10
01 00 —0.24 0.76 0.10 0.10 0.10
00 10 0 0 0.67 —0.33 —0.33
00 10 0 0 —0.33 0.67 —0.33
00 10 0 0 —0.33 —0.33 0.67

where the first three columns of M identify the constraints on the three neutral points,
while the last column represents the constraint i, = 0.
The MTPA weighting matrix is:

0 0 0 0 0 0 0 0 0

0 0.50  —0.50 0 0 0 0 0 0

0 —0.50  0.50 0 0 0 0 0 0

0 0 0 0.67 —0.33 —0.33 0 0 0
W=1|0 0 0 —-0.33  0.67 —0.33 0 0 0

0 0 0 —-0.33 —0.33  0.67 0 0 0

0 0 0 0 0 0 0.67 —0.33 —0.33

0 0 0 0 0 0 —-0.33 0.67 —0.33

0 0 0 0 0 0 —-0.33 —-0.33  0.67

and, once again, it leads to non-sinusoidal optimal currents, as shown in Fig. 6.33.
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Fig. 6.32 — Schematic diagram and constraint matrix for the three neutral points

configuration with one faulty phase.
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Fig. 6.33 — Waveforms and harmonic spectra of the optimal reference currents in the

three neutral points configuration with one faulty phase.

As expected, the optimal currents are different from the ones of Fig. 6.25, which were
computed after the fault of phase 1 in case of two isolated neutral points. In particular,
it can be observed that the currents in phases 2 and 3 are opposite, meaning that they
behave as an equivalent single-phase winding.

Under this perspective, it can be also realized that, in a machine configured with
multiple isolated three-phase windings sets (which is a commonly adopted solution in
practical multiphase drives applications), the opening of one phase does not require the
disconnection of the entire three-phase subset where the fault has occurred. Indeed, the
two remaining phases of the subset behave as an equivalent single-phase winding, which
can still contribute to the overall electromagnetic torque development.

Moreover, these optimal currents also behave differently on the torque development
algorithm. Indeed, it has been verified that the average RMS current in this condition is
around 10% higher than in the healthy configuration (against 9% of the case study of
Section 6.7.3). This confirms that, as could be expected, different constraints can change
the machine behaviour and that the same open-circuit fault is more penalising in case of
three isolated neutral points (n, = 34+ 1 = 4) than in case of two isolated neutral points
(n,=24+1=3).

Finally, if compared to the results of Section 6.7.4 (where it also results n, = 4), it
is also confirmed that, as could be expected, different winding configurations, although
characterized by the same number of constraints, can have a different impact on the
drive performances.

The experimental results obtained under the same dynamical tests of the previous
subsections are depicted in Fig. 6.34 and in Fig. 6.35.

Once again, the dynamic behaviour of the system is the same as in the previous
examples, and the phase currents can effectively track their non-sinusoidal references

thanks to the contribution of the resonant controller actions.
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Fig. 6.34 — Experimental results in the three neutral points configuration with one

faulty phase. Solid lines: measured variables; Dashed lines: reference variables.
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Fig. 6.35 — Oscilloscope capture of the experimental results in the three neutral

points configuration with one faulty phase.
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6.7.6 Highly asymmetrical configuration

This testing scenario considers an unrealistic machine configuration, with the aim to

emphasize the generality of the proposed approach.

In this case, the machine windings are divided into two star-connected groups with
two isolated neutral points, as schematically depicted in Fig. 6.36. The first group

includes the five phases {1,5,6,7,8}, while the second group include the remaining four

phases {2,3,4,9}. The corresponding constraints and configuration matrices are:

Il
O R R B==2 OO O
— OO OO MFEO
S

while the MTPA weighting matrix, computed via (6.18), is:

0 0 —0.45
—0.50 —0.50 0
0.83 —0.17 0
—0.17  0.83 0

0 0 0.86

0 0 —0.14

0 0 —0.14

0 0 —0.14
—-0.17  —-0.17 0

0.80 0 0 0 —0.20 —0.20
0 0.75 —0.25 —0.25 0 0
0 —0.25 0.75 —0.25 0 0
0 —0.25 —0.25 0.75 0 0

W =1-0.20 0 0 0 0.80 —0.20

—0.20 0 0 0 —0.20 0.80

—0.20 0 0 0 —0.20 —0.20

—0.20 0 0 0 —0.20 —0.20
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Fig. 6.36 — Schematic diagram and constraint matrix for the highly asymmetrical

configuration.
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The optimal phase currents computed by the MTPA algorithm (6.17) are depicted®
in Fig. 6.37. They are almost sinusoidal, and only a small third-harmonic contribution
(following the machine asymmetry) is present. Again, the currents harmonics (and the
resulting losses) are not evenly distributed between all the machine phases. This may be
more or less relevant for thermal analysis depending on the machine internal design.

The experimental results in this testing scenario are shown in Fig. 6.38 and Fig. 6.39.
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Fig. 6.37 — Waveforms and harmonic spectra of the optimal reference currents in the

highly asymmetrical configuration.

— iy —i5 —ig —i7 —ig
T T T T

2 - =
< 0 S AN NSNS
}\
_2 = 1 1 1 1 1 1 Il 1 L =
) \—i? — iy —is—iy
< 0
9L
6
— 4 L
Z 2
= ol
500¢
2"
=
-500
0

Fig. 6.38 — Experimental results in the highly asymmetrical configuration. Solid lines:
measured variables; Dashed lines: reference variables.

% The currents depicted in the numerical and experimental results have been grouped
differently than in the previous cases.
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Fig. 6.39 — Oscilloscope capture of the experimental results in the highly

asymmetrical configuration.

In this case, the speed and torque still have the same dynamics, while the currents,
follow the waveforms of Fig. 6.37. The combined effect of the decoupling algorithm and
the resonant actions in the feedback controller make the currents follow their desired
references even in such an uncommon winding configuration.

Again, it is worth emphasising that the controller structure and parameters have
been kept unaltered from the previous cases, and only a different constraint matrix M
has been provided to the initialization routine. Similarly to the post-fault scenarios of
the previous sections, minimal changes are required to adapt the algorithm to this new
configuration. Conversely, the control implementation would have been much more

challenging if carried out with a FOC-based approach.

6.7.7 Real-time post-fault reconfiguration

This testing scenario is aimed at showing the fundamental role of the configuration
matrix U, for the machine current control. This is done by emulating an open-winding
fault event and the consequent real-time controller reconfiguration®’.

The circuit configuration is schematically depicted in Fig. 6.40. At the beginning of
this experiment, the contactor in series to phase 1 is closed, and the machine windings
are star connected with a single isolated neutral point. This configuration, which
represents a healthy machine, is the same as the case study developed in Section 6.7.1
and represented in Fig. 6.16.

After 80 ms from the beginning of the experiment, phase 1 of the machine is
physically disconnected by commanding (via the RT Box platform) the opening of the
serially connected contactor.

The controller matrices (which depend on the constraint matrix M) are kept
unaltered for another 200 ms (i.e., they still refer to the healthy configuration of Fig.
6.16) and are finally updated to the post-fault condition by considering the correct
system matrices.

For the whole test, the machine is kept at an angular speed of around 500 rpm and

%" The fault detection algorithm has not been considered in this study.
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Fig. 6.40 — Schematic diagram for the real-time post-fault reconfiguration scenario,
with the constraint matrix after the opening of the contactor.

is subject to a mechanical load of around 2.3 Nm applied at the shaft through the DC
machine.

The constraints matrix M, the configuration matrix U, and the MTPA weighting
matrix W of the healthy configuration are the same as the case study of Section 6.7.1.

The same matrices in the post-fault configuration are, instead:

0 0 0 0 0 0 0
-0.35 —-035 —-0.35 —-0.35 —-035 —-0.35 —0.35
091 —-0.09 -—-0.09 -0.09 -0.09 —-0.09 —0.09
-0.09 091 —-0.09 -0.09 —-0.09 —-0.09 —0.09
-0.09 —-0.09 091 -0.09 —-0.09 —-0.09 —0.09
-0.09 —-0.09 —-0.09 091 —-0.09 —-0.09 —0.09
-0.09 -0.09 —-0.09 -0.09 091 —0.09 —0.09
-0.09 -0.09 -—-0.09 -0.09 -—-0.09 091 —0.09
-0.09 —-0.09 —-0.09 -0.09 —-0.09 —-0.09 091

Il
e T e e e
OO OO OO oo
S
|

0 0 0 0 0 0 0 0
08 -0.12 -0.12 -—-0.12 —0.12 -0.12 —-0.12 —0.12
-0.12 088 —0.12 -0.12 -0.12 —-0.12 —-0.12 —0.12
-0.12 -0.12 088 —-0.12 —-0.12 —-0.12 —0.12 —0.12
-0.12 -0.12 -—-0.12 088 —0.12 —-0.12 —-0.12 —0.12
-0.12 -0.12 -0.12 -0.12 088 —0.12 —0.12 —0.12
-0.12 -0.12 -0.12 -0.12 —-0.12 088 —0.12 —0.12
-0.12 -0.12 -0.12 -0.12 —-0.12 —-0.12 0.88 —0.12
-0.12 -0.12 -—-0.12 -0.12 —-0.12 —-0.12 —0.12 0.88

Il
coococoocoocoo

The optimal currents in the post-fault scenario, together with the corresponding
harmonic spectra, are depicted in Fig. 6.41. As in all the other analysed post-fault
configurations, they are not sinusoidal and show some higher-order harmonics (especially
a third-harmonic contribution). Moreover, the currents harmonics (and the
corresponding losses) are not equally shared by all the healthy phases.
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Fig. 6.41 — Waveforms and harmonic spectra of the optimal reference

currents in the single neutral post-fault configuration.

The experimental results are depicted in Fig. 6.42, while Fig. 6.43 shows the
corresponding oscilloscope acquisitions.

During the first 80 ms, coherently with the results of Section 6.7.1, all the machine
currents follow the corresponding references, which are sinusoidal. Then, the current i,
is forced to zero (via hardware), without altering the controller parameters.

All the current references (dashed traces) are still sinusoidal waveforms, but the
measured currents are unable to follow them. This is expected because the references are
not compatible with the new system configuration. This effect is particularly evident in
the current 4,, which is severely increased with respect to the others. Since the currents
cannot follow their references, also the developed torque 7., cannot follow the desired
value T, and periodically oscillates between around 2 Nm and 2.3 Nm. This torque
decrease also leads to a slight reduction of the machine angular speed w.

At the time ¢ = 280 ms the controller parameters are finally updated by using the
correct constraint matrix M (i.e., the one corresponding to the faulty scenario) and by
coherently updating U, and W. All the other controller parameters (e.g., speed and
current feedback controller coefficients, inductances and resistances matrix, estimated
back-EMFs, etc.) are kept unchanged. Again, the structure update required no changes
to the controller architecture and minimal modifications to the control matrices.

Coherently with the post-fault configuration, the reference current 4; is kept to zero,
while all the other current references become non-sinusoidal. Again, this is expected
because of the asymmetrical structure of the post-fault machine configuration. The
machine currents are quickly and effectively driven towards the corresponding references,
the electromagnetic torque can again follow the reference value 77, and the machine
speed w is slowly kept back to the reference w* = 500 rpm.

The analysed results highlight how the proposed approach can be a viable and

interesting solution for fault-tolerant applications.
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Fig. 6.42 — Experimental results in the real-time post-fault reconfiguration scenario.
Solid lines: measured variables; Dashed lines: reference variables.
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Fig. 6.43 — Oscilloscope capture of the experimental results in in the real-time post-

fault reconfiguration scenario.
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6.7.8 Torque sharing scenarios

This testing scenario is aimed at showing the torque sharing capabilities of the
proposed current references computation strategy.

In this case, the machine windings are divided into two independent subsets, further
on identified as SET, and SET,, respectively. The first windings subset works in
“motoring” mode, with the aim to keep the angular speed of the machine at the reference
value of w* = 500 rpm. The second windings subset, instead, works in “braking” mode

and is controlled to develop a desired braking torque T in opposition to the

em,br
mechanical speed. In such a way it is possible to transfer power from the motoring
windings set to the braking windings set. For the whole test, the machine is subject to
the sole mechanical friction torque, which is around 0.5 Nm.

The experiment is here done with the healthy machine configuration analysed in
Section 6.7.2 and schematically represented in Fig. 6.20. The machine windings are
divided into two star-connected groups with isolated neutral points. The motoring group
includes the windings {1,2,3,7,8,9}, while the breaking group includes the remaining
windings {4,5,6}. The decoupling algorithm is executed considering the constraints and
configuration matrices M and U, given in Section 6.7.2.

The current references are found by separately applying the MTPA strategy
presented in Section 6.2.3 to the two windings subsets. Their waveforms and harmonic
spectra are shown® in Fig. 6.44.

To be more specific, the reference currents igpy, = [i1, 45, 45,45, 45, 15]T of the six-
phase motoring group are found by applying (6.19) with fPM"SETl =
[foaras Foaras Fonrs fones foarss foaro) - The reference torque for the motoring set is

computed as:
* _ * *
TE’ﬂL,SETl - Tﬁm + Tem,br

where T}, is the overall electromagnetic torque computed by the speed controller, while
T*

em,br

MTPA weighting matrix WSETl of the motoring group is:

is the compensation of the torque applied by the braking windings group. The

08 -0.17 -0.17 -0.17 —-0.17 —-0.17
-0.17 083 -0.17 -—-0.17 —0.17 —0.17
-0.17 —-0.17 083 —0.17 —-0.17 —0.17
-0.17 -0.17 -0.17 083 —0.17 —0.17
-0.17 -0.17 -0.17 -—-0.17 083 —0.17
-0.17 -0.17 -0.17 -—-0.17 —-0.17 0.83

WSETl =

and it has been found by computing (6.20) with the matrix
Mgpr, =1 1 1 1 1 1"

which identifies isolated neutral point constraint of the six-phase group. Given the
symmetry of the considered subset, the corresponding currents of Fig. 6.44 are sinusoidal.

% Note that, contrarily to the previous cases, now the currents of each of the two subsets are
normalized by the corresponding reference torques, which can be different from one another.
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Similarly, the references 4§y = [i},45,i5]" of the three-phase braking group are
found by applying the same equation (6.19), but with the set fpy gpr, =
[fparas frarss Fearel"- The reference torque for this group is simply imposed to be the

desired braking torque:
* _ *
Tem,SET2 — “Lem,br

The MTPA weighting matrix Wy, of the braking group is simply:

067 —0.33 —0.33
Wepr, = |—0.33 067  —0.33
L70.33 —0.33  0.67 J

and, once again, it has been computed via (6.20) with the matrix:
Mgpr, =1 1 1]"

which identifies the three-phase group isolated neutral point constraint. Again, since the
three-phase subset is symmetrical, the corresponding currents in Fig. 6.44 are sinusoidal.

Note that, despite the different current references computation strategy, the current
control algorithm of this testing scenario is equal to the one described in Section 6.7.2
(i-e., it refers to the same M and U, matrices).

Fig. 6.45 and Fig. 6.46 show the experimental results obtained in this testing scenario.
Initially, T}, ;. is set to 0 Nm; then, after 80 ms, T}, ;, is changed to 2 Nm.

By observing the machine phase currents it can be noted that, since for the first
80 ms the three-phase set is asked not to produce any torque, the corresponding currents

are zero. The currents of the six-phase windings group are sinusoidal and with the same
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Fig. 6.44 — Waveforms and harmonic spectra of the optimal reference currents for
the torque sharing scenario. The currents of the motoring set {1,2,3,7,8,9} are referred
to the torque 17, spr, =17, + 1, - The currents of the braking set {4,5,6} are

*

—
referred to the torque 17, spr, = =17, -
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magnitude (coherently with Fig. 6.44). They only need to balance the mechanical loading
torque due to the friction.
After the reference torque T

em,br

is changed to 2 Nm, the currents of the braking
group increase to follow the corresponding references which, given the symmetrical
configuration of the three-phase set, are also sinusoidal waveforms (coherently with Fig.
6.44). To balance the braking torque, the currents of the six-phase motoring set have
their magnitude increased of around 5 times. Indeed, to compensate for the effect of
T

em,br?

they now need to develop an overall torque of around 2.5 Nm against the initial
value of around 0.5 Nm which was only due to the mechanical load. Following an initial
transient, all the currents can perfectly track their references.

The fourth subplot of Fig. 6.45 shows both the overall torque T,,, and the torques
T.,, ser, and T,,, spr, developed by the two windings subsets®. As can be noted, after
an initial transient, 7,,, g5y, reaches the desired value of —2 Nm and 7,,, 5pr, the
corresponding value of 2.5 Nm. The overall torque 7, developed at the rotor shaft,

which is given by the combined contribution of the two subsets, is almost unaffected by
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Fig. 6.45 — Experimental results for the torque sharing scenario in healthy conditions.
Solid lines: measured variables; Dashed lines: reference variables.

2 Again, these are torque estimations computed by applying the analytical expression (6.4)
and by only selecting the phase indexes related to the two subsets.
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Fig. 6.46 — Oscilloscope capture of the experimental results for the torque sharing

scenario in healthy conditions.

the current transient and is kept to the constant value of around 0.5 Nm. This is also
confirmed by the measurement of the torque meter (the green trace of Fig. 6.46).

As can be seen from the last subplot of Fig. 6.45, the machine speed w is unaffected
by the change of T7

"o and stays at the value of 500 rpm.
As also analysed in Section 6.2.3, this torque sharing capability can be conveniently
used to transfer power between different sets (e.g., from the motoring subset to the

braking subset).

The same torque sharing strategy can be also applied to a faulty machine
configuration. This is here exemplified by repeating the same testing scenario for the
post-fault configuration analysed in Section 6.7.3 and represented in Fig. 6.24, in which
phase 1 of the machine has been physically disconnected.

In this case, the only difference in the current references computation strategy is
related to the weighting matrix Wggyp , which is now computed with the constraints

matrix:

T
11111
Mz, = {1 0000 0}

which includes the additional constraint ¢; = 0. From (6.20), it results:

0 0 0 0 0
0.80 —-0.20 -0.20 020 —0.20
—-0.20 080 —0.20 —-0.20 —0.20
-0.20 —-0.20 0.80 —0.20 —0.20
—-0.20 —-0.20 —-0.20 0.80 —0.20
—-0.20 —-0.20 —-0.20 —-0.20 0.80

5

o]

for
coocococo

The optimal current references in this scenario are depicted in Fig. 6.47, while the
experimental results are shown in Fig. 6.48 and Fig. 6.49.
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Fig. 6.47 — Waveforms and harmonic spectra of the optimal reference currents for the
torque sharing scenario in faulty conditions. The currents of the motoring set {1,2,3,7,8,9}

are referred to the torque 17, ¢pr =17, + 17, The currents of the braking set {4,5,6}

m,br*
*

are referred to the torque 17, spr, = —

*
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Fig. 6.48 — Experimental results for the torque sharing scenario in faulty conditions.
Solid lines: measured variables; Dashed lines: reference variables.
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Fig. 6.49 — Oscilloscope capture of the experimental results for the torque sharing
scenario in faulty conditions.

Again, the currents of the three-phase braking set are initially zero (because T, ,,
is 0 Nm) and after the settling transient, they follow the same sinusoidal references of
the healthy configuration, coherently with the references currents of Fig. 6.47 (indeed,
the three-phase set has not been changed).

On the contrary, the currents of the motoring set are not sinusoidal anymore, because
of the asymmetrical structure of the post-fault configuration. In particular, the
corresponding waveforms do not change during the entire experiment (i.e., they have the
same waveform of Fig. 6.47) and only their magnitude is modified after the braking

torque change. Initially, when 77

om.br = 0 Nm, they only need to balance the mechanical
torque of around 0.5 Nm due to the drive train friction. When, after 80 ms, the reference
braking torque is changed to T

em,br

motoring group increases by around 5 times to balance the overall braking torque of

= 2 Nm, the magnitude of the currents of the

around 2.5 Nm.

Once again, the overall electromagnetic torque T, is not affected by the change of
the torques of the two subsets and, consequently, the machine speed w is always kept to
the reference value of 500 rpm.

6.8 Summary and remarks

This chapter has presented a generalized control algorithm for a multiphase surface-
mounted PMSM drive. Contrarily to standard approaches, the proposed solution is
completely derived in the phase variable domain and does not require any VSD or
rotational transformation, but instead it explicitly considers the hardware connection
among the machine phase windings and with the supplying power converter.

First, the mathematical model of the drive has been derived. The electrical machine
model is the particularization of the general model developed in Chapter 2, while the
effect of the interconnection network has been done through the network interconnection
matriz N and the constraints matrix M, coherently with the analysis of Chapter 4.

Then, an MTPA algorithm has been presented to compute the machine current
references needed to develop a desired electromagnetic torque. The approach has been
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formalized as a constrained optimization problem aimed at minimizing the overall
machine RMS current while, at the same time, producing the desired reference torque
and satisfying the algebraic constraints introduced by the drive hardware configuration.
It has been solved analytically and only requires the computation of an MTPA weighing
matriz W, which only depends on the constraints matrix M. The same MTPA approach
can also be applied to chosen subsets of the machine windings, and is therefore suitable
for independent torque control strategies.

The current controller has then been developed.

The core of the proposed solution is a decoupling algorithm that, coherently with the
system constraints, is aimed at neutralizing all the mutual interactions due both to the
magnetic couplings and to the electrical drive topology. The proposed decoupling
algorithm is composed of a machine compensation term (which replicates the machine
model) and of a network compensation term (which implements a pseudo-inverse
algorithm and depends on the configuration matriz Uf).

Thanks to the decoupled algorithm, the machine currents can be independently
controlled through any standard single-input/single-output controller structure. The
chosen decoupled current controller is linear and, since the steady-state currents are
periodic, is composed of a proportional action, an integral action, and several resonant
actions synchronized with the machine angular speed. The presence of the resonant terms
guarantees the steady-state tracking errors to be zero.

The whole control algorithm has been experimentally validated with a nine-phase
PMSM drive. Several testing scenarios have been analysed and discussed in detail. All
the results are satisfactory and coherent with the theoretical analysis.

The main benefit of the proposed approach is its generality and flexibility. The same
controller architecture can be applied to any machine design (e.g., different magnetic
axes disposition, back-EMFs waveforms, etc..) and to any electrical configuration (e.g.,
single or multiple neutral points, healthy or post-fault configurations, etc...). It can also
be adapted in real-time to different drive configurations with minimal changes, thus

being a viable solution for fault-tolerant applications.



7 Decoupled Phase Variable
Control of SynRMs

Chapter 6 has proposed an innovative control algorithm for multiphase PMSMs,
which is directly derived in the phase variable domain and explicitly considers the drive
architecture. Thanks to detailed mathematical analysis and to many experimental tests,
the proposed approach has proven its benefits in terms of generality with respect to both
machine designs and drive configurations, thus representing a viable alternative to
standard multiphase control algorithms.

This chapter is aimed at showing how this approach can be extended to an electric
drive employing a multiphase synchronous reluctance machine (SynRM). Here, the main
differences are related to the torque development mechanism and, consequently, to the
generation of the motional induced back-EMFs, which are not related to the presence of

permanent magnets but, instead, depend on variable reluctance effects.

The chapter is structured as follows. Section 7.16.1 summarizes the mathematical
model of the analysed SynRM drive which, again, combines the machine model developed
in Chapter 2 and the network model developed in Chapter 4. Section 7.2 describes a
current references computation strategy based on a maximum torque per ampere
(MTPA) approach and analyses its properties and implementation. Next, Section 7.3
examines the current control algorithm, which follows the same approach developed in
Chapter 6 and is based on a decoupling algorithm and on a decoupled feedback
controller. The overall control algorithm is then summarized in Section 7.4. The
experimental setup used to validate the proposed approach is described in Section 7.5,
while the corresponding results are discussed in Section 7.6. Finally, Section 7.7

summarizes the main conclusions of this study.

7.1 Mathematical model

The drive under analysis consists of a n-phase SynRM supplied by a m-leg converter.
All the n machine windings are located on the stator, and the variable reluctance is
realized through the rotor design.

This section particularizes the generalized machine model presented in Chapter 2 to
the examined configuration, explicitly considering the drive architecture model analysed
in Chapter 4 through the multiport network approach. Fig. 7.1 shows a schematic
representation of the analysed multiphase drive, with the explicit identification of the
SynRM, of the VSI (average model) and of the interconnection network.

7.1.1 Machine model

As presented in Chapter 2, under the linearity hypothesis, the fluxes induced in each
of the n stator windings is given by the superimposed contribution of the magnetic field
generated by all the machine phase currents. The model (2.29) is particularized into:



202 7 - Decoupled Phase Variable Control of SynRMs

7777777777777777777777777777777777777777777777777777777777777777

| |
3 i L n |
} | e |
} U I U 3
| | D i
| = i :
O w ! | 0 |
il [ & |
‘ T !
! Uus i |
A — :
‘ i |
! E !
} Ug i |
I I ]
S 1
O W | 1
| ! |
; o e |
; Us || AT 1 g 1
s O s 1
********** 2
i A‘L‘[2+o—l

,,,,,,,,,,,,,,,,,

Fig. 7.1 — Schematic representation of a six-phase multiphase SynRM drive architecture,
with explicit identification of the VSI (average model) and of the electrical interconnection
network (double-star configuration with two isolated neutral points).

¢=L(0) i (7.1)

Given the variable reluctance effects, the n x n inductances matrix L periodically
depends on the rotor position 6. As shown in Chapter 2, for each rotor position, L(0) is
symmetric and positive definite. A Fourier decomposition can be applied with respect to
the mechanical position 0 < 6 < 27 to identify the different harmonic contribution of
each coefficient of L(6). For typical designs, considering a machine with P, pole pairs,
the inductances matrix is characterized by only even-order harmonics of the electrical
rotor position 6., = P, - 6 (i.e., by the harmonics of order h =0, 2, 4,... 1).

From (7.1), the induced back-EMFs can be split in the transformer-induced
contribution (related to the time variation of the phase currents) and in the motional-
induced contribution (related to the time variation of the rotor position) as:

%zL(G}%-ﬁ-w-L’(G)-i (7.2)
with w = df/d¢ identifying the mechanical speed of the rotor, and L’(6) = OL/d0
identifying the #-derivative of the inductances matrix, whose coefficients are related to
the variable reluctance effects. The matrix L’(f) is also a symmetric matrix that
periodically depends on 6 but, generally, it is not positive definite.

By denoting as e =w- L’(#) -4 the motional-induced back-EMFs, the machine
electrical equations can be written in a matrix formalism as:

! This is because the rotor is typically designed with an even number of saliencies (or flux
barriers) for each pole pair of the machine.
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L(9)~%+R~i+e:v (7.3)

This equation takes the same form of the model (6.3), where the only differences are the

dependence of the inductances matrix L by the rotor position 6 and the different

definition of the motional-induced back-EMFs vector e, which in (6.3) was related to
the permanent magnets, while in (7.3) is related to the variable reluctance effects.

Given the absence of PMs, the electromagnetic torque generated by the machine is

only due to the mutual interaction between the different phase currents, which depends

on the variable reluctance effects, and the general expression (2.33) is simplified to:

o=l (7.4)

em 5 !

7.1.2 Drive electrical model

As explained in Chapter 4, and similarly to how it has been discussed in Chapter 6,
the machine phase windings are connected with each other and to the supplying
converter through a known interconnection network which may introduce n_ algebraic
constraints to the n machine currents. Again, as previously done in Section 6.1.2, the
overall effect of the network can be modelled through the equations:

MT.i=0 (7.5)

&
L(a)'d—;+R'i+€:U:N'U_M'UNET (7.6)

where M is the n x n, constraints matrix, w is the m x 1 set of converter leg voltages,
N is the n x m network interconnection matrix, and v gy is the n_, x 1 set of auxiliary
network voltages related to the constraints on the machine currents.

As explained in Chapter 4, the model (7.5)-(7.6) can be simplified by considering a
configuration matrix U, (which can be computed from the singular value decomposition
of M), in a way that:

i=U; 1y, and Uj-M=0 (7.7)

This allows reducing the n-dimensional set of equations (7.4) and (7.6) in a set of
equations with dimension n; = n —n,, which are:

di; .
Lf(9)~E+Rf-zf+ef:'vf:Nf~u (7.8)
1o o,
Tem:§~zf ~L5(0) i (7.9)

In (7.8) and (7.9), the n x 1 vectors i, e and v have been reduced to the n,; x 1 vectors

iy, €; and v, through the transformations:
i,=Uf-i, e =Uj-e, v,=Uj-v (7.10)

while the n x n matrices L(6), L’(f) and R, and the n x m matrix IN, have been reduced
to the n; x n, matrices L(0), L;(¢) and R;, and in the n; x m matrix N, as:
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L,(6)=U} L) - Uy, R,=Ul R-U,

, (7.11)
Ly(0)=U}-L'(9) - Uy, N,=UF-N

7.1.3 Mechanical model
The mechanical model of the system is the same as the previously discussed model
presented in Section 5.1.7 and in Section 6.1.3. The corresponding equations of the

overall group are here repeated:

dw
‘]eq E+Feq(w) W= Tem _iTlnad (712)
de
pri w (7.13)

7.2 Torque control Strategy

The torque control strategy is aimed at computing a set of reference currents * to
be tracked to develop a desired electromagnetic torque T7,. As also explained in

Section 6.2, for a n-phase machine subject to n, constraints (7.5), there are ng=n—mn,
free current components which can be chosen. Then, the torque development requirement
can be addressed as an additional constraint on the machine currents, and the remaining
n; — 1 degrees of freedom can be exploited to optimize some system performances. The
present section proposes a mazimum torque per ampere (MTPA) strategy to compute

the references currents set ¢* to be tracked.

7.2.1 MTPA problem formulation

Similarly to how it has been done in Section 6.2, the proposed algorithm is aimed at
the minimization of an overall instantaneous root mean square (RMS) current for the
whole machine, which is defined as in (6.12) to be:

Tpys = 2] = vit-i= sz (7.14)
k=1

Then, considering (7.4) and (7.5), the proposed MTPA strategy can be formalized as

the constrained optimization problem?:

[1~iT~L/~i:Te*m
miin{iT -1} subject to (7.15)

MT.i=0
The resolution of the problem (7.15) could in theory be addressed with the same

approach adopted in Section 6.2. However, while the torque development requirement in
(6.14) was a linear function of the currents set ¢, the same requirement in (7.15) is a

2 The explicit dependence of L’ on the rotor position # has been omitted for notation

compactness.
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quadratic function of 4. This means that the problem (7.15) is a minimization of a
quadratic function subject, at the same time, to both linear and quadratic constraints.
This makes its analytical resolution much more challenging.

As will be shown, a drastic simplification is obtained by reformulating the problem
(7.15) in the configuration space. Considering (7.7), and since U} -U; = I, the RMS

current (7.14) can be rewritten as:

Inys = |il = ViT-i = \[if U Uiy = \Jij iy = |l (7.16)

Moreover, by referring the problem to the set i, the torque development requirement is
given by the similar expression (7.9), while the constraints equation (7.5) is automatically
verified.

As a result, the problem (7.15) can be rewritten as:
T s ) 1 & ., . .
rrl;;n{z} “i;}  subject to 3 i; - Ly-i, =T, (7.17)

The simplification motivated by the fact that, contrarily to the formulation (7.15), the
problem (7.17) is a minimization of a quadratic function subject to a single quadratic
constraint. Moreover, it does not depend on the n x 1 set %, but it is formalized with the
reduced order set 4, which is a n; x 1 vector (with n; <n).

7.2.2 MTPA problem resolution

This section is aimed at analytically solving the problem (7.17). For this purpose,
the current set 4, is decomposed as:

ip = Inus i, (7.18)

Considering (7.16), it can be derived that ||2|| =127 -2; = 1. This means that I,
represents the magnitude of the vector 4, while if, which is a unit vector (i.e., a versor),
represents its direction in the n;-dimensional space R"/.

For a given unit vector 2, the corresponding current Ip,,s can be immediately found?
by the torque development requirement in (7.17). Indeed, on the condition that the
quadratic form (2; - L’ - 7;) has the same sign of the reference torque T,,, the current

em?
RMS magnitude is:

2.-Tx
Tovs = (77575 (7.19)
oLy

Therefore, considering (7.19) it can be deduced that:
e if T} >0, the minimization of I, is obtained by maximizing the
denominator (2} - L; - 3;) (which must be positive), and
o if T7 <0, the minimization of Ip,,s is obtained by minimizing the
denominator (2} - L; -2;) (which must be negative).
The maximization or minimization of the quadratic form (2} - L; -2;) can be solved

by computing the eigenvalues and eigenvectors of the matrix L}. To be more specific, it

3 Proven in Appendix 9.7.1.
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can be proven that*:
e if 7Y, > 0, the optimal solution is given by the eigenvector 2, ,,. corresponding

to the mazimum (positive) eigenvalue v,

> 0 of the matrix L, and it results
that (i}7m;xx ! } ' if,max) = Viaxo while
e if T <0, the optimal solution is given by the eigenvector ifﬁmin corresponding

to the minimum (negative) eigenvalue vy, < 0 of the matrix L, and it results

that (i},lllill : 3‘ : if,min) = Viin-

Naturally, if T;,, = 0, it is sufficient to set /5,5 = 0 for any unit vector ;.

in

To sum up, the solution to the MTPA algorithm (7.17) is obtained by computing
the matrix L, = UJ? -L- U, and by calculating its maximum and minimum eigenvalues

v,...>0and v

max min < 0, and the corresponding unitary-norm eigenvectors 2, .. and 2 ;..

Once the reference current direction set 2} has been chosen either as 2. or as 2, .,
(depending on the sign of the reference torque 77, ), the term Ip,;¢ can be computed
via (7.19) and the optimal current set 4} in the configuration space can be reconstructed
via (7.18). Finally, the reference currents set in the phase variable domain, which is the
solution to the original problem (7.15), can be found via (7.7) as ¢* = U, - 4}.

However, by combining these last considerations, the solution can also be directly
formalized in the phase variable domain. Indeed, considering (7.18), it is possible to
define a reference current direction versor in the phase variable domain as t* = U Ix i’}
and, through (7.19), it can be easily verified that:

G Ly = (Upag)" L - (U ag) =0t L@ (7.20)

Therefore, the optimal solution to the MTPA problem (7.15) is:

. [ 2T th Ui % o it Tx >0

= wi = S . ; 7.21
PR Uf * ¥ f min if T, <0 ( )

The schematic block diagram of this algorithm is represented in Fig. 7.2. Note that,

since L’ periodically varies with the rotor position 0, also 2, . and 2., (and,

consequently, 2*) should be computed considering the measured value of 6.

Fig. 7.2 — Functional block scheme of the MTPA algorithm.

4 Proven in Appendix 9.7.2.
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7.2.3 MTPA solution properties

Several interesting properties can be observed from inspection of the MTPA problem
(7.15) and of the corresponding solution (7.21).

The first property which can be immediately observed from (7.15) is that, since both
the objective function and the constraint are quadratic in ¢, the solution to (7.17) is not
unique. Indeed, opposite sets of phase currents develop the same torque. This is coherent
with (7.21), considering that opposite eigenvectors relate to the same eigenvalue. This
aspect, if not properly considered in a real-time implementation, might generate sharp
transitions in the reference currents set ¢* to be tracked. However, this inconvenience is
easy to neutralize by conditioning the reference unit vector 2* to have a smooth evolution
in time. The easiest way for this implementation is to evaluate the scalar product 2*(¢,)T -
2(t,_,) between the reference versor t*(t,) computed at a given time instant and the
reference versor 2(t,_,) computed at a previous time instant. If this scalar product is
negative, this indicates that a sharp transition would occur, and it can be prevented by
just replacing 2*(¢,) with —2*(¢;,).

Another interesting aspect is that, contrarily to the MTPA for PMSMs derived in
Section 6.2, the reference currents given by (7.21) are proportional to the square root of
the reference electromagnetic torque 77 . As a consequence, the overall machine stator
losses (which depend on the term I%,,5) are proportional to the torque 77, . This means
that, to double the torque developed by the machine, the overall losses also double, but
the currents only need to be increased by v/2 22 1.41 times.

However, the RMS current of (7.21) may not be constant with § and may not be the
same for positive or negative reference torques. Indeed, it is easy to prove that, with the
optimal reference currents, the RMS current is equal to®:

[ 2- Te*m/l/max it 1T;,=0

em
IRMS = (7.22)
2 Te*m/l/min if Te*m <0
Since the matrix L’ = U} L' U, varies with the rotor position, also its

corresponding eigenvalues v, . and v_. are, in general, periodic functions of #. In case

max ‘min
they are not constant, according to (7.22), the overall RMS current needed to develop
the same electromagnetic torque 7, would also depend on #, meaning that some rotor
positions would be favourable for the torque development than other rotor positions.
Moreover, in general, it may also happen that |v,, | # |V,|- In this case, it would mean
that the machine has (at least locally) a preferred spin direction, which would require a
smaller overall RMS current to develop the same spinning torque.

The average losses in a full rotor cycle are given by:
Pp=) R-i (7.23)
k=1

Similarly to the corresponding considerations done in Section 6.2, some problems

may arise when the denominator (i*T - L’ -7") in (7.21) gets close to zero (i.e., when v,

® Proven in Appendix 9.7.3.
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OT Vpyin

develop a desired electromagnetic torque may become very high and be unfeasible for

have a small absolute value). Indeed, in this case, the phase currents required to

real applications. This phenomenon may happen in case of multiple faults on the machine
phases but, again, it can be prevented by limiting the phase currents computed via (7.21)
within a chosen feasible range, chosen for safety reasons.

Finally, for a real-time implementation of (7.21), the computation of the directions
Ui % o and Up - 7, can either be entirely executed online through a fast eigenvalue
computation algorithm (e.g., with the inverse iteration method, Rayleigh quotient
iteration method, etc..) or can be partially executed offline or during an algorithm
initialization routine, and then implemented in real-time with an interpolation algorithm
(e.g., through a Fourier-based interpolation).

7.3 Current controller

Once the reference currents set ¢* has been computed, the control algorithm must
find a set of reference converter voltages u* to drive the measured currents set ¢ towards
2*. The same strategy previously presented in Chapter 6 is here applied. It is based on a
decoupling algorithm (derived as in Section 6.3) and on a decoupled controller (chosen
as in Section 6.4).

7.3.1 Decoupling current control algorithm

The basic idea of the proposed decoupling algorithm is the same described in
Section 6.3.1. Indeed, by comparing the reduced-order model (7.8) obtained in
Section 7.1.2 for a generic multiphase SynRM with the corresponding model (6.8)
obtained in Section 6.1.2 for a generic PMSM, it can be observed that they have the
same structure, the only difference being the dependence of L; by 6.

Then, as done in Section 6.3, the VSI voltages set u* which leads to the decoupling
of the phase currents dynamics can be computed as:

ut = uy, + ug (7.24)

where uj,, and wug are respectively given by:

w, =N-v;=N-[Ly(6)-6i5+ Ry i, +e;] = -
=[(Uf-N)' U] -[L(0) - 6i" + R i + €]
w; = (I—NI-Np)- -, =
(7.26)

=[I—(U}-N)'-(Uf-N)]-ujy

with { denoting the Moore-Penrose pseudo-inverse, di* = U, -di} being a nx1
references derivatives currents set, and uj;, being a m X 1 offset vector for the VSI leg
voltages (which is the generalization of a standard common-mode voltage injection).
The schematic block diagram of this decoupling algorithm is depicted in Fig. 7.3. It
is perfectly identical to the same diagram previously shown in Fig. 6.7, with the only
differences being in the 6-dependence of L. Again, in case IN = I, the expression of the
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Fig. 7.3 — Functional block scheme of the decoupling algorithm.

optimal solution is simplified by considering that [(U} - N)'-UJ] = (U, - U}) in (7.25)
and [I —(Uj-N)'-(Uf-N)]=(U,-U}) in (7.26), and the corresponding block
diagram would be the same depicted in Fig. 6.8.

7.3.2 Decoupled current control algorithm
Once the decoupling control algorithm is executed, the dynamics of the machine
phase currents are independent of one another and are governed by the simple dynamical
relation:
ds . di,,
= d1* -k

T Y 01y (with k=1,...,n) (7.27)

As done in Section 6.4, each term di; can be properly computed by a single-
input/single-output controller acting on the tracking error ¢ — i,

To guarantee a perfect steady-state tracking of periodic references synchronized with
the machine angular speed, the proposed solution is again a Proportional-Integral-
Resonant controller, with multiple resonant actions synchronized with multiple integers
of w. Its transfer function in the Laplace domain has been previously given in (6.43) and
is here repeated:

£[063](5) K, | = s
S) = —F7T7 (/= K K [
@(9) ’C[Zz — Zk}(s) p T+ s + ; R,h 2+ w}ZL (728)

where:
e K is the proportional controller constant,
e K, is the integral controller constant, and
e Kp,, is the h-th resonant controller constant.
The same considerations done in Section 6.4 are also valid for this case.

Additional details regarding the implementation of the resonant controller actions
are reported in Appendix 9.1.1.
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7.4 Overall drive control algorithm

The overall structure of the proposed drive control algorithm is schematically
represented in Fig. 7.4. As can be noted, it takes the same structure of the PMSM
controller previously described in Section 6.5 and represented in Fig. 6.10.

First, the “Speed Controller”, here implemented as a simple PI regulator, compares
the reference speed w* with the measured machine speed w, and computes the reference
electromagnetic torque 77 to be applied.

Next, the “Inductances and Back-EMFs Estimation” block is executed to compute
the matrices L(6) and L’(f) = OL/d0 from the measured rotor position 6. The same
block also computes the motional-induced back-EMFs vector e = w - L’(0) - ¢ (which is
used in the decoupling algorithm).

The “MTPA” block is then executed to find the references currents set ¢* as described
in Section 7.2. The schematic block diagram of the MTPA algorithm has been formerly
represented in Fig. 7.2. As also previously mentioned, the eigenvalues and eigenvectors
of the matrix L;(f) = U} - L'(0) - U can either be computed in real-time with a fast
eigenvalue research algorithm or can be calculated during an algorithm initialization and
then reconstructed from offline computed coefficients (e.g., through the coefficients of
their Fourier decomposition).

The “Current Controller” block is finally executed. The Proportional-Integral-
Resonant (PIR) feedback controller compares the reference currents set #* with the
actual currents set ¢ and, through this error, it computes the reference derivative currents
set 84 to be applied. The decoupling algorithm of (7.24)-(7.26) (whose functional block
diagram has been previously represented in Fig. 7.3) is then executed to find the reference
voltages set u*, which is finally applied through a pulse width modulation algorithm.

Speed
Controller Current Controller
ii* 6i*| Decoupling | u*
i :}; PIR Algorithm ||
! A A 4 }
Lot i| e| L ut//T i
L i T
0 }0 > L'(Q) L' % e }
Inductances | @ J i
and | ~ ;
Back-EMFs | L(0) 1

Estimation, —L—+~ |

Fig. 7.4 — Functional block diagram of the proposed controller.
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7.5 Experimental setup

The proposed control algorithm has been experimentally validated with the machine
depicted in Fig. 7.5.

7.5.1 Electrical machine

The electrical machine under analysis is a five-phase synchronous reluctance machine
with two pole pairs®.

The machine has been obtained from an originally three-phase induction machine.
The stator has 40 slots and the winding have been arranged in a way that the magnetic
axes of two consecutive phases are mutually shifted by 72° electrically (i.e., 36°
mechanically). The variable reluctance rotor has been obtained by cutting the original
squirrel-cage rotor to realize four salient poles. A geometric representation of the machine
is shown in Fig. 7.6. The main geometrical data are reported in Table 7.1. The terminals
of all the phase windings are available externally.

The machine winding resistances have been measured in DC. They are identical for
all five phases and equal to R = 1.8 .

The machine inductances parameters have been found in the phase variable domain
with the following procedure. Phase 1 of the machine has been supplied with a sinusoidal

Fig. 7.5 — Five-phase synchronous reluctance machine under analysis.

 Additional information regarding the design of this machine can be found in [163], [164].
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voltage with a peak value of 20 V and a 50 Hz frequency, while all the other phases have
been left in open-circuit. The current in phase 1 and the induced voltages in all the other
phases {2,3,4,5} have been measured at blocked rotor for different positions of the
electrical angle 6, = 26 (the position at 0° has been considered to be coincident with
the magnetic axis of phase 1). From the voltage and current measurements, it has been

possible to estimate the fluxes induced in the machine phases:
(70 = [0

A(t) = / v (H)dt, (with k= 2,3.4,5)

(7.29)

'/3 \4

Fig. 7.6 — Geometric representation of the five-phase synchronous reluctance machine

under analysis.

Table 7.1 — SYNRM GEOMETRICAL DATA.

Pole pairs 2

Internal stator diameter 127 mm
External stator diameter 180 mm
Stator slots depth 20 mm
Number of wires per slot 54

Number of turns per phase 216

Minimum rotor diameter 86 mm
Maximum rotor diameter 126 mm
Salient poles height 20 mm
Minimum air-gap width 0.5 mm
Maximum air-gap width 20.5 mm

Axial length 101.6 mm
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All the fluxes have been plotted with respect to the machine current 4, (¢), in a way to
obtain different hysteresis loops for each rotor position under test. The results are
depicted in Fig. 7.7.

Then, the parameters L, ;(f,;) (with k=1,...,5) of the inductances matrix L(f,,)
have been found with a linear regression procedure as the slope of the linear
characteristics A/i which better approximate the different hysteresis loops. Finally,
considering the machine symmetry, the values of the functions L, ,(6,) have been
extrapolated with an additional regression procedure based on the computation of the
lowest even-order harmonics in 6. The results of this parameter identification
procedure, considering the harmonics of order 0, 2, 6, 10 and 14, are shown in Fig. 7.8,
together with the corresponding values L; ,(6,;) of the inductances derivative matrix.
The corresponding numerical parameters are summarized in Table 7.II. It is worth
recalling that, because of the machine symmetry, L, (0.;) = L;,(—0,,) and L;,(0,,) =
Lyy(~6,).

As can be noted, the self-inductance L, ,(0,,) is always positive. Its maximum values
are obtained for 6, = 0° and 0,, = 180° (which are the positions of minimum reluctance).
Its minimum values are instead obtained for 6, = £90° (which are the positions of
maximum reluctance). The mutual inductances functions L ;(6,,) and L, ,(6,,) have a
mirrored symmetry and are always negative (coherently with the negative slopes of the
corresponding hysteresis loops in Fig. 7.7).

0.05 7z ‘ O = 20
= 180° 42.6°
2 147.2° - 15.4°
. 118.3 —-9.4 )
0.051 - 92.6 —32.4
67.0° —62.4°
0.05
a a
2 =
< <
-0.05 1 t
0.05
a
Z o
<t
/<
-0.05

Fig. 7.7 — Hysteresis loops obtained for different rotor positions by supplying the

phase 1 with all the other phases left in open circuit.
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The functions Ly, (0,;) and L, (6,,) also have a mirrored symmetry, but show both
positive and negative values (coherently with the slope change in the corresponding
hysteresis loops of Fig. 7.7). Given the machine symmetry, all the other inductances
parameters L, ,(6,,) (with h =2,3,4,5) are obtained by just shifting the functions
L, ,(6,,) by 72°, 144°, 216° and 288°. The same is also true for the matrix L’(6,,).

0.15 ‘ L11(6e) Loi(0er) L31(6e) Ly (0er) Ls1(0e1)

0.10 W

0.05 J
= 0.00

AR
-0.05

-0.10

-0.15 ! !

L11 L21 el _L31 L41 L51(9)

0.3

AR

-0.3
—180° 7900 90O 180°

[H/rad]

O = 20 [deg]

Fig. 7.8 — Parameters of L(f,;) and of L'(d,,) of the examined SynRM.

Table 7.1 — SYNRM EXTRAPOLATED INDUCTANCES HARMONICS.

Inductance Harmonic order (varying with 6,,)

Function 0 2 6 10 14

L,.(0,) 111 mWb  30.9 mWb 6.9 mWb 1.8 mWb 0.3 mWb
' - 0° 180° 0° 180°

L,.(0,) 249 mWb  71.5 mWb 6.6 mWb 1.5 mWb 0.4 mWb
’ - —72° 144° 0° —144°

L,.(6.) —68.6 mWb  55.5 mWb 6.0 mWb 0.7 mWb 0.3 mWb
’ - —144° 108° 180° 72°
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7.5.2 Power electronics converter

The machine has been supplied by one of the multiphase converters previously
described in Section 6.6.2. For this application, the DC-bus voltage has been set to
Vpe = 600 V. Again, the VSI has been operated with a PWM algorithm working with a
modulation frequency of 10 kHz.

7.5.3 Interconnection network

Similarly to the experiments of Chapter 6, each converter leg output node is directly
connected to one machine phase positive terminal. As a result, the network
interconnection matrix IN is always the 5 x 5 identity matrix. On the contrary, the
machine negative terminals have been connected differently according to the analysed

scenario, meaning that the constraints matrix M is not always the same.

7.5.4 Controller board and algorithm implementation

The proposed control algorithm has been implemented with the same Plexim RT
Box 1 platform described in Section 6.6.4. The control is executed with a 10 kHz
sampling rate and it is synchronized with the converter PWM period. The same LEM
transducers have also been used to measure the five machine phase currents. The speed
and position have instead been measured through a resolver integrated into the machine,
whose signals have been properly adapted to the RT Box platform through a
Resolver/Encoder interface.

The implemented speed controller has a standard Pl-based structure. For safety
reasons, the reference torque T computed by the speed controller has been limited to
a feasible range of +15 Nm.

Again, as for the analogous control algorithm of Chapter 6, the constraint matrix M
has been provided for each testing scenario, and an offline initialization routine has been
configured to compute the corresponding configuration matrices U, and U,,.

The same initialization routine has been used to implement the MTPA algorithm
(7.21). The matrix L;(0) = U} - L'() - U; and the corresponding and eigenvectors 2, ..
and if,mm have been numerically computed for multiple rotor positions. Then, the

corresponding directions =U; %y and 2, = Uy -2, have been calculated,

Zmax
and have been decomposed as Fourier series in ;. The resulting coefficients have been
stored in the RT Box platform memory, and have been used to recompute the optimal
reference directions of (7.21) in real-time.

For safety reasons, all the phase currents of the reference set ¢* have been limited to
the feasibility range of £8.5 A before the execution of the current controller.

The decoupling algorithm has been executed with the estimated inductances
parameters given in Section 7.5.1. The feedback current controller has been implemented
in the phase variable domain with the transfer function (6.43). The implemented
resonant actions have been chosen for all the odd-order multiple integers of the machine
electrical speed w,; = 2w, up to the 19" harmonic. Finally, the offset vector uy, for the
common-mode voltage injection of the VSI has been set to half of the DC-bus voltage
(i.e., 300 V) for all the five converter legs.
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7.5.5 Mechanical load
The five-phase SynRM has been mechanically coupled to a DC machine, used for

loading. The overall group inertia has been estimated to be J,, = 50 - 1072 kg m?, while
the overall friction coefficient has been estimated to be F, (w) 26107 (Nm)/(rad/s).

The armature of the DC machine has been connected to an external 20 €2 resistor,
chosen in a way that the machine develops a loading torque T} ,, proportional to the
speed w and is such that 7} ,, = 2 Nm when the machine speed is equal to 500 rpm.

An additional 20 €2 resistor has been connected in parallel to the DC machine
armature terminals through a controllable contactor. In this way, when the contactor is
closed, the equivalent resistance connected at the DC machine terminals is reduced to
10 €2, and the applied loading torque is doubled (i.e., T},,; =4 Nm when the machine
speed is 500 rpm).

A Datum Electronics M425 Torque transducer has been positioned between the
SynRM and the DC machine rotor shafts. This torque meter has been used to measure

the torque T, developed at the joint between the two machines.

7.6 Experimental results
To validate the proposed algorithm and to emphasize its generality and flexibility, it

has been tested in several different scenarios, which are discussed and analysed in this
section.

For each scenario, the constraint matrix M and the configuration matrix U, are
explicitly shown’. However, similarly to the results of Chapter 6, it is worth recalling
that for a real-time implementation only M is required, and that U, is automatically

computed during the algorithm initialization.

7.6.1 MTPA algorithm validation

This testing scenario is aimed at giving an implementation example of the MTPA
strategy developed in Section 7.2 and compares it with other current references
computation algorithms.

The test refers to the single-star configuration depicted in Fig. 7.9. To clarify the
working principle of the proposed MTPA algorithm, it is here explained for the
considered case study.

The constraints and configuration matrices for the analysed setup are:

—045 —045 —0.45 —0.45
0.86 —0.14 —0.14 —0.14
U;=|-014 08 —0.14 —0.14
—0.14 —-0.14 0.8 —0.14
—0.14 -—-0.14 —-0.14 0.86

Il
_ e =

Since the configuration space has dimension n; =n—n,=5—1=4, the matrix

7 Similarly to Section 6.7, the configuration matrix has been found through the “svd”
command in Matlab. All the parameters reported here are rounded to the second decimal unit.
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Fig. 7.9 — Schematic diagram and constraint matrix for the healthy configuration.

}: U} -L- U, used in the MTPA algorithm is a 4 x 4 symmetric matrix, whose
coefficients are periodic functions of the rotor electrical position 6,, = 2 6. For each rotor
position, the matrix has 4 unitary-norm linearly independent eigenvectors. In the
initialization routine, these eigenvectors have been numerically evaluated for different
rotor positions, in a way to find the ones corresponding to the maximum and minimum
eigenvalues of L. The left subplot of Fig. 7.10 shows, in the whole range [-180°; +180°]
of 6., the eigenvalues of L}, computed numerically. The maximum and minimum
eigenvalues v, and v, ; are highlighted as thick solid lines. The corresponding
eigenvector directions 2 . and 2, ,,, are shown in the right subplots of Fig. 7.10.

The optimal current versors in the phase variable domain have been computed as
Uax = Uy » 0 e and 3,5 = Uy -7, 0, coherently with (7.21), while the corresponding
RMS currents, computed for constant positive and negative reference torques, have been
computed as in (7.22). They are depicted in Fig. 7.11 in the whole range [—180°, +180°]
and have been normalized by the square root of T7, .

Finally, the optimal phase currents set has been computed as ¢* = Ip,,s-2". The
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Fig. 7.10 — Eigenvalues of L} (left) and eigenvectors ;. and 2, ,;, (right) in the
whole range [—180°,+180°] of 4, for the machine healthy configuration.
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corresponding waveforms and harmonic spectra are depicted in Fig. 7.12 for both positive
and negative reference torques, once again normalized by \/’IE .

From the analysis of these results, it is possible to clarify many properties of the
MTPA solution explained in Section 7.2.3.

First, it can be seen in Fig. 7.10 that the eigenvalue v, is always positive, and that

the eigenvalue v, is always negative. However, they are not constant with 6, but

min

oscillate with a 106,, periodicity. As a consequence, the corresponding RMS currents
I, depicted in Fig. 7.11, show the same 10 6,, periodicity, coherently with (7.22).
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Fig. 7.11 — Overall machine RMS current (left) and optimal phase current versors
Toax =Uy; -}, (right) in the whole range [-180°,+180°] of 0,

for the machine healthy configuration.
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These oscillations mean that, in different rotor positions, the RMS current required
to generate the same electromagnetic torque may be different. As an example, to develop
a torque of +1 Nm, when 6, = 0°, the required RMS current is around 1.8 A, when
6,, = +9°, the required RMS current is around 2.0 A and when 6,, = —9°, the required
RMS current is around 1.7 A.

Since |Vpael # |Viil» in different rotor positions, opposite torque signs may require
different RMS currents. For example, when 6, = 9°, the development of T = +1 Nm
requires an overall equivalent RMS current of around 2.0 A, while the development of
T: = —1 Nm requires an overall equivalent RMS current of around 1.7 A, indicating
that this is a (locally) preferred spin direction. However, on average in a full rotor cycle,
this local inequality is neutralized.

Finally, from Fig. 7.12 it can be seen that the reference currents are highly non-
sinusoidal, and display many non-negligible odd-order harmonics. However, coherently
with the five-phase machine symmetry, all the phase currents have the same waveform
and are just mutually shifted from one another by 72°. Given the symmetry, the fifth
harmonics (and their multiple integers) are homopolar components and, therefore, they
are absent from the currents spectra. The optimal reference currents required to develop
a negative torque have the same waveforms as the currents required to develop a positive
torque, and are only mutually shifted by 90° from the first ones.

For the real-time implementation, the current references have been calculated via
(7.21), where the versors 3,,, = U, -2, and 2., = U, -2, are reconstructed from
the coefficients of the Fourier decompositions of the waveforms depicted in Fig. 7.11.

To validate the effectiveness of the proposed strategy, it has been experimentally
compared with the sole use of sinusoidal currents and with a third-harmonic injection
strategy based on the field-oriented analysis developed in [163]-[165]. The test has been
executed by considering the steady-state behaviour of the machine at different speeds,
while the loading torque has been realized by connecting the DC machine armature
terminals to a 20 (2 resistor.

The experimental results obtained at 500 rpm are shown in Fig. 7.13; the results
obtained at 750 rpm are shown in Fig. 7.14, and the results obtained at 1000 rpm are
shown in Fig. 7.15. They show, for each of the considered torque control strategies, the
machine phase currents ¢, ..., i5, the overall instantaneous RMS current Iy, computed
via (7.14) and the machine angular speed w. The solid lines represent the measured
variables, while the black dashed lines represent the corresponding reference currents.

Additional measurements are depicted in Fig. 7.16, Fig. 7.17 and Fig. 7.18, which
show (for the speeds of 500 rpm, 750 rpm and 1000 rpm, respectively) the oscilloscope
captures of the currents i; (dark blue traces), i, (light blue traces), and i, (magenta
traces), and the electromagnetic torque 7,, applied at the rotor shaft (green traces).

The difference between the three examined torque control strategies is evident in the
waveforms of the phase currents, and it also affects the corresponding waveforms of
I g Indeed, considering the proposed MTPA algorithm, it can be seen that the highly
non-sinusoidal current waveforms (based on the references of Fig. 7.12) lead to the 10w,
oscillation in Ip,,q, coherently with the results of Fig. 7.11. On the contrary, this
oscillation at 10w, is absent in case of both the sinusoidal currents strategy and the

third harmonic injection strategy.
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Fig. 7.13 — Steady-state results at 500 rpm: (top) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (bottom) Proposed MTPA.
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Fig. 7.14 — Steady-state results at 750 rpm: (top) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (bottom) Proposed MTPA.
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Fig. 7.15 — Steady-state results at 1000 rpm: (top) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (bottom) Proposed MTPA.
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No sensible difference between the three examined torque control strategies can
instead be appreciated in the measured speeds. This indicates that the electromagnetic
torque ripple (which is inevitably due to unmodelled phenomena, e.g., magnetic
hysteresis of the iron) is not altered by the different strategies.

A comparison of the average RMS current per phase® obtained in a fundamental
period for all the examined conditions is reported in Table 7.III. As can be seen, in all
the examined conditions, the sinusoidal currents strategy is characterized by the highest
values, the third harmonic injection strategy has intermediate results, and the proposed
MTPA algorithm leads to the smallest currents. Then, the reduction of the RMS current
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Fig. 7.16 — Oscilloscope captures at 500 rpm: (left) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (right) Proposed MTPA.
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Fig. 7.17 — Oscilloscope captures at 750 rpm: (left) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (right) Proposed MTPA.
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Fig. 7.18 — Oscilloscope captures at 1000 rpm: (left) Sinusoidal currents strategy;
(middle) Third Harmonic Injection; (right) Proposed MTPA.

Table 7.III — COMPARISON OF THE AVERAGE RMS CURRENT PER PHASE.

Mechanical speed of | Sinusoidal Currents ~ Third Harmonic Proposed MTPA
the rotor Strategy Injection Algorithm
500 rpm 1.303 A 1.254 A 1.242 A
750 rpm 1.552 A 1.490 A 1.469 A
1000 rpm 1.787 A 1.714 A 1.693 A

8 Note that these RMS values are referred to the behaviour of a single machine current,
averaged in a fundamental period. They are different from the RMS current Ip,,s defined in
(7.14) and depicted in Fig. 7.11, which instead take into account the overall contribution of all
the five machine currents in a specific rotor position (i.e at a specific time instant).
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is also accompanied by a corresponding reduction of the overall machine losses. To be
more specific, with respect to the sinusoidal currents strategy, the third harmonic
injection can reduce the RMS currents by around 4%, which leads to a reduction of
around 8% of the machine stator losses, while the proposed MTPA algorithm can lead

to a reduction of around 5.5%, which leads to a losses reduction of around 10%.

7.6.2 Healthy configuration

This testing scenario is aimed at showing the effectiveness of the proposed control
algorithm in a healthy machine configuration and at comparing it with a standard
baseline controller architecture.

The test has been done in the same single-star configuration of Fig. 7.9, and the
current references have been computed with the MTPA algorithm described in
Section 7.2, whose waveforms have been depicted in Fig. 7.12. The proposed decoupled
current control algorithm has been compared with a standard VSD-based controller.

The VSD-based controller has been realized by considering the Clarke’s matrix:

cos(0a) cos(la) cos(2a) cos(3a)  cos(4a)
sin(0a) sin(la) sin(2a) sin(3a) sin(4a)
C = \/g cos(0a) cos(Ba) cos(6c) cos(9a) cos(12a)
sin(0a) sin(3a) sin(6a) sin(9a) sin(12a)

1/V2 1/V2 1/V2 1/v2 1/V2

with @ = 27/5. It can be verified that this matrix is orthogonal (i.e., C~* = CT). Both
the reference and the measured currents are transformed in the VSD domain through
the transformation (2.38), and the corresponding error components are processed by PI
controllers working in the multiple synchronous domain. To be more specific, considering
the harmonic mapping for a symmetrical five-phase system, the x1 —yl components
els -90
116,, and —196,, (i.e., with the progression 10h 4 1), while the x3 —y3 components
have been processed with PI controllers in rotating frames synchronous with 36,,, —760
136,, and —1780,, (i.e., with the progression 10 h + 3). The computed reference voltages

have been processed with PI controllers in rotating frames synchronous with 6, ol

el» els

have been summed and transformed back into the phase variable domain by (2.38).

The first set of tests has been done considering the dynamic response of the system
to speed transients. The machine has been subject to a step change of the reference speed
from —500 rpm to +500 rpm, while at the same time the DC machine armature
terminals are again closed on a 20 Q resistor (which, as also previously mentioned,
generates a braking torque proportional to the speed with a proportionality gain of
around 0.04 Nm/(rad/s)).

The results obtained with the proposed decoupled phase variable controller are
depicted in Fig. 7.19, while the results obtained with the VSD-based controller are
depicted in Fig. 7.20. The top subplots show the machine phase currents (solid lines)
and the corresponding references (black dashed lines). The middle subplots show the
developed electromagnetic torque T, (solid line) and the controller reference torque T7,,
(black dashed line); the torque has been estimated by computing (7.4) with the measured
currents. The bottom subplots show the machine angular speed w (solid line) and the
corresponding reference speed w* (black dashed line).
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Fig. 7.19 — Experimental results obtained with the proposed decoupled phase
variable controller (speed change from —500 rpm to +500 rpm).
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Fig. 7.20 — Experimental results obtained with the VSD-based controller (speed
change from —500 rpm to +500 rpm).
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As can be seen, both controller architectures produce very similar results.

After the speed reference change (at ¢ =0.2 s) the torque reference jumps from
—2 Nm to the limit value of +15 Nm and, consequently, the measured speed starts
increasing. At around ¢t = 0.45 s the torque starts decreasing and finally stabilizes to
around +2 Nm when the speed inversion has been completed (at around ¢t =1 s).

The only differences between the two approaches can be appreciated in the estimated
torques during the initial transients, because of the different dynamic behaviour of the
analysed current controllers. However, no sensible effect can instead be appreciated in
the speed response.

Fig. 7.21 and Fig. 7.22 show the system responses in the same operating condition
but for a reference speed change from —250 rpm to +750 rpm. Here, initially, the
machine torque is around —1 Nm, then at ¢ = 0.2 s it again jumps at the limit value of
415 Nm and finally stabilizes at around +3 Nm. Again, the two controllers show a
similar dynamic behaviour.

An additional test has been done considering the dynamic response of the system to
a load change. Here, the test has been carried out at the reference speed of 750 rpm by
commanding (via RT Box platform) the closing of a contactor that connects an
additional 20 Q resistor to the DC machine armature terminals. In this way, the
equivalent resistance applied at the DC machine armature terminals is 10 €2, and the
corresponding braking torque applied to the SynRM is changed from around 3 Nm to
around 6 Nm.

The results obtained with the proposed decoupled phase variable controller are
depicted in Fig. 7.23, while the results obtained with the VSD-based controller are
depicted in Fig. 7.24.

Again, the two controller architectures show a similar behaviour. After the load
change (at t = 0.2 s), the machine speed drops to the minimum value of around 710 rpm,
but is quickly driven back to the reference value of 750 rpm at around ¢ = 1 s, thanks
to the action of the speed controller. The slightly smaller oscillation in the estimated
torque with the proposed solution can be justified by considering that the adopted
resonant actions, contrarily to the synchronous PI controller of the VSD-based solution,
have an infinite gain for both positive and negative sequences actions, and can therefore
better neutralize the machine non-idealities.

To better appreciate the dynamics of the machine currents, Fig. 7.25 shows a zoom
of their evolution in the interval between 0.2 s and 0.4 s, when the reference torque is
increased from around 3 Nm to around 6 Nm. It can be seen that all the currents follow
the corresponding references, whose waveforms match the ones obtained with the
previously analysed MTPA algorithm, and whose magnitude increase in time to
counteract the speed drop.

These results clearly show that the proposed controller architecture has a
satisfactory behaviour in an ordinary healthy machine configuration, and that it can
match the same performances of a standard VSD-based controller.
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Fig. 7.21 — Experimental results obtained with the proposed decoupled phase
variable controller (speed change from —500 rpm to +500 rpm).
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Fig. 7.22 — Experimental results obtained with the VSD-based controller (speed
change from —250 rpm to +750 rpm).
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Fig. 7.23 — Experimental results obtained with the proposed decoupled phase

variable controller (loading torque change).
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Fig. 7.25 — Currents evolution during the loading torque change: Top) Proposed
decoupled phase variable control; Bottom) VSD-based control.

7.6.3 Post-fault configuration with one faulty phase
This testing scenario analyses the proposed controller in a post-fault configuration.
The machine configuration is changed by physically disconnecting phase 1. The
winding configuration is depicted in Fig. 7.26, and the corresponding constraints and
configuration matrices are:

11 0 0 0
10 —0.50 —050  —0.50

M={1 0|, U;=]083 —0.17  —0.17
10 —0.17 0.83 —0.17
[1 OJ [—0.17 —0.17 0.83J

>
2 T 11
+ 10
Voe C_f) 4[:} g i O M=1 0
_ S ]_ O
4 A~ S
5 % 10
Y Y Y\ —
L L

Fig. 7.26 — Schematic diagram and constraint matrix for the post-fault configuration
with one faulty phase.
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The MTPA algorithm proposed in Section 7.2 has again been implemented via (7.21).
Similarly to the previous cases, an initialization routine has been executed to compute

the versors 2, =U;-1;,,. and @

min = Uy + %, from the eigenvectors of the 3 x 3
matrix L}. The coefficients of their Fourier decomposition have been stored in the
controller memory and reconstructed in real-time basing on the measured electrical rotor
position 6, =260. They are graphically depicted in Fig. 7.27, together with the
corresponding waveforms of I,,q.

Again, it can be seen that I,,q is strongly affected by the rotor position and that it
locally differs between positive and negative torques.

The optimal phase currents waveforms obtained in this new configuration are
depicted in Fig. 7.28. Now, coherently with the open-circuit constraint, the current i,
(and all its harmonics) are zero. The waveforms of the other currents, if compared to
the waveforms depicted in Fig. 7.12 for the healthy machine configuration, have been
severely altered by the fault.

For symmetry reasons, it can be noted that i, and i; have mirrored waveforms with
respect to the electrical rotor position 6. Similarly, also i; and i, have mirrored
waveforms from one another, which are however sensibly different from ¢, and i5. If
compared to the healthy configuration, the magnitude of all the harmonics is increased
and also the harmonics with an order multiple of 5 are now present in the harmonic
spectra’. Again, the waveforms obtained for negative reference torques are identical to
the waveforms obtained for positive torques, and only shifted by 90°.

In this case, given the additional constraint i, = 0, the overall RMS current Ip,q
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Fig. 7.27 — Overall machine RMS current (left) and optimal phase current versors
Tpax = Us 0 o and 25 = U -2 0 (right) in the whole range [—180°,+180°] of 0,

zI'H

for the post-fault configuration with one faulty phase.

9 This could be expected because, given the lost of the machine symmetry after the fault, the
harmonics with order multiple of 5 are not homopolar anymore.
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Fig. 7.28 — Optimal phase currents waveforms and harmonic spectra for the post-
fault configuration with one faulty phase: (top) Positive reference torque T, > 0;

(bottom) Negative reference torque T, < 0.

provided by (7.14) is higher than in the previous case study, which also leads to higher
machine losses. It has been estimated that, with respect to the healthy configuration,
the average losses in a full rotor cycle are increased by around 46%. Moreover, similarly
to the results obtained in Chapter 5 and in Chapter 6 for PMSMs, the symmetry loss
following the fault makes the overall losses to be unequally shared by the remaining
phases. In this case, phases 2 and 5 are each responsible for 30% of the losses, while
phases 3 and 4 are each responsible for 20% of the losses.

The experimental validation has been done by considering the same testing scenarios
analysed in Section 7.6.2. The dynamic responses following reference speed changes (with
a DC loading resistor of 20 2) are shown in Fig. 7.29 (from —500 rpm to +500 rpm) and
in Fig. 7.30 (from —250 rpm to +750 rpm).

It can be noted that the mechanical behaviour of the machine following the reference
speed change is similar to the healthy configuration analysed in Section 7.6.2. Only some
small differences in the speed behaviour during the transients can be observed, and they
are related to magnetic saturation phenomena. In other words, the higher machine
currents in this faulty configuration (required to develop the same reference
electromagnetic torque of the healthy case) affect the inductances with a corresponding

deviation of the developed electromagnetic torque from the estimated one.

The dynamic responses following a loading torque change (obtained with a reference
speed of 750 rpm by changing the value of the resistance applied at the DC machine
terminals) are shown in Fig. 7.31. A zoomed version of the dynamics of the currents has
been also reported in Fig. 7.32. The machine mechanical dynamics following the loading
torque change is also very similar to the healthy configuration analysed in Section 7.6.2,
and it can be seen that the proposed controller can effectively track the current references

even in this post-fault configuration.



232 7 - Decoupled Phase Variable Control of SynRMs

—1 —1ly —13—1%4 5

500 F

[rpm]

-500

0 02 04 06 08 1 12 14 L6
t [s]

Fig. 7.29 — Experimental results obtained for the post-fault configuration with one
faulty phase (speed change from —500 rpm to +500 rpm).
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Fig. 7.30 — Experimental results obtained for the post-fault configuration with one
faulty phase (speed change from —250 rpm to +750 rpm).
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Fig. 7.31 — Experimental results obtained for the post-fault configuration with one

faulty phase (loading torque change).
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Fig. 7.32 — Currents evolution during the loading torque change for the post-fault
configuration with one faulty phase.

7.6.4 Post-fault configuration with two faulty phases
This testing scenario analyses the proposed controller performances in a heavy post-
fault scenario.

In this test, the winding configuration is represented in Fig. 7.33. If compared to the
previous case study, the configuration has been modified by physically disconnecting also

the phase 3 of the machine, thus emulating a fault on two non-adjacent phases!’.

The corresponding constraints and configuration matrices are:

19Tt has been numerically verified that, for the considered machine, the performances derating
following the fault of two adjacent phases would be too limiting for experimental testing.
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110 0 0
100 —0.58  —0.58
M=|10 1|, U=| 0 0
100 0.79  —0.21
100 021 0.79

Again, the MTPA implementation has been executed as in Section 7.6.2 and in
Section 7.6.3. The overall machine RMS current Ip,,; and the eigenvector directions

Tmax and Lmin

obtained by the MTPA algorithm in this new configuration are depicted in
Fig. 7.34. The optimal current waveforms are depicted in Fig. 7.35.

In this case, both the currents i, and i; computed by the MTPA algorithm are zero,
and all the torque development is achieved through the three remaining healthy phases.

For symmetry reasons, the 4, and ¢; have mirrored waveforms, which differ from i,.
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Fig. 7.33 — Schematic diagram and constraint matrix for the post-fault configuration

with two faulty phases.
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The overall RMS current is higher than in the previous cases, and it has been
estimated that, if compared to the healthy configuration, the overall machine losses are
increased by around 128%. In this case, the current i, is responsible for around 28% of
the overall losses, while the currents i, and i, are responsible for around 36% each.

Again, the machine has been experimentally tested with the same scenarios as in the
previous cases. Fig. 7.36 and Fig. 7.37 show the results of the dynamical behaviour
following a speed reference change from —500 rpm to +500 rpm and from —250 rpm to
+750 rpm, respectively. Similarly to the results analysed in Section 7.6.2 and in
Section 7.6.3, when the speed reference changes (at t = 0.2 s), the reference torque
increases to the limit value of 15 Nm but, contrarily to the previous results, the
electromagnetic torque developed by the machine is unable to follow it. This is because
the corresponding currents computed by the MTPA algorithm (which, in this post-fault
configuration, would have been higher than the maximum feasible currents) have been
limited in the range of £8.5 A. This software saturation generates the electromagnetic
torque drops which can be seen in the middle subplots of Fig. 7.36 and Fig. 7.37.
Consequently, the transient dynamics of the machine speed during the acceleration is
different from the results of Section 7.6.2 and Section 7.6.3.

The machine response following a load step change has been here done with a
reference speed of 500 rpm. The results are depicted in Fig. 7.38. The closing (via RT
Box platform) of the DC machine contactor changes the applied torque from around
2 Nm to around 4 Nm, and the machine speed decreases to the minimum value of around
470 rpm. However, the speed controller, by properly increasing the reference torque 77,
(and, consequently, the magnitude of the reference currents) is again capable of keeping
back the speed to the reference value of 500 rpm at around ¢ =1 s.

The zoomed view of the evolution of the currents is shown in Fig. 7.39. Again, it can
be observed that the proposed current controller can properly make the currents of the

healthy phases track the corresponding references.
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Fig. 7.35 — Optimal phase currents waveforms and harmonic spectra for the post-
fault configuration with two faulty phases: (top) Positive reference torque T, > 0;

(bottom) Negative reference torque T, < 0.
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Fig. 7.39 — Currents evolution during the loading torque change for the post-fault

configuration with two faulty phases.

7.7 Summary and remarks

This chapter has presented a generalized control algorithm for a multiphase SynRM
drive. The approach is the direct extension of the decoupled phase variable control
developed in Chapter 6 for PMSM drives. It is entirely derived in the phase variable
domain and explicitly considers the hardware connection among the phase windings and
with the supplying power converter.

First, the mathematical model of the drive has been derived. The machine model is
the particularization of the general model developed in Chapter 2, while the drive
architecture has been analysed through the multiport network approach of Chapter 4.

Then, an MTPA algorithm has been presented to compute the machine current

references to develop a desired electromagnetic torque. Similarly to Chapter 6, the
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approach has been formalized as a constrained optimization problem aimed at
minimizing the overall machine RMS current while, at the same time, developing the
desired reference torque and satisfying the algebraic constraints introduced by the drive
hardware configuration. It has been solved analytically and it has been shown that the
optimal solution depends on the eigenvalues and eigenvectors of the matrix L';(6) = U}‘ .
L'(9)-U;, with L'(0) = OL/90.

The current controller has then been developed. The proposed controller is the same
as the one proposed in Chapter 6, and is based on a decoupling algorithm (which
considers both the machine magnetic interaction and the network electrical interactions)
and on a decoupled current controller (implemented with a proportional action, an
integral action, and multiple resonant actions). The only differences here are the 6-
dependence of the inductances matrix L(6) and the different expression for the motional-
induced back-EMF's set e.

The whole control algorithm has been experimentally validated with a five-phase
SynRM drive. Several testing scenarios have been analysed and discussed in detail. All
the results are satisfactory and coherent with the theoretical analysis. Some comparisons
have also been considered both with other torque control strategies and with standard

current control algorithms.
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Multiphase drives are nowadays one of the most relevant research topics in the
electrical engineering scientific community. Thanks to the many benefits they offer over
standard three-phase drives, it is possible to witness a progressive interest and spread of
their implementation in many areas, ranging from industrial to traction applications,
and especially in presence of high-power and/or high-reliability requirements. However,
their control is generally more challenging than in standard three-phase configurations,
because of the higher number of degrees of freedom and of the wider variety of different
possible configurations.

The work presented in this Ph.D. thesis has dealt with the modelling and control of
multiphase electric drives, with the aim of developing a generalized model-based
approach that can be used in multiple configurations and scenarios. This chapter
summarizes the main contents presented in this dissertation, highlights the major

novelties and suggests some possible developments for future studies.

8.1 Summary of the thesis contents

The dissertation has been organized by first addressing the drive modelling, and then
by focusing on the development of control algorithms.

The drive modelling has been intentionally developed in a generalized way, by
introducing the required simplifying assumptions and by mathematically deriving the
corresponding properties and results. It has been carried out by first separately modelling
the electric machine and the power electronics converter, and then by formalizing their
mutual interaction considering the drive topology.

The drive control has been introduced for multiphase PMSM drives. It has first been
addressed with a standard field-oriented approach, specifically adapted to deal with
asymmetrical PMSM configurations, and then by introducing an innovative control
technique based on the decoupled control in the phase variable domain. This novel
control technique has then been extended to multiphase SynRM drives.

In the following, a summary of the main content of each chapter is provided.

e Chapter 1 has provided an introduction to the main topics of this
dissertation and has briefly addressed the state of the art presented in the
technical literature. This review has addressed different aspects related to
multiphase electric drives, like their application areas, the different machine
and converter designs and architectures, the standard modelling and control

approaches, and some post-fault operation criteria.

e  Chapter 2 has developed the mathematical model of the electrical machine.
The approach has been developed in the phase variable domain, and has
been carried out with the standard tools of electromechanical conversion
theory. The magnetic model of the machine has been obtained assuming a
linear behaviour of the materials, and the analytical expressions of the fluxes
and of the torque have been found through the energy conservation
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principle, by referring to the electromagnetic coenergy of the system. From
the expression of the induced fluxes, it has been possible to derive the
induced back-EMFs, and then to recognize the transformer-induced and the
motional-induced contributions. Different torque development mechanisms
have also been presented and classified, both in relation to their
mathematical dependence on the machine phase currents and in relation to
the various possible interactions between the stator and the rotor. The
resulting model (which is a system of differential and algebraic equations)
can adequately describe the key functional aspects of multiple machine
types and designs, and is therefore suited for control purposes. Finally, a
brief mention of some of the typical transformations of the machine variable

used in many standard multiphase analysis approaches has been provided.

Chapter 3 has discussed the architectures and modulation strategies for
power electronics converters employed in multiphase drives. The chapter
has examined both two-level and multilevel VSI configurations, briefly
explaining the benefits and limitations of the most common structures from
the point of view of their control. Additionally, many different multiphase
topologies have been presented, considering architectures with both single
and multiple DC sources. The basic principles and properties of PWM
algorithms have then been recalled, and a brief mention has also been given
to carrier-based and space vector modulation techniques for two-level
multiphase drives. Finally, the chapter has also presented some novel
carrier-based modulation techniques for NPC and MPC multilevel
converters, which have been developed while directly addressing the voltage
equalization of the DC-bus capacitors. These techniques have been
developed considering a multi-step approach, meaning that the leg output
voltage can switch among multiple levels in the same modulation period.
By exploiting this capability, the voltage equalization can always be
guaranteed, but at the expense of a higher switching transitions rate. In this
context, the proposed approaches have been conceived as a trade-off
between the equalization effectiveness and the mitigation of this switching

transitions increase.

Chapter 4 has developed a novel methodology to analyse the electrical
topology of a multiphase drive, which is based on the study of the
connections between the multiphase machine and the power electronics
converter through a multiport network approach. It has been shown how
many hardware configurations, by introducing some constraints on the
machine phase currents, modify the dynamical behaviour of the machine by
acting as additional internal feedback terms for its mathematical model.
Several architectures of practical interest have been exemplified with this
approach, which has revealed to be a helpful tool for the analysis of a
multiphase machine under various hardware topologies, coming either from
different design choices or resulting from post-fault reconfigurations.
Finally, the chapter has developed a different formulation of a multiphase
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drive model subject to constraints on the phase currents, by introducing the
concept of configuration space, which intrinsically considers the effect of
such constraints and allows to mathematically formalize a reduced order

model for the drive.

e Chapter 5 has focused on the development of a FOC algorithm for
asymmetrical multiphase PMSMs. In this framework, a space-vector
formalism has been introduced, and the VSD and rotational transformations
of the machine variables have been based on the choice of a set of space-
vector current components to be independently controlled. It has been
shown that, for asymmetrical machine configurations, the transformation
matrices chosen with a field-oriented approach may not be unitary, which
considerably affect the machine modelling and control. Then, the chapter
has presented and compared different torque control strategies for
asymmetrical PMSMs, aimed at exploiting non-sinusoidal currents to
develop the desired electromagnetic torque while, at the same time,
optimizing some desired system performances. The current control
algorithm has then been developed, and it has been shown how a standard
scheme developed for symmetrical machines can be adapted to deal with
asymmetrical configurations by introducing some additional compensation
actions. The considered analysis has been tested, both numerically and
experimentally, with an asymmetrical nine-phase PMSM with non-
sinusoidal back-EMFs.

e  Chapter 6 has presented an innovative control technique for a multiphase
PMSM drive. This new approach is completely general with respect to the
machine design and configuration, and has been directly rederived in the
phase variable domain, without using any VSD and rotational
transformation. An MTPA algorithm has been proposed to compute a set
of current references to develop a desired electromagnetic torque while, at
the same time, minimizing the machine RMS currents. The same strategy
can also be easily extended to implement unequal torque-sharing strategies.
The control of the machine phase currents has been based on a decoupling
algorithm, with the aim to counteract the mutual coupling effects due both
to the machine magnetic behaviour and to the electrical drive topology. A
feedback regulator has then been designed to control the decoupled phase
currents and, to guarantee the proper tracking of periodic references, the
proposed solution has been based on the use of multiple resonant controllers.
The conceived approach can easily generalize to different machine
configurations and drive topologies, including post-fault operations, proving
to be a viable alternative to standard control algorithms for multiphase
drives. It has been successfully validated through an extensive set of

experimental tests on an asymmetrical nine-phase PMSM.

e  Chapter 7 has shown how the proposed phase variable control technique
can be extended from PMSMs to SynRMs drives. In this case, both the



242 8 - Conclusions

electromagnetic torque and the motional-induced back-EMFs are related to
the variable reluctance effects, exhibited by a periodic dependence of the
machine inductances on the rotor position. Then, the MTPA algorithm has
been rederived. Again, it is aimed at the minimization of the machine RMS
currents for a given reference torque but, given the different torque
development mechanism, the corresponding solution and properties are
different than in case of PMSMs. The current control is instead almost
identical to the previously proposed scheme. It is again based on a
decoupling algorithm and on a decoupled feedback controller acting on each
single machine phases, and it only requires a different estimation for the
motional-induced back-EMFs. The proposed approach has been successfully
tested with a five-phase SynRM drive.

8.2 Original research contributions
This Ph.D. thesis has addressed the mathematical modelling and the control of

multiphase electrical drive with an innovative approach.

Regarding the electrical drive modelling, the major novelty is represented by the
multiport network approach, developed in Chapter 4 to analyse the mutual interactions
between the machine and the converter according to different drive topologies. This
approach, which is of general applicability, has made it possible to analytically formalize
the effects of different drive configurations on the behaviour of the electrical machine,
even in presence of one or more constraints on the machine phase currents introduced
by the hardware architecture, which happens in many typical cases. In these
circumstances, the introduction of the concept of configuration space can be helpful to
identify the effects of such constraints on the machine model variables. Moreover, the
proposed approach can also be easily adapted to drive reconfigurations, and therefore it
can be exploited to deal with post-fault events.

Regarding the electric drive control, the major novelty is represented by the
proposed decoupled phase wvariable control, developed in Chapter 6 for PMSMs and
extended in Chapter 7 for SynRMs. This control approach, contrarily to most standard
techniques, is directly derived in the phase variable domain, while explicitly considering
the constraints imposed by the hardware topology. Thanks to its flexibility and
generality, it can be easily adapted to different machine parameters and designs, to
different drive topologies and to different control requirements. As proven through an
extensive set of experimental tests, the proposed approach is a viable alternative to
standard control algorithms for multiphase drives and it is especially suited to deal with
asymmetrical and post-fault configurations.

This thesis has also presented many enhanced torque control strategies, aimed at
developing the desired electromagnetic torque while, at the same time, optimizing the
system energetic performances. Some of the proposed techniques have been derived with
a standard field-oriented approach, by specifically identifying different space vector
components to be exploited; other techniques have instead been derived by directly
addressing the machine phase variables or the configuration space variables.

Finally, this dissertation has also briefly mentioned some novel carrier-based
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modulation techniques for multilevel NPC and MPC converters, which have been derived
to directly address the voltage equalization of the DC-bus capacitors and which have
been developed as a side activity during the Ph.D. course.

8.3 Future developments

The work presented in this thesis reveals several possible future developments,
concerning many different aspects. Further investigations can be especially addressed to
the decoupled phase variable control, and include both the extension of the proposed
approach to different multiphase drive architectures, and the study of alternative
techniques for the torque development strategy and for the current control algorithm.

The extension of the decoupled phase variable control algorithm to multiphase
interior mounted PMSMs can be handled by taking advantage of the results obtained
for surface mounted PMSMs and SynRMs. In this case, the torque control strategy needs
to be modified in a way to consider the contributions of both the permanent magnets
and of the variable reluctance effects at the same time. The tracking of the optimal
reference currents can instead be carried with the same controller architecture proposed
in this thesis, and only requires a proper estimation of the motional-induced back-EMF's.

The extension of the decoupled phase variable control algorithm to multiphase
induction machines is currently under development. In this case, the main challenge is
that only the stator currents can be directly controlled by the supplying converter, while
the rotor variables (i.e., the rotor fluxes and currents) can only be indirectly regulated
through the effects of the inductive coupling effects. Consequently, the torque control
strategy for the computation of the reference stator currents needs to be replaced with
a simultaneous torque and flux control strategy, whose analytical derivation for a
generalized configuration may be more difficult (especially in case of asymmetrical
designs and post-fault scenarios).

For what concerns the torque control algorithm, all the analysed techniques have not
considered the voltage saturation phenomenon, which restricts their application below a
certain speed. Then, for high-speed operations, the current references computation
algorithms should be modified by developing some flurz weakening strategies. However,
their mathematical formulation may not be straightforward in asymmetrical or post-
fault configurations, which would make the development of a generalized approach more
challenging.

Moreover, the optimization criterion to exploit the degrees of freedom offered by the
multiphase configuration can also be modified to maximize some different system
performances. For example, the problem can be formulated to minimize the highest peak
stator current (instead of the overall RMS current) or to develop a Maximum-Torque-
Per-Voltage (MTPV) algorithm.

Regarding the current controller, other different decoupling algorithms can be
developed and compared, both in terms of performances and in terms of robustness to
parameters uncertainty. For examples, alternative schemes can be realized by addressing
the decoupling to the machine fluxes (instead of the machine currents) or by introducing
additional terms to the machine or to the network compensation actions (e.g., by adding
some damping terms to change the dynamical behaviour of the decoupled system).
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Similarly, many alternatives can be analysed for the decoupled controller. As also
formerly mentioned, they can either regard different feedback control actions (e.g.,
employing VPI controllers, repetitive controllers, etc...) or can involve the use of different
control architectures (e.g., model-predictive approaches, dead-beat algorithms, sliding-
mode controllers, etc...).

Finally, a more detailed machine model can be developed to also explicitly consider
non-linear effects in the drive control algorithm (e.g., magnetic saturation phenomena).



9 Appendix

This Chapter contains additional material for the analysis of the presented
dissertation. The first section covers some technical details mentioned in the previous
chapters, while all the other sections group the mathematical proofs of several properties
used in the thesis.

9.1 Additional considerations

9.1.1 Resonant controllers implementation

This section describes the algorithm which has been used to implement the resonant
controllers in the experiments of Chapter 6.

The considered resonant controller structure is a dynamical system with a resonance
for a given desired resonance frequency f. Its transfer functions in the Laplace domain
and in the frequency domain are':

s jw

R(s)=Kp 573 R(jw) = Kp-—

) < 3 9.1
82+w% 070.)2 ( )

W
where K is a resonance gain and w, = 27 f, is the angular frequency corresponding to
fo- Its Bode diagram is shown in Fig. 9.1.

For w — w, the magnitude of R(jw) tends to infinity. Thanks to this infinite gain,
when used in a stable feedback control loop, the resonant controller allows a perfect
tracking of sinusoidal reference signals with frequency f, and a perfect rejection of
sinusoidal disturbances with frequency f,. For w > w, and w <« w,, the magnitude of
R (jw) tends to zero, and its effect on the feedback control loop becomes negligible.

Several different implementations can be used to obtain the equivalent behaviour of
(9.1). However, not all the implementations are suited for variable frequency
applications. Some possible implementations are given in [158], [161].

The implementation adopted for the control algorithm of Chapter 6 is based on the

following expression:
y(t) = Kg - [ cos(wyt) - /E(t) cos(wyt) dt + -+
-+ sin(wgt) - /e(t) sin(wyt) dt

where ¢(t) is the input error signal and y(¢) is the control output signal.

The principle behind the implementation algorithm (9.2) is to identify the Fourier
coefficients of the error signal (¢) at the angular frequency w, (which is done through
the Fourier-like integrals) and to supply as a control signal a sinusoidal function at the
angular frequency w,, whose magnitude is modulated by these Fourier coefficients.

! Note that in this framework w is used to denote a generic angular frequency (i.e., contrarily
to the previous chapters, it is unrelated to the electrical drive).
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Fig. 9.1 — Bode diagram of a resonant controller (with K, = 1).

In other words, if the error signal £(¢) has a harmonic at frequency w,, the results of
the integrals grow linearly in time, and therefore y(t) is a sinusoidal function whose
magnitude grows linearly in time, coherently with the behaviour of a resonant dynamical
system. This linearly increasing output, by acting on the dynamical system under
control, is stabilized only when the corresponding harmonic in the error function (t) is
nullified. Under this point of view, a simple integrator can be interpreted as a particular
case of (9.2) when w, = 0: in this case y(t¢) would be a DC signal (i.e., not sinusoidal)
whose magnitude linearly increases with the DC component of the error signal e(t).

The validity of the algorithm can be mathematically justified by considering an error
signal in the complex domain as €(t) = E,; - ¢! and by computing the output signal of
(9.2), which is:

yt) = Kp - { cos(wpt) - /EM - et . cos(wyt) dt + sin(wyt) - /EM - et sin(wgt) dt] =

E. . . ejwt
=Ky h [cos(wot) - (wp - sin(wyt) + jw - cos(wyt) ) + -
2=
w4 sin(wyt) - (jw - sin(wyt) + wy - cos(wot) )} =FE, -e“ . Kg- ij 5
wE—w

This means that the frequency response of (9.2) is equal to the desired frequency response
of (9.1).

Since, for the control algorithm proposed in Chapter 6, the resonance frequency is
linked to the rotor angular speed, all the terms w,t can be simply replaced by a multiple
integer of the rotor position . In other words, to synchronize the resonance frequency
wy, with the h-th multiple integer of the machine angular speed, the algorithm
implementation (9.2) is simplified to:

y(t) = Ky - {cos(h9)~ / o(t) cos(hd) dt + sin(ho) - / =(t) sin(ho) dt] (9.3)

and the corresponding block diagram is depicted in Fig. 9.2. With this implementation,
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Fig. 9.2 — Resonant controller implementation.

similarly to an integral controller implemented in the synchronous domain, the frequency
tuning is automatically done through the rotor position 6.

Note that, in presence of multiple resonant actions, the computation of the terms
cos(hf) and sin(h#) in (9.3) can be obtained from cos(#) and sin(f) by using the multiple-
angle formulas of sine and cosine functions. This can be particularly convenient for real-
time implementations, because it allows replacing the calculation of many trigonometric
functions (which may be computationally demanding) with simple algebraic expressions
(i.e., sums and products), thus allowing for a much faster and efficient execution.

For the experiments of Chapter 6, the integrals in (9.3) have been discretized with
the trapezoidal method. It has also been found that no sensible difference was obtained
by using other discretization methods (e.g., forward Euler and backward Euler). A
compensation of the phase delay introduced by the discrete-time implementation and by
the pulse-width-modulation (i.e., 1.5wT,) has revealed useful to improve the controller
stability of the high-order resonant actions. This is coherent with the analogous results
given in [161] for different resonant controller implementations.

9.1.2 Torquemeter measurement

This section clarifies some observations regarding the torque measurements obtained
in Section 6.7.

The measurements have been obtained by a torque meter positioned between the
shaft of the multiphase machine under analysis and the shaft of the DC machine used
for mechanical loading.

The mechanical model of both machines can be analysed by referring to the

expressions (5.42) and (5.44), which are here reported:

d
J.d—‘:+F(w)~w:Tem—Tm
(9.4)
dw
Jm.E—FFm(w).w:Tm_Tload

Part of the electromagnetic torque T,,, developed by the multiphase machine through
the electromechanical conversion is used to compensate the multiphase machine inertial
torque J - dw/d¢ and friction F(w) - w, while the remaining part 7, acts as a motoring
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torque contribution for the coupled DC machine. This torque T, is itself used in part to
compensate the DC machine inertial torque J,, - dw/dt and friction F),(w)-w, and in
part to compensate the loading torque 7}, ,, generated by electromechanical conversion
by the DC machine (whose armature terminals are connected to an external resistor

through a controllable contactor).

The measurement obtained with the torque meter is the torque 7, transferred
between the two shafts. It is intrinsically different from both the electromagnetic torques
T, and T,,,, applied by the two electrical machines, because it does not take into

em

account the inertial and friction contributions.

To better clarify this statement, it is possible to refer to the simulation of the
mechanical system shown in Fig. 9.3. In this simulation, the mechanical system (purple
blocks) has been represented by splitting the overall drive train into the PMSM and DC
machine components. An idealized torque sensor has been inserted between them.

The PMSM torque is developed by introducing the same “Speed Controller” block
which has been used in the experiments of Chapter 6 and by neglecting the electrical
dynamics. In other words, for simplicity reasons, it is assumed that the output of the
Speed Controller block is the same electromagnetic torque T,,, developed by the
machine.

The DC machine torque, which in the experiments of Chapter 6 has been realized by
connecting the DC machine terminals to an external 25 () resistor, has been simulated
through a controlled torque whose value is proportional to the DC machine speed and is
such that, at the speed of 500 rpm, the developed torque is around 2.1 Nm. It represents
the applied loading torque 7}, of (9.4).

The inertia and friction contributions of both machines have been set coherently with
the estimated data provided in Section 6.6.

The simulation has been set to emulate the dynamical testing scenarios of the
experiments discussed in Section 6.7. Initially, the system is in steady-state conditions
at —500 rpm and the external resistor on the DC machine is not connected. Then, at
100 ms, the reference speed is changed to 500 rpm. Finally, at 600 ms, the braking torque
of the DC machine is activated.

The simulation results are depicted in Fig. 9.4 (left). They are compared with the
corresponding experimental results obtained in Section 6.7.1 for the single-star
connection of the multiphase PMSM, represented in Fig. 9.4 (right). These experimental
results have also been represented in Fig. 6.18 and Fig. 6.19. It is here recalled that the
measured speed w has been obtained with a Omron E6B2-CWZ1X incremental encoder,
with a resolution of 1000 pulses/revolution, while the measured torque T,, has been
obtained with a Magtrol Torquemaster TM 210 has positioned between the PMSM and
the DC machine rotor shafts. The electromagnetic torque T, has instead been estimated
by computing the analytical expression (6.4) of the torque with the set of measured
PMSM currents.

As can be noted, the qualitative behaviour of the simulated mechanical system is

very similar to the corresponding experimental results.
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Fig. 9.4 — Comparisons of the mechanical behaviour of the drive in the dynamical
tests. Left: PLECS Simulations; Right: Experimental results.
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9.2 Chapter 2 Proofs

This section contains the proof of the properties stated in Chapter 2 - Electrical
Machine Model.

9.2.1 Power balance equation for an electrical machine

Considering a motoring power flow convention, it is possible to write the following

power balance equation:
Pei = P, + Dy +Pr +Pp + Pery (95)

where:

e D, :Z:Zlikmk represents the input electrical power absorbed from the

network,

e p, =T, -w represents the output mechanical power delivered at the rotor
shaft,

o p,=23(1J-w?) represents the kinetic mechanical power absorbed to

accelerate the rotor mass (i.e., to increase the kinetic energy% J - w?),

* pp=>_, Ry ij represents the Joule losses in the machine windings,

o  pp= F(w)-w? represents the mechanical friction losses, and

e p,,=dW,, /dt represents the electromagnetic power absorbed by the machine

(i.e., to change the electromagnetic energy W,,,).

It is here shown that the net electromagnetic power absorbed by the machine is given
by the expression (2.5).

Proof. By considering the electrical equations (2.1), the input power absorbed from the
electrical network can be explicitly found to be:
do

pel:Zz'k.uk=iT.v:i"‘.R.i+i"‘.E
k

The term 4" - R-4=3" R, -ij can be recognized to be the overall Joule losses pp.

Similarly, by considering the mechanical equation (2.4), the output mechanical power
p,, delivered at the rotor shaft can be explicitly computed:

dw

Py =T, -w=T6m~w—F-w2—J-w~E

m

The term F - w? can be recognized to be the machine friction losses py, while the term

Jw-dw/dt = %(% J - w?) represents the mechanical power p,_ to accelerate the rotor
mass.

By substituting these explicit expressions in the power balance equation (9.5) and

by properly grouping the various terms it results:
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dw.

em

dt

= Pem = Peg =Py — Py, —Pr —Pp =

. . .0 deo dw
_’LT.IZ(;’—F’LT.E_TG cwHF w4+ T w- E—pw—pR—sz
(27 ) = (pr — TR — (e — Fw?) — il
—(’L T Temw> (pp — T R1) — (pp — Fw?) ( — Jow- dt)
R

dt em dt em dt

9.2.2 Orthogonality of conservative and solenoidal fields
It is here proven that, given a conservative vector field A and a solenoidal vector
field B in a closed domain © with the boundary condition B -7 = 0 on 99, then it

results:
///TEdV:O (9.6)
D

Proof. The property (9.6) follows from the vector manipulations:

// A.Bdv = (A is (;;)neeé\}atlve )
)
= //]Vf.E dv = (v. ; ;f)ecto;;de;tj}; . >
/// — f(V-B)]dv = (B 1;@051f1(()ia )
:///v.(ffa‘)dvz <///v v = ' ﬁdS)
° oo
)

Boundary Condition:

=¢p fB-ndS=0 (
B-7=0 on 99

oD

9.2.3 Uniqueness of the MQS solution
It is here proven that the MQS system:

#E-ﬁdS:O

S,
%H@dl:/ Jp-ndS (9.7)
e Sy

B =puH + Bpy, (with g > 0)

B-A=0 on 09
which, in the linear approximation, describes the magnetic behaviour of an electrical
machine with the simultaneous presence of current-carrying windings and permanent

magnets [129], has a unique solution.

Proof. Suppose there exist two solutions (ﬁ(l),ﬁ(l)) and (H ) B ). Both solutions

—

satisfy the system of equations (9.7). The difference fields defined as (H<3)7B<3)) =
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(FI“) — H® BW _ §(2)) satisfy the following homogeneous system of equations:

—

B® .7 dS=0

?fﬁwfdzzo

B® .3 =0 on 09

Meaning that the field H® is conservative and the field B® is solenoidal. Then, by
computing the total energy stored in the system and applying the property (9.6) it results

that:
(3)2 3)
///13 /// B :1///§<3>.ﬁ<s>dvzo
2 D

but since the first term is a squared quantity, the only way for this integral to be zero
is to have B®) = 0, which also implies H® = 0. This means that O = F® and that
BW = B®. Then, the solution to (9.7) is unique.

O

9.2.4 Electromagnetic energy and coenergy properties

The coefficients of the electromagnetic energy and coenergy expressions (2.25) and
(2.26) can be computed from the integrals (2.19) and (2.20) with the magnetic field H
and the magnetic flux density field B given by (2.24), resulting in:

(0)2
v [t e [
emk ///ﬂ H(O) (k) dv em, // B(O .E(k) dv (98)
b(kl .B(ké)
(2) — k1) . 7, (k2)
Wem,kl,k'Q_///2 'U’h h 2 em k:1 ko /// u av

where it is worth recalling that the fields (H(O) B () are the solutions to the MQS
problem (9.7) in absence of currents, while the fields (h(’“),z(k)) (with k =1,...,n) are
the solution of the MQS problem (9.7) in presence of the sole k-th current and in absence

of permanent magnetization. This means that:

#1‘3‘<0>.ﬁd5:0 #3"“>'ﬁd5=
S
%H ©.7d1=0 and jﬁb(’“) tdl = // g mdS (9.9)
S’Y

y
BO = uH® 4+ By, bR = pp®
BO.7=0 on 09 .5 =0 on 9D

The properties (2.27) of the electromagnetic energy and coenergy coefficients (9.8) are

here proven.
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Proof. First, consider the symmetry properties w =w? and W@

em,ky kz em,kq,kq em,kqi,ky

W;n(fl . They can be directly derived from the expressions (9.8) considering that the

2y l

dot product is commutative (i.e., h*1) . hlk2) = pk2) . fk1) and plko) . pka) = plka) . flka)y,
Consider the property Wem by by = W;ff;c o . The fields (71 k1) k) ) and (h ka) k2) )

are both solutions of the demagnetized MQS problem (9.7) with Bp,, = 0. This means

that bk = ,ufz““l) and bk2) = ,u71<k2>. Then, by simple algebraic manipulations, it results:

é:l et ko /// p htk) k) qV = [// uh ka)) Hh(kl)) dv =
/// b(kl) k2 dv = Wem Jky,ko

which is the symmetry property of (2.27).
Consider now the property W'Sn) = 0. The fields (ﬁw), E(O)) are the solution of the

MQS problem (9.7) with all the currents being zero. This means that the magnetic field
H© is conservative. The fields (71(’“),?1(’“)) are the solution of the demagnetized MQS
problem (9.7) with By, = 0, meaning that b*) = ph®).

Since H© is conservative and b*) is solenoidal, by applying (9.6) it results:

wi ///uH AW Qv = //H (uh®) AV = //H<0> ® qv =0

which is the aforementioned property of the energy coefficients.
Finally, consider the property W'% +w/’ (0 = = [[),(Bas/2u) V. The fields

em em
(FI“)), E(O)) are the solution of the MQS problem (9.7) with all the currents being zero.
This means that the magnetic field H© is conservative and B is solenoidal.

By applying the property (9.6) the computation of the energy coefficient results in:

wo = // %uHW? dv = ///%(ﬂﬁ«n) O qv = /// B9 — Bpy,) - HO av =
D D
:%///@ 04V — /// Bpy - H // ~Bpy, - H® dv
D

Similarly, the computation of the coenergy coefficient results in:

) o I -
// H®.BO qv + // —Bpy - BO av = // 2MBPM BY av

By summing these two terms it results:

W Wil = [I] 5B BO v = [ B B av =
o 21 02
B<0) _‘
e (o

which is the last property to be proven.
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9.2.5 Inductances matrix properties

It is here proven that the inductances matrix L is symmetric and positive definite.

Proof. First, consider the symmetry property. From the definition (2.28) it immediately
results that:

Blk1) . Plk2)
A R b oW ®
Lkl’kz =2 em,ky,ky 2 ///@ 20 =2 emoka ky LkQ"kl

Consider now the positive definiteness property. The inductances matrix coefficient
can be computed by solving the MQS model of the machine in absence of permanent
magnetization effects. The solution to this problem is given by (2.24) with H©® =0 and
BO = . Then, the electromagnetic energy stored in the demagnetized model is:

n 1 n n 1

_ 2 _ (2) . S T .

Wem_///iuH dV_ZZW@m,kl,kQ'lk1.Zk2_§.z L
D ky=1kp=1

Since p > 0, the integral is always non-negative and is zero only in absence of any

magnetic field H in the whole machine domain ©. The presence of any current always

leads to the generation of a magnetic field®. Then, for any n x 1 currents vector % # 0,

it results 47 - L -4 > 0, meaning that L is positive definite.
O

9.2.6 Torque expression from the electromagnetic energy

It is here proven that the electromagnetic torque expression computed as T, 6 =

— oW,

em

(2.33) computed as T,

/00 with respect to the energy expression (2.31) is equivalent to the expression

= oW,

em

/00 to the coenergy expression (2.32).

m

Proof. The torque computation through the energy expression first requires to
reformulate (2.31) in terms of the machine fluxes ¢ instead of the machine currents <.

By inverting the relation (2.29) it results that:
i =T(0) [¢—py(0)]

where it is worth recalling that T'(§) = L=1(0) is the reluctances matrix, which is

symmetric and positive definite. By substituting this expression in (2.31) it results that:

= W6) + 56— s (O] - T(O)- L(6) - T(0) - [ — thpus (6)] =
= W6) + 5 (&~ s O] T(O) - [ — s (0]

By applying the 6-derivative (2.8) with fixed fluxes it results that:

2 The only exception would be verified when the field generated by one current perfectly
cancels out the field generated by another one in the whole machine domain. However, this
behaviour (which would lead to a semi-positive definite matrix) would be an unrealistic model.
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oW, WD d B
T, =T = O (TVRY p(g) [ — 4y (0)] +

1 r or
R [ — P pps(0)] 0 [ — Y (0)]

Similarly to (2.33), the torque is given by three contributions:

o the term —AW.% /80, which is independent of the fluxes,

e the term (99 py,/00)T - T'(0) - [¢p — 1 py,(0)], which is linearly varying with the
fluxes,

o the term  —(1/2)-[@ —thpy(0)]" - (OT/00) - [¢p —py(0)], which s
quadratically varying with the fluxes.

The first torque contribution, thanks to (2.27), can be rewritten as:

aWem _ lBPM 8Wem
9 86(/// V= W (6)> 00

because the integral fff:D(B%M/Q,u)dV does not depend on the rotor position . It is equal
to the current independent term 7T (6) in (2.33).

The second torque contribution can be rewritten as:

(%) TO) - (@ —py (0)] = Fhas(0) -4

where fp,(0) = 0t py,/00. Tt is equal to the term in (2.33) which is linearly varying
with the machine currents.

The third torque contribution can be rewritten as:

1

2 16— B O] 0 [0~ ()] = — 4T L(6)

: L) i

0

The 6-derivative of the inductances matrix L(6) can be rewritten as:

L) =g—§=% L(6)-T(0)- L(0)| =
oL ar
=2.57-T(0)-L(0) + L(6)- 55 L(0) =

meaning that L(6) - (OI'/00) - L(#) = —L’(6). By substituting in the previous expression,
it results that:

5 D O T (6~ (O] = 5T L (0)

which is the term in (2.33) quadratically varying with the currents.

9.2.7 Fixed reference frame transformation parameters

It is here proven that, by applying the transformation (2.36) to the phase variable
model of the electrical machine (2.35), the transformed model is given by (2.37) and the
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parameters are’:

Fra(0) =T+ (6)

R=T-R-T!

LO)=T-L(v)-T

Lyu(0)=T-L'(0)- T (9-10)
L@ =T"-L') - T

Y=17T.7!

Proof. Consider the phase variable model (2.35). By applying the transformation & =
T~ - % to both the machine voltages and currents, the electrical equation is modified to:

Sy R (T D)t e= (T 5)

L(0) I

Since T is constant, the matrix 7! can be taken out from the time derivative. By pre-

multiplying both sides for T it results that:

dz

(T LO)-T )5

+(T-R-T V) i+ (T e) =%

which is the first equation of (2.37) with the parameters L() and R defined in (9.10).
The transformed motional back-EMF's vector € is:

e=T -e=w([T fpu(O)]+w[T -L'(0) -T2
which is the second equation of (2.37), with fPM(O) and L,(6) defined in (9.10).

With the same substitutions, the torque expression becomes:

T, = To0) + (T Fopg) - (T -3) 45 (T3 L/(0) - (T -7) =

= Ty(0) + fh - (T T4+ 5 7 (T7)- L) - T7] -3

N = N

which is the third equation of (2.37) with the parameters ¥ and L/.(6) defined in (9.10).
O

9.2.8 Moving reference frame transformation parameters
It is here proven that, by applying the transformation (2.39) to the phase variable
model of the electrical machine (2.35), the transformed model is given by (2.40) and the

parameters are:
Fpu(0,0) =T () -

f
R( )=T®) -R-T'(V)
L(0,9)=T() L(9)-
(

Ly (0,0) =T () - L'(0) -g* (0) (9.11)
Ly (0,0) = T(¥) - L(6) 39 [T (9)]
L(0,9) =T (0) - L'(0) - T-'(9)

T(ﬂ) =T-7(9)-T(9)

3 The notation T~ stands for -7 = (T~H)T = (T7)~%.
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Proof. Consider the phase variable model (2.35). By applying the inverse
transformation & = T(¢9) - £ to both the machine voltages and currents, the electrical

equation is modified to:

L) -%[T*l(ﬂ) A+ R-[T(9)-7) + e = [T(9) -]

Since the matrix T' depends on the variable parameter 9, the time derivative is

decomposed as:

dz
dt

Lipag).a) = E[Tflw)]-ﬂzrfl(ﬂ).j_i - Q~§—19[T*1(19)] G+ TL(D)

with © = d¥/dt. By substituting this expression and by multiplying both sides for T'(+})
it results that:

(T(0) - L) - T (0)] -+ [T00) - BT (0)] - + -
et Q {T(ﬂ)-L(O) ~§—19[T*1(19)]} GT() e = b

If the term dependent by € is grouped into €, this is the first equation of (2.40) with the
parameters L(6,9) and R(9) defined in (9.11). The transformed back-EMFs vector is
therefore defined as:

E—T(0)-e+0 {T(ﬂ) L) 2 [T*l(qa)]} =

= [P0) - Fong O]+ [T0) - £'0) - T 0)] 742 {T0) - £0) -0 [T )] 5

which is the second equation of (2.40) with the parameters fPM(67 9), L', (6,9) and
L', (0,9) defined in (9.11).

With the same substitutions, the torque expression becomes:

em

T, = Ty(6) + [T740) - Foad] “[T7(9) 5]+ S [T7(9) 317 L'(6) - [T (9) 3] =

AT ) LO) - T ()} -7

N =

= Ty(0) + Fa AT O] T ()} -7+

which is the third equation of (2.40), with ¥ () and L/(6,9) defined in (9.11).
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9.3 Chapter 3 Proofs

This section contains the proof of the properties stated in Chapter 3 - Converter

Architectures and Modulation Techniques.

9.3.1 PWM for a two-level VSI leg

It is here proven that, for a generic k-th two-level inverter leg (with k =1,...,m)
controlled with a PWM technique, if the bandwidth of the reference voltage uj(t) is low
enough with respect to the modulation frequency fpy,,, then the low-frequency content
of the leg output voltage u,(t) matches the harmonic content of the reference voltage
u}(t). In other words, the output voltage can be expressed through (3.4) and the residual
voltage Auy(t) has an harmonic content that is only located at high frequencies.

Proof. Consider a generic k-th two-level converter leg controlled with a PWM technique
working in symmetrical regular sampling mode with a triangular carrier*. The leg output
voltage generated by the PWM technique is a sequence of rectangular pulses. All the
pulses have the same height, equal to the DC-bus voltage V. Given (3.3), the width
of the rectangular pulse in the h-th modulation period is:

1 u'(ty)

f PWM VDC

TON [h] =Tpwa - dON [h]

The h-th modulation period lasts from the instant ¢, to the instant ¢, , =, + Ty,
Each pulse is centred around the midpoint of the modulation interval, located at
(tn, +thi1)/2 =ty + Tpyar/2- By placing the time origin in a way that ¢, = 0, then ¢, =
h Tpy s and the output voltage can be expressed as:

+00
t, +t,.1
Z VDC ’ reCtToN[h] (t - 9 - > =

h=—00

S V, t t—hT _ Trwar
Z pC - TeClr vin] PWM 9

h=—cc

u(t)

where rect ;- (t) is the rectangle function, which describes a rectangular pulse centred at
the time ¢ = 0, with magnitude 1 and time width AT (denoted as the subscript of the
function rect(t)).

The harmonic content of the reference voltage u*(¢) (i.e., of the smooth signal to be
applied) is identified by its Fourier transform:

+o0
(1) =l @)f) = [ oty erert ar

Similarly, the harmonic content of the actual leg voltage u(t) (i.e., of the sequence of
rectangular pulses) is also identified by its Fourier transform. By recalling that the
Fourier transform of a rectangular pulse is the normalized sine cardinal function:

4 A similar reasoning can also be applied for other PWM working modes. The leg subscript
k will be omitted for notation compactness.
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sin(m f AT)

Flrect o (0)](f) = AT - sine(f AT) = AT - < AT

and by recalling the time delay property of the Fourier transformation
Tzt —)](f) = Tla@®)(f) - e 2/

the explicit computation of the harmonic spectra of u(t) results in:
U(f) =Fhu®)(f) =

+00 T
=7 { Z Vpe - recty, (t —hTpyp — %)] (f) =

h=—o00
LN 7 [recty, o (£— b T — 920)] () =
= Z DC* TeClr, vlh] PWM B) (f) =
h=—c0

= Z Voo F rectTON[ ](t)] (f) e (}L-TPW1W+_PVI%>

h=—00
= . Tpwm
= > Voo Towlhl - sinc(f - Toy[h]) - e 3 Trwar . =42 =
h=—cc
u*(hT, . T,
= Z Tpwas W' (h Tpyy) - Slnc( f : ( PWM)) S ATV B
= Trwar Vbe

Each term of this infinite sum represents the Fourier transform contribution of the
reference voltage u*, sampled at the h-th instant hTpy,,, shifted by the time delay
hT gy (velated to the h-th modulation interval) and Tpy,,/2 (related to the center of
the rectangular pulse) and weighted (for each frequency f) by the non-linear function
Ty - SinC((f/prM) (u(h TPWM)/VDC))'

By directly comparing the harmonic spectra I (f) and U*(f) it is not immediate to
derive any conclusion. The comparison requires defining an additional auxiliary term.
By considering an idealized sampling process, obtained in the distribution domain by
multiplying the reference (i.e., smooth) signal u*(¢) with a periodic sequence of Dirac
pulses of area Tpyyy, and of period Ty, it is possible to define idealized sampled signal:

+00 +00
us(t) = u(t) - Tpyy - Z 6(t = hTpypy) = Z Tpywar - w' (h Tpypy) - 6(E = h Tpyypy)
h=—oc h=—o0c
where 0(¢) is the unitary-area Dirac pulse located at ¢t = 0.
As known, the Fourier transform of an idealized sampled signal is the periodic replica
of the Fourier transform of the original (i.e., smooth) signal. Therefore, the Fourier

transform of ug(t) can be written as:

Us(f) = Tlus(D](f) = F [u*(t)-TPWM- S 5t b Toa)| () =

h=—00

Z Flwr @) —h- fownr) = >, W (F—h Founr)

h=—00 h=—00
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and, if the bandwidth of the reference voltage u*(t) is low enough with respect to fpyass
then there is no aliasing® and it results that:

Us(f) =U(f) for f < fpwu

The same Fourier transform, however, can also be expressed differently. Indeed, by
recalling that F[6(¢)](f) = 1, it is possible to directly apply the Fourier transform to the
Dirac pulse sequence ug(t), which results in:

Us(f) = FlusI(f) =

=7 { Z Townr - w' (W Tpwar) - 0(t = h Tpy) | () =

h=—00

Il
g
~
:

~w (h Tpyag) - T[0(t = B Tpyag))(f) =

= Z Tpwar - " (h Tpyag) - F[6@)](f) - e TPwar =

Il
g
~
:

Cut (h TPWM) . e 1hTpwn

Each term of this infinite sum represents the Fourier transform contribution of the
reference voltage u*, sampled at the h-th instant hTpy,,, shifted by the time delay
hT pypr (related to the h-th modulation interval) and weighted by Tpyp,-

By comparing this last expression of U (f) with the Fourier transform 2(f) of the
pulse-width modulated signal u(t) (previously found), it can be recognized that many
terms are similar to each other. Moreover, for low frequencies, f/fpyu < 1 and, since
0 < u* < Vpe, the normalized sine cardinal function which appears in the expression of
U(f) can be approximated as:

sinc( / Y (hTPWM)) ~1]

f PWM VDC

Then, by comparing U (f) and U(f) it results that:

+00 T

. * . 7-] hT . 7J PW M _
E Topas - W (h Tpprpy) - e Hpwar e 1727 =
h=—00

+oo
[ _:Trwnm

us)

IR

* —jhT v J —
§ Tpwar - W (W Tpyypy) - €71 0war| e 2 =

h=—00

_Tpwm

=Us(f)-e?7 2 for f < frwm

As a result, thanks to the introduction of the signal uz(t), it has been shown that:

® For the Nyquist-Shannon Theorem, to avoid any aliasing phenomena, the frequency f,, ..

identifying the bandwidth of the signal should be lower than the Nyquist frequency, which for
the present analysis is equal to fpyp,/2.



9.3 - Chapter 3 Proofs 261

_.Tpwm s TPXéVI\/I

U(f) = Us(f)-e? 2 =U(f) e

To summarize, it has been shown that, if the original (i.e., smooth) signal has a narrow

for f < fpwum

bandwidth with respect to fpy,,, then:

e the low-frequency harmonic spectrum of the pulse-width-modulated signal (i.e.,
the sequence of rectangular pulses) is similar to the harmonic spectra of the
idealized sampled signal (i.e., the sequence of Dirac pulses) and just delayed by
Tpwn/2,

e the low-frequency harmonic spectrum of the idealized sampled signal (i.e., the
sequence of Dirac pulses) is similar to the harmonic spectra of the original signal
(i.e., the smooth reference signal), and then

e  the low-frequency harmonic spectrum of the pulse-width-modulated signal (i.e.,
the sequence of rectangular pulses) is similar to the harmonic spectra of the
original signal (i.e., the smooth reference signal) and just delayed by Ty /2

Therefore, by anti-transforming the previous result back into the time domain, it
results that:

u(t) = FHUNIE) = T |U(f) - eﬂ'%] (t) = (t—%)

which is the result given in (3.4).
By definition, the residual voltage Au(¢) is given by the difference between the pulse-
width-modulated signal u(t) and the shifted reference signal u*(t — Tpyp,/2), which is:

s Tpwm

Au(t) = FHU) =1 (f) e 72| (1)

and, since at low frequencies U (f) = U*(f)-e7 TPEVM, the harmonic content of Au(t) is

only located at high frequencies, and can be therefore filtered by the supplied load.
O

9.3.2 Common-mode voltage limits

It is here proven that, given a set U* = [@}, 43, ..., 4%, )T of reference leg voltages, the
feasible range for the common-mode voltage component uf.,, which can be injected is
given by (3.7).

Naturally, for the leg voltages to be feasible, it must result:

—min{@*} < Vpo —max{w*} = max{T*}—min{u*} <V,
meaning that the maximum phase-to-phase voltage must be lower than the total DC-
bus voltage.
Proof. The reference leg voltages after the common-mode injection are:
up = Uy +ugy,  (withk=1,...,m)

Since it must result 0 < uj, < Vp for all converter legs, this means that ug,,, must be
in a certain feasible range. This range can be found by referring to the extreme minimum

and maximum leg voltages as:
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min{a*} = min{@*} + ugy, >0 Ugp = —min{T*}
~ ~ = ~
max{u*} = max{%*} + uly < Vpe Uy < Vpe — max{u*}

which is the range provided in (3.7).
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9.4 Chapter 4 Proofs

This section contains the proof of the properties stated in Chapter 4 - Electrical
Network Model.

9.4.1 Tellegen’s theorem (virtual powers conservation)

This section recalls Tellegen’s theorem for the virtual powers conservation, which is
an important and well-known result for an electric circuit [166]-[168].

Consider the same electrical circuit in two different operating conditions, here
referred through the superscripts () and (”), respectively. By using the passive sign
notation for all the circuit elements, the first operating condition is characterized by the
voltages and currents set (v’,4’), while the second operating condition is characterized
by the voltages and currents set (v”,2”).

The circuit overall Virtual Powers are defined as:

Il

<
=

~

m

~ T . . ~ T . .

P/_’// — ’U/ . l” — § ”U]; . Z;C/ and P//_,/ — ’U” . ’L/ a ;C (912)
k=1

where m is the total number of elements in the circuit.

Tellegen’s theorem states that the overall virtual powers are zero:
P,=P, =0 (9.13)

When only a single operating condition is considered, v/ =v” = v and ' =" = 1.
Then, the virtual powers are equal to the real power absorbed by the circuit and
Tellegen’s theorem corresponds to the conservation of energy principle of physical
systems.

A classic proof of this theorem is here recalled.

Proof. Any electric circuit can be associated with an ordered graph. Generally speaking,
the graph has n nodes and m branches. The branches directions can be associated with
the flow of the currents. By using the passive sign convention for all the circuit elements,
the orientations of the voltages are automatically determined.

The Incidence Matriz A related to the graph is a n that:

—1 if the branch A points to the node k

+1 if the branch A points out from the node k
Ahk = {
0 if the branch h is not connected to the node k

The set of circuit currents ¢ satisfies Kirchhoff’s Current Law, which can be expressed
as:

A-1=0

The set of circuit voltages v satisfies Kirchhoff’s Voltage Law, and each voltage can
be therefore expressed as the difference of the electric potentials in two corresponding
nodes. They can be expressed as:

v=A" - u

where u is the set of electric potentials at the circuit nodes.
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These properties are true regardless of the operating condition, meaning that:
Ai=0, A-i"=0 vV=AT-u, v =AT.-u
The virtual powers can be therefore expressed as:

p/,// _ ,U/l‘ i = (Al . u/) L = u/T . (A . i//) _ u/l‘ .0 =
ﬁ)”’/:U//T~i/:(AT'U”)'i/:U//T-(A~i’):U//T~0:O

which is the property stated by the theorem.

9.4.2 Reciprocity properties for two-port networks

This section recalls the reciprocity properties for linear a-dynamical two-port
electrical networks [166], [167].

A linear a-dynamical two-port network is an electric system that only contains
passive linear elements (i.e., resistors) and can be accessed externally by two couples of
terminals (i.e., two ports). The two ports, further on referred by the subscripts 1 and 2,
can be supplied by voltage or current sources. For an independent voltage source, the
current absorbed by the network is the complementary wvariable. Similarly, for an
independent current source, the voltage at the port terminals is the complementary
variable’.

If both ports are supplied by voltage sources, the two-port network is mathematically

: {2] (9.14)

If both ports are supplied by current sources, the two-port network is mathematically

: {Zj (9.15)

If one port is supplied by a voltage source and the other port is supplied by a current

represented by the Conductances Matriz:

Gll CTV12
G21 CTv22

and the reciprocity property states that G, = Gy;.

represented by the Resistances Matrix:

Uy
Vg

and the reciprocity property states that R, = R,;.

Rll R12
R21 R22

source, the two-port network is mathematically represented by the Hybrid Matriz:

iy | _ (Hiy Hy Uy
vy | ~ |H, Hy, A (9.16)

and the reciprocity property states that H,, = —H,,."

6 Tt is important to emphasize that the network ports are identified through the passive sign
notation, which corresponds to the active sign notation for the sources connected to the ports.

" This is also called Anti-reciprocity property. The same property also applies if the port 1
is fed by a current source and the port 2 is fed by a voltage source.
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Proof. Any linear a-dynamical network is characterized by a certain number n of
internal elements, each of which can be modelled through a resistance R, (with k=
1,...,n). Their voltages and currents can be denoted as vy, and ip, and, given Ohm’s
law, Vg = R, - sz

First, refer to the conductances matrix formulation (9.14). Consider two operating
conditions, denoted through the superscripts (") and (”). The first operating condition is
given by v{ = V; # 0 and v, = 0. From (9.14) it results that i} = Gy, - V; and i, = G, -
V1. The second operating condition is given by v{ = 0 and v§ =V, # 0. From (9.14) it
results that if = G5 -V, and i5 = G4, - V,. By applying Tellegen’s theorem (9.13) to the
two operating conditions it results that:

n n
Y VY ’ -y _ v -y
0 =] +v5-i5 — § ”R,,k'ZR,k—Gm'Vl'Vz* § :Rk'ZR,k'ZR,k

k=1 =1
n n
o noosr ” Y _ . . o L Y
0=vof -4 +v5 145 E YRk 'RE T Gy Vo V) E Ry, "Rk 'Rk
k=1 =1
By comparing the two expressions, it results:

1
A2

n
v v _
Gy ’ Ry, - Rk 'RE T Gy
1

k=
which is the reciprocity property of the conductances matrix.

Refer now to the resistances matrix formulation (9.15). Again, consider two operating
conditions, denoted through the superscripts (") and (”). The first operating condition is
given by ] = I, # 0 and 5, = 0. From (9.15) it results that v; = R,; - I; and vj = R, -
I,. The second operating condition is given by if =0 and 5 = I, # 0. From (9.15) it
results that v{ = Ry, - I, and v = R,, - I,. By applying Tellegen’s theorem (9.13) to the
two operating conditions it results that:

n n
Y Y Y ’ Y _ v -y
0 =) +v5-i5 — E Vpp TRy = Boy - Iy - Iy — E Ry ipy iR
k=1 k=1
n n
Y Y "o ” v _ v v
0=y i3 +v5 i — § VRk 'Rk =Ry L, 1, — § :Rk'zR,k'ZR,k
k=1 k=1
and, by comparing the two expressions, it results:

1 & . .
Ry, =7 I Zszﬁkﬁm =Ry
172 =1

which is the reciprocity property of the resistances matrix.

Finally, refer to the hybrid matrix formulation (9.16). Again, consider two operating
conditions, denoted through the superscripts (") and (”). The first operating condition is
given by v; =V} # 0 and 45 = 0. From (9.16) it results that i; = Hy; - V; and vy = H,, -
V1. The second operating condition is given by v{ =0 and i5 = I, # 0. From (9.16) it
results that i{ = Hy, - I, and vj = H,, - I,. By applying Tellegen’s theorem (9.13) to the
two operating conditions it results that:
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n n
Y 7 on / -y o ./ -y
0 =wvy1] +v5i5 — § VR 'Rk = (Hyg+Hy)-Vidy — § Rk'ZR,k'ZR,k
k=1 k=1

n n
Y] noosr ” Y _ Ll Y
0=y i) +v; 15 § :URJC 'Rk~ E Ry, 'Rk "Rk
k=1 =1
and, by comparing the two expressions, it results

1 & . .
Hy, + Hy :V—,I'ZRk'Zﬁ,k iy =0
172 =1

meaning that H,, = —H,,, which is the reciprocity property of the hybrid matrix.

9.4.3 Reciprocity properties for multiport networks

The reciprocity properties stated for linear a-dynamical two-port networks are here
extended for linear a-dynamical multiport networks.

A linear a-dynamical multi-port network is an electric system that only contains
passive linear elements (i.e., resistors) and can be accessed externally by m couples of
terminals (i.e., m ports). Each terminal can be supplied either by a voltage or by a
current source.

The m ports can be divided into two subsets. The my, ports supplied by independent
voltage sources are denoted by the subscript V; the supplying set is vy, and the
complementary set is 4,,. The m; ports supplied by independent current sources are
denoted by the subscript I; the supplying set is ¢; and the complementary set is v;.
Naturally, it must result m, + m; = m, but the size my, or m; of a single set can vary
from 0 to m.

The general formulation of this multiport system is obtained by the Hybrid Matriz:
iy | _ [Hy Hy | V| _ |Gy Hy | | (9.17)
vy H, Hyj r Hy Ry r '

e H,, =Gy is the my xmy, Partial Conductances Matriz,

where:

e H; = R;; is the m;xm; Partial Resistances Matriz,

e H,;is the m,xm; Currents to Voltages Partial Hybrid Matriz,

e H,, is the m;xm, Voltages to Currents Partial Hybrid Matriz.
The Reciprocity Properties for the multiport representation (9.17) is:

Gy = G&V7 R, = R}}, Hy, = *HIIV (9~18)

meaning that the relationship among the same kind of sources is symmetric, while the
relationship among different kind of sources is related to an anti-transposition®.

The same property holds in case of multiple subsets. Also, when m,, = m and m; =
0 the reciprocity property (9.18) particularizes into the symmetry of the overall network

8 This is not an anti-symmetry property, since the hybrid matrices Hj,, and Hy; may not
be square matrices.
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conductances matrix, while when my =0 and m; =m it particularizes into the
symmetry of the overall network resistances matrix.

The properties (9.18) are here proved.

Proof. Consider two generic ports, here referred through the subscripts h € {1,...,m}
and k € {1,...,m}. The mutual interaction between the two ports is obtained when all
the other sources are zero. This means that all the other voltage-driven ports are short-
circuited and all the other current-driven ports are left in open-circuit. Then, the overall
multiport network is transformed into an equivalent two-port network, where the
reciprocity properties defined in Section 9.4.2 hold. As a result:

e if both the ports are voltage-driven, then H,, = H,, (thus explaining why

Gy = Gw),

e if both the ports are current-driven, then also H,, = H,, (thus explaining why
R, = Rj)),

e if one port is voltage driven and the other is current-driven, then H,, = —H,,

(thus explaining why Hp, = —H;).
O

9.4.4 Auxiliary network voltages expression

It is here proven that, given the electrical machine model (2.35), the auxiliary
network voltages vy in a constrained configuration obeying (4.8) can be expressed as
(4.14) and the equivalent network parameters in (4.16) would be expressed as (4.17).

Proof. From (4.13), the machine voltages can be expressed as:

Y = N - Vysr — Rypr - ipy — M - Oypr
From (2.35), the machine voltages can also be expressed as:
dipy, .
Vpn = Lpy - a Rpy - tpy +epy
By matching the two expressions and by isolating the currents time derivative Ly, -

(digy,/dt), it results:

digy .
EM T qp N -vygr — (Rpy + Rypr) gy — €pv — M - ypr

Both expressions can be multiplied by T',; = Lz}, resulting in:

digy,

a4 Ton o [INVysr — (Rpy+Rypr)ipy — €pa) — T - Mooypr

By left-multiplying this last expression by MT and by recalling that, because of the

currents constraint equation (4.8) M™ - iy, = 0, it results that:

d . dig,,
0 :a(MT'ZE]M) =M" '—dEtM =

=M"-Tpy - [N-vyg — (Rpy + Rypr) -ty —€py] — (M Ty - M) - vypy

By isolating v g this expression can be written as:
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(MT'FEM'M)'UNET = MT'FEM [N - vyg; — (Rpa + Rypr) - ipy — €5

The matrix (MT Ty, - M) which pre-multiplies vypy is symmetric because T' gy, =
'L, Also, it is positive definite, because T'y,, is positive definite and any quadratic
form T - (MT - T'g,, - M) - x with « # 0 can be rewritten as

' (M'Tpy M) -xz=(M-z)' Tpy (M-z)>0

where M -x # 0 because M is, by definition, a full-ranked matrix. Therefore,
(M?T Ty, - M) is invertible, and therefore it is possible to explicitly compute vy gy as:

Ungr = (MT AP ]\4[)71 “MT- o [N - vysr — (Rpy + Rypr) - ipv — €pul

which is the expression provided in (4.14).
With the definition of the network internal feedback matrix F' given in (4.15), the
term M - vy which appears in the expression of the machine voltages v, is:

M -vypr =F [N vy — (Rpy + Rypr) - tpy — €pul

By substituting in (4.13) and by doing some algebraic manipulations it results that:

Vg = N Oy — Rypr - igy — M - vypr =

= [(I_F)'N]'UVSI_[(I_F)'RNET_F'RE]M}'iE]M'i_[F'eEM} =
= Ny - Oygr — RNET‘,ezt gyt €EM, ext

which is the expression (4.16) with the parameters NN,

ext) RNET,cIt and eEM,ea:t of (417)

O

9.4.5 Full order electrical drive model parameters

It is here proven that in a constrained network, given the electrical machine voltages
set v, expressed by (2.35), the overall drive model can be written as per (4.19).
Proof. By substituting the expression (4.16) in (4.13) it results that:

dipy ,
Lpy Tdt + Rpy gy + €py = Vpy =

= N -vyg — Bypr - tpy — M -vypr =
=Ny Vysr — Bypreot  tem + €pnrent =

=(I—F) N-vygy—(I—-F) Rypr ipy+F Rpy ipy—F epy

By grouping the homologous terms and by isolating the converter voltages set vyg; on

the right side, this expression can be rewritten as:

dz .
Ly, - CﬁM*(I*F)'[(REM+RNET)'1EM+6EM]:(I*F)'N'UVSI

which is the full-order model expressed in (4.19).
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9.4.6 Range and null-space relationships

Given a r X ¢ matrix A, it is here proven that:
RE(A) = N(AT), and R(A) = N1(AT) (9.19)

1

where R(x) denotes the range, N (x) denotes the null-space, and ** denotes the

orthogonal complement.

Proof. The proof focuses on the first property of (9.19).

First, it is here proven that &K+ (A) C N (AT).
Consider a generic vector y € R+(A). By definition, y is orthogonal to any = € R(A),
meaning that the scalar product yT - x is zero. Consider the vector defined as ¢ = A -
AT . y. Since it is obtained by pre-multiplying the vector (AT - y) by A, = belongs to
R(A), therefore:

0=y' - z=y" (A-A"-y)=(A"-y)" - (A" -y) = A" -y|?

Therefore, AT - y = 0, meaning that y € N (AT). Since this is true for any y € R+(A),
it means that R+(A) C NV (AT).

It is now proven that NV (AT) C RL(A).
By definition, if y € V(A7) it means that AT - y = 0. Then, for any vector z, it results:

0™ 0=al (AT g)= (2" A7) .y =y (A 2)

Since the vector A - & belongs to R(A) and y is orthogonal to any vector built as A - x,
it means that y € ®+(A). Given that this is true for any y € N (A7), it means that
N(AT) C RL(A).

Having shown that R+(A) C N(AT) and N(AT) C R+(A), it must necessarily
result K+ (A) = N(AT), which is the first property of (9.19).

It is now possible to immediately prove the second part of (9.19). Since, for any

vector space 8, it results § = (8+), from the first property of (9.19), it derives that:

L

R(A) = (R(A)) = (N(AT)) = N-(AT)

which is the second property of (9.19).

9.4.7 Left singular vectors properties
It is here proven that, given the n X n, constraint matrix M and computing its

singular value decomposition according to (4.21), then the properties (4.22), (4.23) and
(4.24) are verified.

Proof. The matrix U has been split as U = [U, Uy|, where U, is the set of the first
n, left singular vectors of M and Uy is the set of the last n, =n —mn, left singular
vectors of M.

Since, as a consequence of the singular value decomposition, U is unitary, then U™ -
U = I. By writing the same expression in terms of U, and Uy, it results that:
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U-UT = [Z}} U, Uj= [EUU; (U?XZU")} = [I 2]

and by equating term to term it results that:
Ur v, =1, U}~Uf:I7 UET-Uf:07 UF-Uczﬁ

which are the properties of (4.22).

Since U is unitary, it also results that UT - U = I. Therefore, by expanding the
product in terms of U, and Uy, it results that:

UT
I=U"U=[U. Uy Uy =U,-U +U;-U;

which is the property (4.23).

As per (4.21), the constraint matrix is M = U, - % - V. By pre-multiplying M by
UJ? it results that:

Ul M =UfU V' = (UfU)EV =03V =0

which, once transposed, is the first property of (4.24).
By pre-multiplying M by U! it results that:

c

Uvl'M =UrU, S VT = UrMU)- SV = 1.5V = 5.V

c

which, once transposed (since 3 = 37T), is the second property of (4.24).

9.4.8 Configuration spaces basis

It is here proven that, given the n x n left singular vectors matrix U = [U, Uy]
corresponding to the n X n, constraint matrix M, then the n X n, matrix U, is a basis
of the configuration space N(MT) and the n x n_, matrix U, is a basis of the

complementary configuration space Nt (M7T) = R(M).

Proof. For any vector & € R, since U is a n X n unitary matrix, it is possible to

associate a unique vector y € R such that:
r=Uy < y=U'l2=U" =z

The vector y represents the same vector x in the new reference frame defined by U. It
can be split into two sub-vectors y, and y;, with dimension n,x1 and n; x 1,

respectively. Therefore, it results that:

Y,
x=U-y=[U. Uy [yf} =U. y.+U; y;

which is the same expression of (4.25).
Given (4.21), the constraint matrix can be expressed through its singular value
decompositionas M = U, - ¥ - VT If & € N(M?) it means that M™ - 2 = 0. Therefore,
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by expanding this product and by recalling the properties (4.22) it results:

T

0=M"z2=(U,-Z-V") (U, -y, +U; y;) =
= (V-5) - (UL U,) y.+ (UL U)) yy] = (V-5) g,
Since both V' and & are n, x n, invertible matrices, it results:
v=(v-%) 0=0

By denoting as u;, the k-th column of U, (with k=1,...,n;), the vector & can be
expressed as:

nf
e=Us-yp =) upp Y
k=1

meaning that @ is a linear combination of the vectors u; ;, each of which is weighted by
Yy - Since this is true for any @ € N (M), it can be deduced that the set of u;, is a
basis of the configuration space N (MT).

If a vector y € R(M), by definition, it means that there exists a n, x 1 vector z
such that y = M - z. By expanding M it results that:

y=M 2= (U S V) s U (5 V)

and, by denoting as w, = 3 - V- z and as u,,;, (with k=1,...,n,) the columns of U,,
the vector y can be written as:

n,.

Y= Uc W, = Zuc,k 'wc,k
k=1
meaning that y is a linear combination of the vectors u,. ., each of which is weighted by
w, - Since this is true for any y € R(M), it can be deduced that the set of u,, is a
basis of the complementary configuration space X(M) = N1t (MT).
O

9.4.9 Reduced order electrical drive model parameters

It is here proven that in a constrained network, the electrical drive model in the
configuration space satisfies the equation (4.31), with the equivalent parameters defined
in (4.32). Tt is also shown that the equivalent inductances matrix Ly, ; is symmetric

and positive definite, meaning that it can be inverted.

Proof. The machine electrical equations can be written as per (4.18):
digy, . .
LE]M'T +Rpy gy tepy = N Vg — Rypp -igy — M - Oypp
By pre-multiplying both sides of the equation by U} and by considering that, given the

constraints, the machine currents can be expressed as per (4.29) in the form iy, = U -

tpar, s it Tesults that:
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U; 'LEAI'E(Uf'ZEM,f)+U; “Rpy - (Us gy ) T UF - epy =

= U}‘ "N vy — U}r “Rypr - (Uf ’ iEM,f) - (U; ) M) " UNET

As per (4.24), U} - M = 0 and the auxiliary network voltages term is neutralized. By
isolating the input term depending on wyg; on the right side of the equation and by
considering that U, is constant (since it only depends on the network configuration), the
dynamical equation can be rewritten as:

digyy
dt

ot (U} “Rypr - Uf) 'iEM7f = (U} : N) " Vysr

(U} Ly - Uf) + (U} “Rpy - Uf) 'iE]M,f + (U} ) eEM) + o

which is equal to the equation (4.31) with the equivalent parameters defined in (4.32).
The equivalent inductances matrix of the model is defined in (4.32) as Lg,, ; = U} .

Ly - U;. Since L, is symmetric, then:
L%M,f = (U}'LE]M'Uf)T = U}'L}TEM'Uf = UfT'LEM'Uf =Lpy s

meaning that also Lg,, , is symmetric. Since U is a n X n; full-ranked matrix, given
any n, x 1 vector x # 0 it results that y = U, - © # 0. Therefore, since L, is positive

definite, any quadratic form of Lp,, , can be written as:
T Lpy -x=a" - (Uf-Lgy-Us) -x=
= (Uf'w)T'LEM'(Uf'w) =y" - Lpy-y>0

meaning that Lg,, , is positive definite, too. Being Lg,, ;, both symmetric and positive

definite, it is invertible.
O
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9.5 Chapter 5 Proofs

This section contains the proof of the properties stated in Chapter 5 - Field Oriented
Control of Asymmetrical PMSMs.

9.5.1 Torque expression in the space vector formalism

It is here proven that the analytical expression of the electromagnetic torque
developed by a multiphase PMSM can be written as (5.11), which represents the
superposition of all the (infinite) spatial harmonics contributions.

Proof. Considering the torque expression (5.8), the definitions of the currents space

vectors (5.9) and their expression in the multiple synchronous domain (5.10), it results:

n

awPM.,k' .
Tem _Ppgalek -

n +00
=5 Z [Z h- Wy -sin(h - (0, —ay) + ‘Ph)] iy, =
=1

h=1

+o00 n
=P, > hWy, [f > sin(h- (0, — ay) + @) - zk} =
h=1 k=1
+00 n
= Pp . Z h- \IJMh . |:_ Z ik . Im{eh‘(gerakH%L}] —
h=1 k=1

+00 n
=P, Zh W 'Im{*zik . e—ihay .ej<heez+<ph)} =
h=1

k=1

+00 n
= Pp'Z’L"I’Mh Im{{ ik.ejhak} .e—j<hecz+¢h)} =
h=1

k=1

+00
=P, Zh W 'Im{\/g'ih .e*j(h9ez+¢h)} =
h=1
+00 n (da)
:pp.Z}L.\th.\/;,Im{ihQ}:
h=1

+00
n .
:Z (\/;'Pp'h"leh) gy =
h=1
+00
- Z’%h “lgh
h=1

which is the expression (5.11).
O

9.5.2 Clarke matrices orthogonality for symmetrical

machines
It is here proven that, considering a symmetrical machine, the generalized Clarke

transformation matrices C built as per (5.18) or as per (5.19) are orthogonal.
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Proof. For a symmetrical machine configuration, the magnetic axis of the k-th phase

winding can be written as o, = (k—1) - (27/n).
Consider two rows c, ; and ¢, ;, of C built with the cosine functions of the magnetic

axes angles:

Cek = \/z [COS (0162%) cos (1-k- 2%) o COS ((n - 1)k2%>}
Cenh = \/g {cos (O.h.%) cos (1h2%) . COS <(n— l)h%)}

The scalar product between ¢, ;, and ¢, , can be computed as:

o 2 & o2 2
T :_E ; k—) ( -h-—>=
€k Cop = 2 cos (r —) -cos (r -

2. ej'rvkvz%+efj'r-k-2% ej7'-hv27"+efj7'-hv27"

n 2 2
r=1

1 (& 2 2 - 2 2

— 2_ <§ ej’l“k?‘T;r . ejr~h~7—‘{r + § efj'r-k-,—gr . efjrh-,—f) +
n
r=1 r=1
1 - 2 2 < 2 2
+2_<E eJ’”kn.eﬂhn«FE eJ’”kn.eJr}L’rL):

n r=1 r=1

— lRe <Z ejT-(k+h)-2TW> + lRe <Z ejr(kfh)%—'{r)
n n
r=1 r=1

Each of the complex sums which appear in this expression represents the sum of a
symmetric star of unitary norm complex vectors shifted by a multiple integer of 27/n.

The only way for these sums to be different from zero is that either (k+ h)/n or
(k — h)/n are integer numbers. This is never verified for the matrices built as per (5.18)
or as per (5.19), unless it results k = h (i.e., for the self-related scalar product), for which
it results:

T 1 S P 1 1
o= oRe (e tm) < LY 1t
r=1

r=1

Similar results can also be obtained for the sine terms. By considering the row vectors

¢, and ¢, of C built as:

Cor = \/g [Sin (Ok%) sin (1]@2%) - sin ((n— 1)]@2%)]1

their scalar product is:
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ek " Cg, *—Zsm(r k - —) 51n(r~h~2§>:

ej'r-h-?% _ efjr-h-g%

n 4 2j 2j

:_%<Zejnk2 eJrh +Ze—_]7‘k— 7Jrh2T7T> + e
r=1
<Ze_]7‘k27'r —Jrh +Ze,ﬂk2ﬂ' e]rhT‘{r> _
1
1 - 2 1 - 2
= __Re ej'rv(kJrh)vT’r +ZRe ejr-(lc—h)-w7r

for which the same properties hold.

9 I itk ZE ik 2T

Finally, by considering the mutual interaction among sine and cosine terms, the
scalar product between ¢, ;, and ¢,  is:

ck - €, *—Zcos(r k- —> sm(r-h-%):

. .2 . 2 : 2
2 n eJT‘k‘T‘{rﬁ—e*JT'k'% e]r-h~7—‘{r_efjr-h~7—‘{r

n< 2 2j

1 & e 270 i 2T - i 1 270 ; 27
=5 E eirkS . girh 5y E P L e Ll ol NI
Jn r=1 r=1
n
2 Z e_]'r k%—? . efjrh%—? _ Z efj'r-k-g% . ei'r-h%—‘{r —
n

1 - : 2 1 - : 27
=_Im eJ'r-(kJrh)vT — Im eﬂ"(k*h)'W

and, given the imaginary part operator, this result is always zero regardless of the values
of h and k.

Note that the row of C' related to the zero-sequence component can be simply
obtained as:

=%~ |:COS<0~0~2§> COS<1~0~2§> - Cos ((nl)O%)} :%'Cc,o

and, in this case, by repeating the same procedure, the scalar product with any of the
other rows is still zero, while the self-related scalar product is again 1 because when k =
h =0 both k+ h and k — h are 0. In other words, in the expression of the scalar product
both the complex sum with (k+ h)/n and the complex sum with (k— h)/n give non-
zero terms, which balance the gain 1/4/2 which multiplies Ce -
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Similarly, the row of C related to the second zero-sequence component (if present)
can be obtained as:

Coy=—F4-[1 -1 1 -1 - 1 —1]=

7
:%- {cos(o-ggg) cos(1~g~2%) -+ COS <(n—1)g )} :%'Cm(n/m

Again, the scalar product with any of the other rows of C' is zero, while the self-related

<jy

scalar product is again 1 because when k = h = n/2, then k —h = 0 and k + h = n. This
again means that, in the expression of the scalar product, both the complex sum with
(k+ h)/n and the complex sum with (k — h)/n give non-zero terms, which balance the
gain 1/+/2 which multiplies €. (n)2)-

As a result, it has been shown that the rows of the matrix C built either as per (5.18)
or as per (5.19) are orthogonal with one another and with a unitary norm. Therefore,
C".C = C - C" = I, meaning that C is a unitary matrix, for which CT = C~1.

O

9.5.3 Inductances matrix diagonalization for symmetrical
machines

It is here proven that, for a symmetrical machine, the VSD transformations (5.18)
and (5.19), once applied to the electrical equations (5.20), diagonalize the inductances

matrix L.

Proof. For a symmetrical machine, L is a circulant matrix, meaning that it can be

written in the following form:

i Lc,O Lc,nfl Lc,n72 Lc,2 Lc,l )
Lc,l Lc,O Lc,nfl Lc,S Lc,2
Lc,2 Lc,l Lc,O Lc,4 Lc,3
L=
Lc,n72 Lc,n73 Lc,n74 Lc,O Lc,'nfl
-Lc,nfl Lc,n72 Lc,n73 Lc,l Lc,O B
where L., L, 1,..., L., ; are inductances coefficients. This property is coming from the

symmetry itself, because it is always possible to renumber the phase windings in a
cyclical order and obtaining the same electrical behaviour and, therefore, the same
inductances matrix.

For energetic reasons it has also been proven that L is symmetric. As a result, the
inductances terms also satisfy the following properties:

qu =L Lc,2 =L Lc,h = Lc,nfh (Vh)

c,n—1» c,n—2 fee
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and the previous expression can be also rewritten as:

Lo L., L, L., L, 17

L., Lo L, L.y Lo

L., L., Lo L.y L.s
L=

L., L.y L.y Lo L,

LLea L., L.s L., Lol

Consider now the column vector built as:

Co1 = {cos (O%T) cos (1%) -+ CO8 ((n—l)%)}l

which is proportional to the 1% row of the Clarke matrix C built as per (5.18)-(5.19)
with the cosine terms of the magnetic axes angles (the normalization term /2/n does
not affect all the following results).

By computing the product of the 1% row of L with ¢, ; it results:
n—1 or
[LC:O chl L&,? L&,l] "Cen = kZ:OLC,k " o8 (k ' 7) =Ly

This term can be conveniently rewritten in the complex domain as:

n—1 el
Ly = ZLc,k © €o8 (k‘ : 2—7T) =Re {E Loy ejk-%”}
k=0 n k=0

Because of the symmetry L, = L, the complex sum in the previous expression is a
real number. This is because the imaginary part of each term L, - eI*%F ig balanced by
the imaginary part of the term L, celn=h)3E — L. -elm=M3EAg a result:
n—1 N n—1 5
. 27 .27
L. —Re {Z L., .eJk‘W} N L, e
k=0 k=0

By computing the product of the 2™ row of L with ¢, it results:

n—1
2
Lex Loo  Lea Leal-Coy =Y Loy~ cos <<k+1>-—j) =
k=0

n—1
=Re {Z Ly I3 ej2n_7r} =Re {Lml ~ej2T7r} =L,  cos(l-a)
k=0
Similarly, by computing the product of the 3" row of L, it results:
n—1 o7
L., L., - L., L_4]- = L .- E+2).22 ) =
(Lo Len a Lesl-c.y ; e,k " COS <( +2) n)

n—1
= Re {Z L.y oI €j2‘2’%} = Re {Lml ~ej2‘27?} =L, cos(2-a)
k=0
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and so on for all the other rows.

As a result, by grouping the result of all the rows, it results that:

Loc,=L, - |:COS (0 . 2%) cos (1 2%) - Cos ((n —1) 2%) :| ' =L, ¢

and, by definition, this means that ¢, is an eigenvector of L with eigenvalue L,,,

Consider now another column vector built as:

Cs,1 = [Sin (02%) sin (1 2%) ... sin ((n — 1) 2%) :| !

which is proportional to the 2! row of the Clarke matrix C built as per (5.18)-(5.19)
with the sine terms of the magnetic axes angles.

The product of the 1% row of L with c, ; results in:
27
(Leo Loy = Loy Loy]-c,, = ZLM sin (k _) -

n—1
=Im {Z L, ejk'Q'Tﬂ} =Im{L,,} =0
k=0

The product of the 2" row of L with ¢, is:

n—1
. 27
[Lc,l Lc,O Lc.,S LC,2] "Csq1 = Z: Lcﬁk * s <(k + 1) W) =
—Im{Z:LC,C QIR3E . eln}—Im{L eJn} L, sin(l-a)

and so on for all the other rows.

As a result, by grouping the result of all the rows, it results that:

T
2 2 2
L.oc,=L, - [Sin (0 . %) sin (1 %) -+ sin ((n —1) %)] =L, ¢,

and, by definition, this means that ¢ ; is an eigenvector of L with the same eigenvalue
L, of Cor-

The same reasoning can be repeated for all the rows of the generalized Clarke
transformation matrix C'. In other words, all the rows of the matrix C are eigenvectors
of L and the rows corresponding to the same space vector components have the same
eigenvalue.

Since the matrices built as per (5.18) and as per (5.19) are unitary, then C~! = CT,
meaning that the columns of C~! are n linearly independent eigenvectors of L and,
therefore, that the matrix product Lyg,=C-L-C~' (which appears in the

transformed model (5.20)) is the diagonalization of the inductances matrix L.
O

9.5.4 PM-induced back-EMF's for symmetrical machines

It is here proven that, for a symmetrical machine, if the even-order harmonics of the
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PM-induced back-EMF's are absent, and if the odd-order harmonics with index h <n
are negligible, then, by using the VSD transformation (5.19), it results that ey, = 0 and

Cqh = VN2 hwy - V.

Proof. The expression of the PM-induced back-EMF of the machine k-th phase is given

by (5.4) and can be rewritten as:
+00
€ = —Wer - Zh Wy, esin(h- (0 — ) +¢,) =
h=1

— > E,-sin(h,—hay+¢,) =
h=1,3,...

n
= — Z Eh . Im{ej<heez+<ﬂh) . efjhak} _
h=1,3,...

= Z _i . [E celhOeten)  gmihar _ B omi(hOeiten) | eiho‘k} —
2J h h

h=1,3,...
1 n 1 n
= __. E, - el(hbeiten) . gihay 1 — . E, - e i(h0eitep) . gihoy

with B, =w,; -h-U,p,.
To find the r-th order space vector of the induced voltages it is sufficient to apply

the same formula (5.9), resulting in:

2 -
— . — . Lplrap —
Qr_exr+-1 eyr_ E :ek e k=
n —

n n
= z Z 7i.. Z E, L el(hbeiten) | gihay L girar 4 ...

=1 h=1,3,..
2 K1 w . ) )
Z. Z_ . Z Eh ced(hbei+on) | gihay | giTa, —
o2 5
n 2 1 1o ) n . N
= <7 E'Q_j.Eh . el(hbei+eon, > .Zej(f* o 4 ...
h=1,3, k=1
et < g . 21 -E, - efj(hgezﬂP}L)) . Z el(r+h)ag,
h=13,.\ V" <) =1

Given the symmetry of the magnetic axes, all the terms > ' etk with r £ h are
zero, while for h = r the sum is equal to n. Then, the previous expression simplifies to

2 1 . n .
= 2. F elater) = 2. B . elrfater)
n9 VR

e,

The corresponding space vector can be written in the synchronous domain by just

applying the transformation (5.10), resulting in:

gidq> =eqtie,=¢e- e i(ra+e,) — \/g'j -E,
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From this expression, it immediately results that, for any h-th space vector:

eq, =0 and eqh:\/g~ET:\/§~hwﬁl-\Ith

which is the property to be proven.

9.5.5 Power losses weighting matrix properties
It is here proven that all the non-diagonal terms of the instantaneous power losses
weighting matrix G(6,,) = D(6,,) - C~T - C~' - D" (8,,) are trigonometric functions with

a zero average value over a full cycle of 6_,, and that the diagonal terms corresponding

els

to the same h-th space vector components have an equal average value H, > 0.

Proof. Consider the analytical expression of G(0,,;). The central matrix product C~7T -

C~! is symmetric, since
(CT.Cc = (C (O =T (G =T o

For notation simplicity, this term (which does not need to be explicitly computed) is
hence on denoted as:

Qh,h Qh,k‘
Q=CT.Cc'= : :
Qk,h Qkk

where, here, h and k denote the chosen space vector components terms.

As explained in Section 5.1.4, the rotational matrix D(6,,) is built as:

D,(6y) - 0
D, = : : with D, (0,,) = [

0 - Dyb,)

cos(6,) sin(6,)
—sin(6),) cos(d,)

where, for notation compactness, 6, = hf,, + ¢,.

By computing the matrix product, the weighting matrix G(6,;) can be written as:

Gun(04) - Gy i(0,)
G(9,) = : : =D(,)-Q-D'(0,) =
Gip(by) - Gyplly)

Dh(gel) : Qh,h : D}Iz(gel) Dh(eel) : Qh,k : Dll(eel)

Dk(eel)Qkh D}ll(gel) Dk(eel) Qk,k‘D}IL(gel)
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Consider the non-diagonal term G, ,.(6,,) = D, (0,;) - Q,, ;. - D} (0,,). Since D, (6,,) is
composed of only trigonometric functions varying with h 6., and D, (6,,) is composed of

only trigonometric functions varying with k6, then G, ;(6,;) only contains products of

el
trigonometric terms with different periods (e.g., cos(h@,,) - cos(kf,) and the other

analogous combinations).

As a result, by averaging G, ;(,;) along a full 27 cycle of 8, they are zero:

el

1 T
%/ Gh,k(gel) g, =0
0

which is the first property of G(6,;) to be proven.
Consider now the diagonal term G, ,(0,,) = D,,(6,,) - Q,,;, - D} (6,,). Since Q,, ,, is

symmetric, this term can be analytically computed as:

Gh,h( e) Dh( ) th D (9 )

cos(f,) sin(f,) | Qm Qf)h ~|cos(0,) —sin(6),) _
—sin(f,) cos(6),) ( sin(6,)  cos(6,)

{th+Q<2) sin(26,) Q) - cos(26,) }
Q' cos(26,) (1) th sin(26,)

It can be seen that the diagonal terms are purely trigonometric functions of h @ ,, while

el
the diagonal terms also have a constant term, which is the same for both elements. As

.1, this results in a scalar matrix:

a result, by averaging G, ;,(6,,) along a 2m cycle of 6

2m

(1)
1 / Qn, 0 H, 0
L@, 06,0, - :{ ]:H-I
o h,h l 1 |: 0 Q;l,)h:| 0 Hh h

0

which is the second property of G(6,,) to be proven.

As a result, the average power losses weighting matrix is diagonal. The positivity of
the terms H, can be directly derived by its energetic properties, since it results that
PR=R~i;'i‘q-H-idq20.

O

9.5.6 Power losses expression for symmetrical machines

It is here shown that, for a symmetrical machine, the instantaneous power losses and
the average power losses are equal and are proportional to the squared Euclidean norm

of the synchronous current set z,,.

Proof. For a symmetrical n-phase machine the generalized Clarke transformation
matrix C is unitary, meaning that C~! = C". By computing the instantaneous power
losses weighting matrix G(6,,) it results that:
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G() =D(0,)-C"-C™'-D'(0,) =
=D(6,)-(C")"'-C'-D'(6,) =
=D(0,)-(C™)"'-C-D(6,) =
=D(6,)-C-C™'-D'(6,) =
=D(6,,) - D'(6,) =
= D(eel) ' Dil(eﬁl) =
=1

The average power losses weighting matrix H is:
1 27 27
H=_— G4, :—/ Idé,, / do, =1
2m

As a result, the expressions (5.37) and (5.38) simply become:
PR :pR:R(ZEquq) :R”quH2
which is the simplified expression (5.41).
O

9.5.7 Optimal third harmonic injection strategy solution

It is here proven that the optimal third harmonic injection ratio to minimize the
average stator losses (5.51) in a multiphase PMSM is given by (5.57).

Proof. The analytical expression of the average power losses in terms of the injection
ratio k = i3/i,, is given by (5.56):

H, + H; - k?
Pp(k)=R-I3ys(k)=R-T; % ——32—
( ) RMS( ) (Kl +k'l€3)2
The optimal injection ratio is found by nullifying the derivative of the function Pg(k),
which is:
OzaPR:R~T* 2.(2'H3’k)'(’ﬁ+k'“3)2*2"‘3’(“1+k'“3)’(H1+H3'k2)
Ok em (K + k- K3)t

The terms R-T%.? and (k, +k-#;)* are always non-negative and can be
disregarded. The term (K, + k - K5) is different from zero, otherwise given (5.54) it would
always lead to T, = 0.

Therefore, the previous expression can be simplified to:

0=2-Hy k(5 +k-r3)?—2 k3 (5 +k-ry) (H +H; k)=
=Hy k- (“1+k Kg) — kg - (Hy + Hy - k?) =
= (Hy k) k+ (Hy k) k* — (Hy - k3) — (H3 - k3) - k> =
= (Hy - 5y) - k— (Hy - ky)
meaning that:

_Hy Ry K/ ko
Hs K1 H3/H1

which is the expression (5.57).
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9.5.8 Optimal multi-harmonic injection strategy solution

It is here proven that the multi-harmonic injection strategy to minimize the average
stator losses (5.38) in a multiphase PMSM provides the optimal reference currents set
given by (5.64).

Proof. As stated in Section 5.2.3, the optimal multi-harmonic injection strategy (5.61)
can be solved by using the Lagrange multipliers method, where the Lagrangian function
is given by (5.62):
. 1. . . ;
’S(qumu’) = 5 qu -H - qu — M (K/T : ’qu - Tem)
By nullifying the gradient of £(4,,, 1), the linear algebraic system (5.63) is found, which

is here recalled:

0L .

qu—H 'ldqf,UJ k=0
oL

_8,“ =gT 'qu—Te*m =0

From the first equation, since H is a positive definite diagonal matrix, it results:
tgg = H 1.k

By pre-multiplying this expression by kT and by using the second equation of the system
(5.63), it results that:

T* :I‘-‘/T'idq:ﬂ'(l‘-‘/T'H71~h‘,)

em

Since (kT - H™1 - k) is a positive-definite quadratic form, the previous expression can be

solved for the Lagrange multiplier:
e Tin
kT-H' -k
Once substituted back in the current expression, this gives:

H' &k
] e . 71 . = — *
ldq =M H K K',T . H,l K Tem

which is the result provided in (5.64).
The overall machine power losses with this optimal synchronous current set are:

(MHTI) .
PMI = R.GY CH iy, =
T

H ' & H' &
:R' .,—'T* 'H' —'T*, =
(l-c' -H ' -k em) (l-c' -H ' -k e’")

Te*nl 2 — —
:R'<;¢T.H—1.n> (k' -H ' H-H"' k)=

Te*m2 T -1
=R-T;> !

kI - H ' K

which is the result provided in (5.66).
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9.5.9 Maximum torque per ampere strategy solution

It is here proven that the MTPA strategy developed in Section 5.2.4 for a multiphase
PMSM can be reformulated as:

Igin{igq -G(0,,) - idq} subject to R idq =T (9.20)
q

where:
® 3y, is the (n —1) x 1 set obtained by discarding the last element of i;, (which
is the zero-sequence current component io)7
e K is the (n—1) x 1 set obtained by discarding the last element of k (which
would be the torque gain related to i), and
e G
the last column of G(6,,) (which would be related to the interaction between

;) is the (n — 1) x (n — 1) matrix obtained by neglecting the last row and
iy and all the other components of ¢;, in the computation of the instantaneous
power losses).

It is then proven that the resulting optimal reference synchronous currents set 2, is

given by (5.70) with G, (,,) given by (5.71).

Proof. The optimization problem (5.69) considers two constraints, being the torque
development requirement &' - i,, = T7,, and the zero-sequence constraint i, = 0.

The problem (5.69) can be reformulated more compactly by only considering the
(n — 1) degrees of freedom of 4,,, consisting in all the space vector components {4, % }
and in the second zero-sequence component i (if present). Indeed, by imposing i, = 0,
both the instantaneous losses and the electromagnetic torque can be expressed as

functions of 7,4,, being:

pR:R?’qu(Q ).idq:R.igq.GA(eel)'idq

el

— W T.; _gaT. 5
T =K tgq =K 14,

In other words, the problem (5.69) in terms of the n-dimensional set 74, can be replaced
by the problem (9.20) in terms of the (n — 1)-dimensional set 7,,.

This reduced-order MTPA problem (9.20) has the same structure as the multi-
harmonic injection problem (5.61). As a result, it can be solved with the same approach
based on the Lagrange multiplier method. The optimal reduced-order set has the form
of (5.64), which is:

I~ GA71 (661) ) ;{" *
Vg = <1 A = Tem
RT-G71(6,) - Rk
The corresponding n x 1 optimal synchronous current set 4, can be obtained by simply
concatenating 3, and 75 = 0.

By introducing the weighting matrix G, (6,,) as per (5.71), it results that:

Gl (60.) K = {é’lé%) f(ﬂ [F] - {é*l(ee,).ﬂ
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and, therefore
A R L A
W G0 m= (et o[G0 O] [T <RG0 &

As a result, the expression (5.70) is:

G, (0.) A
‘K
it (0) = —ea\lel) F 0 T =
dq( el) HT'G;q(‘gel) Lk em AT G’l(QCl) R
[N
= LRT G71(96l) K emJ = [()q]
0

which is the aforementioned concatenation of 2, and i5 = 0.

By discarding, for notation simplicity, the explicit dependence on 6,,, the overall

instantaneous power losses obtained with the optimal current set 43, are:

(MTPA . . . N
Pr ):R~z£q~G~qu:R~z§q~G~qu:

R
51 = T 51 &
_r (G F ) e (R
RT-G 1R RT-G1- &
T* 2 ) N N N
:]{(*) .(,gl‘.Gfl.G.Gfl.@:
rRT-G1-R

T2 v A -
—R.T* 2. - _

em ~
rT.

- R.T*%. -
e TG 0w

which is the result provided in (5.72).

9.5.10Neutral point voltage compensation

It is here proven that the general formulation of the steady-state compensation of

the neutral point potential shift is:

N _[0 0 - (0) 1]'(udq_Wel'qu2(9d)'idq_R'idq+edq)
over = 00 = (0) 1-9(0.)

(9.21)

This term can be used in (5.78) to compensate for the steady-state mutual coupling
interaction due to the electrical windings connection in asymmetrical machine

configurations.

Proof. The electrical equations of the machine in the multiple synchronous domain is
given by (5.30), which is here recalled:
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1) 'W"“%l 'qu2(9el) 'idq +R- idq tey =

= Vqq = Ugqq — 9(0.) - vnpr
In case of a constant synchronous reference current set igq the steady-state effects can
be obtained by disregarding the transformer induced back-EMFs L., (0,,) - diy,/dt. The
term including vy can be also isolated on one side, resulting in the equation:
9(0c1) - vypr = Uaq — Wer - Laga(0e)) - tag + R - g + €44

This vector equation is a set of n scalar equations. To only select the equation of the
zero-sequence component (which, considering the chosen VSD transformation, is the last
one) it is sufficient to pre-multiply it by the row vector [0 0 -+ (0) 1], resulting in:

(00 - (0) 1]-g(6) - vypr =
=0 0 - (0) 1] (“dq — Wep qu2(9el) ) idq +R- idq + edq)
The term [0 0 - (0) 1]-g(6,,) is a scalar variable and, assuming it to be different

from zero, it allows to compute the neutral point potential shift as:

- :[0 0 - (0) 1}'(udq7wel'qu2(6el)'idq7R'idq+edq>
NET 00 - (0) 1]-g(0,,)

which is the expression provided in (9.21).
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9.6 Chapter 6 Proofs

This section contains the proof of the properties stated in Chapter 6 - Decoupled
Phase Variable Control of PMSMs.

9.6.1 MTPA problem resolution

It is here proven that the analytical solution of the MTPA problem (6.14) is given
by the expression (6.17).

Proof. As already stated in Section 6.2.1, the MTPA problem (6.14) can be solved by
using the Lagrange’s multiplier method. The chosen Lagrangian function £(2,u,v) is
given by the expression (6.15), which is here recalled:

. 1 . . . * y
’2(17/1’711):5 ZT.’L_:U"(f;AI.Z_Tem)_VT'(MT.Z)

By nullifying its gradient, the linear algebraic system (6.16) is obtained. This system is
here recalled:

oL .
E:Z_M'fPM_M'VZO
oL .
8_/L:fg’lw.l_Tem:0

0L -

Z_MT.i=0

ov ¢

From the first equation of (6.16), it results that:
i=p fpu +M-v

By pre-multiplying both terms for M'T and by substituting the last equation of (6.16)
it results that:

0=MT - s=MT u-for, + MT-M -v
This equation can be rewritten as:
M" M-v=—u M" fp,
and solved in terms of the Lagrange multipliers set v (related to the current constraints),
resulting in:
v=—p (M"-M)""-M" fpy
By substituting back in the expression of the currents set ¢ it results:

i=p fpy +M-v=
=p fpyy + M- [—p- (M"- M) M" fp] =
= p [~ M (M7 M) My =
=pu-W- fpy
where W =T — M - (M7T - M)™!. M7 is the MTPA weighting matrix defined in (6.18).
By pre-multiplying both terms of this last equation by f7,; and by substituting the
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second equation of (6.16) it results that:
Tr = Fiae 0= Fone (0 W Fpng) = 0 (Fpar - W Foar)

which can be solved in terms of the Lagrange multiplier i (related to the electromagnetic
torque development requirement), resulting in:

*
em

_f}TDM'W'fPIW

Finally, by substituting this term in the currents set expression it results that the

7

only stationary point of the Lagrangian function is:

. W fou
: o fIIDM W fPM

which is the expression provided in (6.17). As also explained in Section 6.2.1, since the

%
' Tem

minimizing function 4* -4 is convex, the only stationary point of £(, i, v) is the only

solution to the problem (6.14).
O

9.6.2 MTPA weighting matrix and configuration space
It is here proven that the weighting matrix W of the MTPA algorithm developed in

Section 6.2.1 satisfies the relation:

W=I-M-(M"-M)"'-M"=U,-Uf (9.22)

It is here recalled that the matrix Uy - UJ? projects a n X 1 vector in the configuration

space defined by the constraints matrix M.

Proof. The constraints matrix M can be written through the singular value
decomposition (4.21) as:

M=U,% VT
It is worth recalling that Sisa diagonal invertible matrix, V' is a unitary matrix (i.e.,
VI.V=V.VT=Tand VI = V) and U, has orthonormal columns (i.e., U} - U, =
I, butU,-U! £1).
By computing the term M - (M7T - M)~!- M7 in (6.18) it results that:

M- (M"- M) M" =
(U gV (v.8Uuru, -Sv) . (Vv-E.U)-=
:(UC~§~VT>~(V~§~§~VT)71~(V~§~UET):
=(U, 2.V (v.5 1.5V (V.5.0F) =
—U, S VI.V.5 1.5 yv.Vv.S.Ur =
—U,.-3-31.31.5.U"=
:UE'UCT

And, by recalling the property (4.23), it results that:
W=I-M-(M"-M)" - M'=1-U,-U'=U,-U}
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9.6.3 MTPA strategy in the configuration space

The MTPA strategy developed in Section 6.2.1 in the phase variable domain can be
also entirely formalized in the configuration space. It is here proven that the optimal set
of n; free current components is:

. Fen g
=g 1 9.23

d fg’]w,f'fPM,f o ( )
where fpy p=Uj - fpyy is the ny x 1 set of normalized PM-induced back-EMFs
components in the configuration space. It is also proven that the corresponding set of

phase current ¢* = U, - i} is equivalent to the result provided in the solution (6.17).

Proof. Consider the MTPA problem (6.14). If the n machine currents are subject to n,
algebraic constraints expressed as MT -i =0, they can be expressed as i = Uiy,
where U, is the configuration matrix related to M and 4, is a vector of ny =n —mn,
components.

Since the n x n, configuration matrix is such that UJ? Uy = I, the overall machine

RMS current can be reformulated as:
Ipps = Vi -i= \/i}r'U}"Uf'if = \/’}’f

Similarly, the electromagnetic torque can be reformulated as:

T,,=fpy-i= f;M'Uf'if = (U}I"fPM> 'if = fPM,f'if

As a result, the MTPA optimization problem (6.14) can be reformulated for the free

current components ¢, as:

n}lfn{z? “ig} subject to  fpy iy =17,

where the constraints M7 -4 = 0 are intrinsically included.
This minimization problem 1is equivalent to the MTPA algorithm for an
unconstrained reduced-order machine, and its solution is given by:

" Fenrs .
iy = ; Y B

f;M,f : fPM,f
By recalling the property (6.7), it can be immediately verified that the corresponding
optimal phase currents set is:

U,- y U, -UY)- W . ,
i*:Uf.i}:Tfﬂ.Tgm: T( S f)>l‘fPM .Tgm:#.jﬂ;m
fPM,f'fPM,f fPM'(Uf'Uf)'fPM fPM'W'fPM
which is the same result found as per (6.17).
O

9.6.4 A sufficient condition for the decoupling algorithm
application

It is here proven that, if the n X m network interconnection matrix IN is a full-ranked
matrix with m > n, then the equation (6.27) is solvable and the decoupling algorithm
(6.22) can be applied (regardless of the machine parameters and on the hardware
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constraints on the phase currents).

Proof. To apply the decoupling algorithm (6.22), the equation (6.27) must be solvable.
It is then sufficient to show that there exists at least one solution for the linear system
(6.27) of n; equations in m variables.

Since N is a full-ranked n X m matrix, there exists its Moore-Penrose pseudo-inverse
matrix NT such that N - NT =1I. Then, by recalling that UJ? -U; =1, a possible

solution of (6.27) can be chosen as:
u* = NT. U, v}
Indeed, by direct substitution, it results that:
ut = T, . . Y — T . L vk oy
Nfu—Uf N -N"-U; 'vf—Uf U, vy =0}

Since there exists at least one solution of (6.27), the system is solvable and the decoupling

algorithm (6.22) can be applied.
O

9.6.5 Injection voltage general formulation
Given the decoupling equation (6.22), it is here shown that the general solution can
be written as (6.29) with the minimum norm reference converter voltages set u,

expressed by (6.30) and with the injection voltages set u{, expressed as per (6.31).

Proof. Since N; is a n; x m full-ranked matrix with m > n;, there exists its pseudo-

inverse N; such that N - N} = I. Then, consider the m x 1 vector u* built as:

* * * T * t *
ut =ug,, +uy=N; vy + (I—Nf ~Nf) “Upgy
By simple substitution, it results that:
* f * f * —_
Ny u' =Ny Np-vj+ Ny (= Np-Np) - wgpy =
— gk T * —
—Uf+(Nf—Nf-Nf~Nf)~uoff—
= vp+ (Ny = Np) - ugyy = vj
This means that, for any choice of the m x 1 vector Uy rps the chosen vector u* is a

solution of the linear system (6.27). In other words, the pre-multiplying matrix
(I — N; - Nf) projects uj, in the null-space of N; and nullifies its contribution to the

overall windings voltages set v;.
O

9.6.6 Voltage injection properties
It is here proven that the voltage vector u* = wu}, +uy with u}, computed via
(6.30) and wuj, chosen as per (6.31), is the solution to the problem (6.27) which minimizes

the Euclidean norm |ju — uszH.

Proof. Consider the constrained optimization problem:

mJn{Hu —uly|[} subject to N;-u=v}



9.6 - Chapter 6 Proofs 291

For a given uj;,, this problem can be reformulated with the simple variable change:
W=U—Uyp = U=WF Uy
Then, by simple substitution, it results:
HB’H{HU’H} st Np-w= (v — N;-uj)

This is a standard minimization problem with linear constraints. The minimum norm

solution is given by:
* T * *
w' =Ny (v;— Njy-ujyy)

and the corresponding optimal solution u* is:
* * * _ T * f * * _
ut = w4 ul —Nf ~vffN;-Nf-unff+uoff =
— T * t * _
=Nj-vp+ (I = Np-Ny)ugyy =

= u’Zpt + u’a

which is the provided expression.

9.6.7 Full order decoupling algorithm formulation
It is here proven that, given the minimum norm voltages set ], computed as (6.30)

with respect to the reduced-order machine model (6.8), the corresponding formulation
for the full-order model (6.6) is given by (6.35).

Proof. By recalling that the machine variables in the configuration space are expressed
by (6.32), by direct substitution, it results:

* T * T .y .
uyy =Ny vy =Np-(L; 053+ Ry iy +ep) =

= (U} N)' - [UF-L-U;-6i3+Uf -R-Uy i+ UF €] =

=[(Uf-N)'-Uf| - [L-6i" + R-i+e]

which is the expression (6.35).

9.6.8 Decoupled system transfer function
It is here proven that, by modelling the modulation process through a simple time
delay of 7,,,, the transfer function for the decoupled current control algorithm can be

approximated through (6.42).

Proof. Given the system linearity, it is possible to derive the whole reasoning in the
Laplace domain. For notation simplicity, in what follows the Laplace transformation of
each time-varying variable will be denoted with the same notation of the variable itself
(i.e., £L[z(t)](s) = x(s)). Moreover, the reasoning will be conducted for the reduced-order
model (6.8) and the reduced-order algorithm (6.22), and then it is finally extended to
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the full-order model.
Given the time delay due to the sampling and modulation process, the decoupling
voltages set u(s) is linked to the reference decoupling voltages set u*(s) through the

simple relation:
u(s) = u*(s) - e *det

The reference voltages set is expressed by (6.29)-(6.31) and is:

} Ly 8i5(s) + Ry -ig(s) +ep(s)] + (I — N} CIN) - uh(s)

The reduced-order machine model in the Laplace domain is:
sL; zf(s) + R, if(s) + ef(s) = vf(s) = N; ~u(s)
By considering the pseudo-inverse matrix N; properties, the right-side term can be
computed to be:
N;-u(s) = Ny -u(s) e el = [L - §i%(s) + Ry - ip(s) + ep(s)] - e *Taet
By substituting back and by grouping the various terms it results:
L;-[sig(s)—0i5(s) e *et] + (1 —e *Taet) - [Ry -iy(s) +e;(s)] =0

For a wide range of variability of the complex variable s, the term (1 — e *7dt) is close

to zero. Therefore, the previous relationship can be approximated as:
L;-[sig(s)—0i}(s) e *Teet] =0
and, since L is symmetric and positive definite, it means that:
sip(s) — 0i%(s) -e At =0
Finally, by isolating the currents and by pre-multiplying for Uy, it results that:

1 c e 5Tdel — 5i*(3) .. e STdel

. . . 1
1,(3)=Uf~1,f(s)%Uf-5zf(s)~g 3

which, once expressed in components, is the result provided in (6.42).
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9.7 Chapter 7 Proofs

This section contains the proof of the properties stated in Chapter 7 - Decoupled
Phase Variable Control of SynRMs.

9.7.1 Required RMS current for the torque development

It is here proven that, considering the electromagnetic torque equation (7.9) and
expressing the free currents set as i, = Ip)/q -7, (as done in (7.18)), once the direction

versor 2, is chosen, the corresponding RMS current Iy, is given by (7.19).

Proof. By substituting the current expression (7.18) in the torque development
requirement (7.9), it results that:

1 1
LT co_ Lo s 72
T =51 }'lf_§'lf'L}'zf'IRMS
The term I%,,s can be isolated, resulting in:

2T

11221»15 =7
) Ty, 2
O L by

This equation is only feasible if the scalar term (2} - L; -2;) at the denominator has the

same sign of the reference torque T7,,. In this case, since by definition I,;q > 0, the

7 B 2-Tx.
RMS = AT 1/ 2
O Lf Xy

9.7.2 Optimal MTPA current unit vectors

It is here proven that, considering the quadratic form (iJTc L% - if), with 7, being a

solution is given by the (7.19):

unitary-norm n, x 1 vector, then:

e its maximum is equal to the maximum eigenvalue v, .

of the matrix L%, and

it is obtained when if is equal to the corresponding eigenvector 'Atf, and

max’

e  its minimum is equal to the minimum eigenvalue v,

min

of the matrix L}, and it

is obtained when %, is equal to the corresponding eigenvector 2 ;-

Proof. The two cases can be analysed as the constrained optimization problems:
max/min{2} - L;-2;}  subject to 27 -2, =1
iy

In both cases, these problems can be solved with the Lagrange’s multiplier method by

referring to the Lagrangian function:

N 1 R R
£(zf7,u)ZE-zE-L}nf—,u{z?zf—l)

By nullifying the gradient of £(2;, ) it results that:
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oL )
P A A
oL . .
0—u:z}-zf—1=0

The second equation is simply the unitary-norm constraint of 2 ¢+ The first equation can

be instead rewritten as:
Ly-ay=p-y
This is an eigenvalue equation, and means that the product L’ -2, is parallel to the
versor 7, itself through the coefficient .
All the eigenvectors of L} are stationary points for the Lagrangian function £(5f7 w).
Since L} is a ny X ny symmetric matrix, it has n; linearly independent eigenvectors

corresponding to real eigenvalues. By denoting as 2, the eigenvector related to the -

th eigenvalue v, (with k =1,...,n;), the corresponding quadratic form is equal to:
'ALJT% . L} g = 'ALJT% (v - if"k) =y - (i? . 'Zf) =v,-1=y,
Since the eigenvalue v, is equal to the result of the quadratic form, then it has been
proven that:
e the maximum value of 2} - L; - 2, is obtained for the maximum eigenvalue v,
of L, which corresponds to the eigenvector 2 .., and

e the minimum value of 2} - L; - 3; is obtained for the minimum eigenvalue v,

of L, which corresponds to the eigenvector 2y ;.

9.7.3 RMS current with the optimal MTPA solution
It is here proven that, provided the MTPA currents (7.21), the RMS overall machine
RMS current is given by (7.22).

Proof. For any given versor 2; in the configuration space, the corresponding RMS

current is expressed by (7.19). In the MTPA conditions, the versor 2, is chosen between

the eigenvectors of L}. Then, by definition, it results that:
;oA

£ Yfmax = Vmax if,max and L} : ’if.,min = Vmin * Y f min
As a result, the corresponding quadratic forms (2} - L’ - 3;) are equal to:
T N __ 5T N _ T > —
Zf,lllax : L} : ’Lf,ma.x - ’Lf,max : (Vmax : ijmax) = Vax (’Lf,max ' ’Lf,ma.x) = Vhax
7 I AT N . T R _
¥ min L} “Tfmin = fmin (l/min ! Zf,min) = Viin (lf,min ' lf,min) = Viin
Then, by substituting in (7.19) it results that:

I _ 2. Te*m/l/max if Te*m >0
RMS — .
3T o if T%, <0

em em

which is the expression (7.22).



(10]

(11]

(12]

References

E. Levi, ‘Multiphase Electric Machines for Variable-Speed Applications’, IEEE
Trans. Ind. FElectron., vol. 55, mno. 5, pp. 1893-1909, May 2008, doi:
10.1109/TIE.2008.918488.

E. Levi, R. Bojoi, F. Profumo, H. Toliyat, and S. Williamson, ‘Multiphase induction
motor drives - A technology status review’, FElectr. Power Appl. IET, vol. 1, pp.
489-516, Aug. 2007, doi: 10.1049/iet-epa:20060342.

F. Barrero and M. J. Duran, ‘Recent Advances in the Design, Modeling, and
Control of Multiphase Machines—Part I'; IEEE Trans. Ind. Electron., vol. 63, no.
1, pp. 449-458, Jan. 2016, doi: 10.1109/TIE.2015.2447733.

M. J. Duran and F. Barrero, ‘Recent Advances in the Design, Modeling, and
Control of Multiphase Machines—Part II’; IEEE Trans. Ind. Electron., vol. 63, no.
1, pp. 459468, Jan. 2016, doi: 10.1109/TIE.2015.2448211.

G. K. Singh, ‘Multi-phase induction machine drive research—a survey’, FElectr.
Power Syst. Res., vol. 61, no. 2, pp. 139-147, Mar. 2002, doi: 10.1016/S0378-
7796(02)00007-X.

R. Bojoi, S. Rubino, A. Tenconi, and S. Vaschetto, ‘Multiphase electrical machines
and drives: A viable solution for energy generation and transportation
electrification’, in 2016 International Conference and Exposition on Electrical and
Power Engineering (EPE), Oct. 2016, PP- 632-639. doi:
10.1109/ICEPE.2016.7781416.

Z. Liu, Y. Li, and Z. Zheng, ‘A review of drive techniques for multiphase machines’,
CES Trans. Electr. Mach. Syst., vol. 2, no. 2, pp. 243-251, Jun. 2018, doi:
10.30941/CESTEMS.2018.00030.

R. Bojoi, F. Farina, F. Profumo, and A. Tenconi, ‘Dual-Three Phase Induction
Machine Drives Control---A Survey’, Ieej Trans. Ind. Appl., vol. 126, pp. 420-429,
Jul. 2006, doi: 10.1541/ieejias.126.420.

B. Gamble, G. Snitchler, and T. MacDonald, ‘Full Power Test of a 36.5 MW HTS
Propulsion Motor’, IEEE Trans. Appl. Supercond., vol. 21, no. 3, pp. 1083-1088,
Jun. 2011, doi: 10.1109/TASC.2010.2093854.

L. Parsa and H. A. Toliyat, ‘Five-phase permanent magnet motor drives for ship
propulsion applications’, in IEEE Electric Ship Technologies Symposium, 2005.,
Jul. 2005, pp. 371-378. doi: 10.1109/ESTS.2005.1524702.

A. C. Smith, S. Williamson, and C. G. Hodge, ‘High torque dense naval propulsion
motors’, in IEEE International Electric Machines and Drives Conference, 2003.
IEMDC"03., Jun. 2003, vol. 3, pDP- 1421-1427  vol.3. doi:
10.1109/TEMDC.2003.1210638.

F. Terrien, S. Siala, and P. Noy, ‘Multiphase induction motor sensorless control for
electric ship propulsion’; in Second International Conference on Power Electronics,
Machines and Drives (PEMD 2004)., Mar. 2004, vol. 2, pp. 556-561 Vol.2. doi:
10.1049/cp:20040348.



296

References

(13]

(14]

(18]

(19]

20]

21]

22]

24]

F. Scuiller, J. Charpentier, and E. Semail, ‘Multi-star multi-phase winding for a
high power naval propulsion machine with low ripple torques and high fault
tolerant ability’, in 2010 IEEE Vehicle Power and Propulsion Conference, Sep.
2010, pp. 1-5. doi: 10.1109/VPPC.2010.5729185.

J. Dai, S. W. Nam, M. Pande, and G. Esmaeili, ‘Medium-Voltage Current-Source
Converter Drives for Marine Propulsion System Using a Dual-Winding
Synchronous Machine’, IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 3971-3976, Nov.
2014, doi: 10.1109/TTA.2014.2316361.

Shuai Lu and K. Corzine, ‘Multilevel multi-phase propulsion drives’, in IEEE
Electric Ship Technologies Symposium, 2005., Jul. 2005, pp. 363-370. doi:
10.1109/ESTS.2005.1524701.

S. Castellan, R. Menis, M. Pigani, G. Sulligoi, and A. Tessarolo, ‘Modeling and
Simulation of Electric Propulsion Systems for All-Electric Cruise Liners’, in 2007
IEEE FElectric Ship Technologies Symposium, May 2007, pp. 60-64. doi:
10.1109/ESTS.2007.372064.

C. Bassi, A. Tessarolo, R. Menis, and G. Sulligoi, ‘Analysis of different system
design solutions for a high-power ship propulsion synchronous motor drive with
multiple PWM converters’, in Railway and Ship Propulsion Electrical Systems for
Aircraft, Oct. 2010, pp. 1-6. doi: 10.1109/ESARS.2010.5665224.

G. Sulligoi, A. Tessarolo, V. Benucci, A. M. Trapani, M. Baret, and F. Luise,
‘Shipboard Power Generation: Design and Development of a Medium-Voltage dc
Generation System’, IEEE Ind. Appl. Mag., vol. 19, no. 4, pp. 47-55, Jul. 2013,
doi: 10.1109/MIAS.2012.2215643.

G. Sulligoi, A. Tessarolo, V. Benucci, M. Baret, A. Rebora, and A. Taffone,
‘Modeling, simulation and experimental validation of a generation system for
Medium-Voltage DC Integrated Power Systems’, in 2009 IEEE Electric Ship
Technologies Symposium, Apr. 2009, pPp- 129-134. doi:
10.1109/ESTS.2009.4906505.

B. Andresen and J. Birk, ‘A high power density converter system for the Gamesa
G10x 4,5 MW wind turbine’, in 2007 European Conference on Power Electronics
and Applications, Sep. 2007, pp. 1-8. doi: 10.1109/EPE.2007.4417312.

S. Brisset, D. Vizireanu, and P. Brochet, ‘Design and Optimization of a Nine-Phase
Axial-Flux PM Synchronous Generator With Concentrated Winding for Direct-
Drive Wind Turbine’, IEEE Trans. Ind. Appl., vol. 44, no. 3, pp. 707-715, May
2008, doi: 10.1109/TTA.2008.921379.

X. Zeng, Y. Yongbing, Z. Hongtao, L. Ying, F. Luguang, and Y. Xu, ‘Modeling
and control of a multi-phase permanent magnet synchronous generator and efficient
hybrid 3L-converters for large direct-drive wind turbines’, Electr. Power Appl. IET,
vol. 6, pp. 322-331, Jul. 2012, doi: 10.1049/iet-epa.2011.0145.

J. P. McSharry, P. S. Hamer, D. Morrison, J. Nessa, and J. G. Rigsby, ‘Design,
fabrication, back-to-back test of 14200-hp two-pole cylindrical-rotor synchronous
motor for ASD application’, IEEE Trans. Ind. Appl., vol. 34, no. 3, pp. 526-533,
May 1998, doi: 10.1109/28.673723.

R. Salisbury, T. Griffith, P. Rasmussen, and A. Fibbi, ‘Design, manufacture, and
test campaign of the world’s largest LNG refrigeration compressor strings’, LNG



297

27)

29]

(30]

(31]

(34]

(35]

J., p. 11, 2007.

A. Tessarolo, ‘Modeling and analysis of multiphase electric machines for high-power
applications’, Ph.D. Thesis, Universita degli studi di Trieste, 2011.

A. Tessarolo, G. Zocco, and C. Tonello, ‘Design and testing of a 45-MW 100-Hz
quadruple-star synchronous motor for a Liquefied Natural Gas turbo-compressor
drive’, in  SPEEDAM 2010, Jun. 2010,  pp. 1754-1761.  doi:
10.1109/SPEEDAM.2010.5545129.

J.- Simond, A. Sapin, T. Xuan, R. Wetter, and P. Burmeister, ‘12-pulse LCI
synchronous drive for a 20 MW compressor modeling, simulation and
measurements’, in Fourtieth IAS Annual Meeting. Conference Record of the 2005
Industry Applications Conference, 2005., Oct. 2005, vol. 4, pp. 2302-2308 Vol. 4.
doi: 10.1109/IAS.2005.1518781.

L. D. Camillis, M. Matuonto, A. Monti, and A. Vignati, ‘Optimizing current control
performance in double winding asynchronous motors in large power inverter drives’,
IEEE Trans. Power Electron., vol. 16, no. 5, pp. 676-685, Sep. 2001, doi:
10.1109/63.949500.

E. Jung, H. Yoo, S. Sul, H. Choi, and Y. Choi, ‘A Nine-Phase Permanent-Magnet
Motor Drive System for an Ultrahigh-Speed Elevator’, IEEE Trans. Ind. Appl.,
vol. 48, no. 3, pp. 987-995, May 2012, doi: 10.1109/TIA.2012.2190472.

R. Bojoi, A. Cavagnino, A. Tenconi, A. Tessarolo, and S. Vaschetto, ‘Multiphase
electrical machines and drives in the transportation electrification’, in 2015 IFEE
1st International Forum on Research and Technologies for Society and Industry
Leveraging a  better tomorrow (RTSI), Sep. 2015, pp. 205-212. doi:
10.1109/RTSI.2015.7325099.

R. Bojoi, L. Boggero, S. Comino, M. Fioriti, A. Tenconi, and S. Vaschetto,
‘Multiphase Drives for Hybrid-Electric Propulsion in Light Aircrafts: a Viable
Solution’, in 2018 International Symposium on Power Electronics, FElectrical
Drives, Automation and Motion (SPEEDAM), Jun. 2018, pp. 613-619. doi:
10.1109/SPEEDAM.2018.8445241.

X. Huang, A. Goodman, C. Gerada, Y. Fang, and Q. Lu, ‘Design of a Five-Phase
Brushless DC Motor for a Safety Critical Aerospace Application’, IEEE Trans.
Ind.  Electron., wvol. 59, mno. 9, pp. 3532-3541, Sep. 2012, doi:
10.1109/TIE.2011.2172170.

C. Gerada, K. Bradley, X. Huang, A. Goodman, C. Whitley, and G. Towers, ‘A 5-
Phase Fault-Tolerant Brushless Permanent Magnet Motor Drive for an Aircraft
Thin Wing Surface Actuator’, in 2007 IEEFE International Electric Machines Drives
Conference, May 2007, vol. 2, pp. 1643-1648. doi: 10.1109/IEMDC.2007.383676.
M. Galea, Z. Xu, C. Tighe, T. Hamiti, C. Gerada, and S. Pickering, ‘Development
of an aircraft wheel actuator for green taxiing’, in 2014 International Conference
on  Electrical ~ Machines (ICEM), Sep. 2014, pp. 2492-2498. doi:
10.1109/ICELMACH.2014.6960537.

M. Rottach, C. Gerada, and P. W. Wheeler, ‘Design optimisation of a fault-tolerant
PM motor drive for an aerospace actuation application’, in 7th IET International
Conference on Power Electronics, Machines and Drives (PEMD 2014), Apr. 2014,
pp. 1-6. doi: 10.1049/cp.2014.0484.



298

References

(36]

(38]

(41]

(42]

(43]

(46]

B. C. Mecrow et al., ‘Design and testing of a four-phase fault-tolerant permanent-
magnet machine for an engine fuel pump’, IEEE Trans. Energy Convers., vol. 19,
no. 4, pp. 671-678, Dec. 2004, doi: 10.1109/TEC.2004.832074.

G. J. Atkinson, B. C. Mecrow, A. G. Jack, D. J. Atkinson, P. Sangha, and M.
Benarous, ‘The design of fault tolerant machines for aerospace applications’, in
IEEE International Conference on Electric Machines and Drives, 2005., May 2005,
pp. 1863-1869. doi: 10.1109/IEMDC.2005.195974.

J. W. Bennett et al., ‘Choice of drive topologies for electrical actuation of aircraft
flaps and slats’, in Second International Conference on Power Electronics,
Machines and Drives (PEMD 2004)., Mar. 2004, vol. 1, pp. 332-337 Vol.1. doi:
10.1049/cp:20040308.

R. Bojoi, A. Cavagnino, A. Tenconi, and S. Vaschetto, ‘Control of Shaft-Line-
Embedded Multiphase Starter/Generator for Aero-Engine’, IEEE Trans. Ind.
Electron., vol. 63, no. 1, pp. 641-652, Jan. 2016, doi: 10.1109/TIE.2015.2472637.
G. Rizzoli, G. Serra, P. Maggiore, and A. Tenconi, ‘Optimized design of a
multiphase induction machine for an open rotor aero-engine shaft-line-embedded
starter/generator’, in IECON 2013 - 39th Annual Conference of the IEEE
Industrial  FElectronics  Society, Nov. 2013, pp. 5203-5208. doi:
10.1109/IECON.2013.6699980.

R. Bojoi, A. Cavagnino, M. Cossale, and A. Tenconi, ‘Multiphase starter generator
for 48V mini-hybrid powertrain: Design and testing’, in 2014 International
Symposium on Power Electronics, Electrical Drives, Automation and Motion, Jun.
2014, pp. 1319-1324. doi: 10.1109/SPEEDAM.2014.6872029.

J. M. Miller, V. Stefanovic, V. Ostovic, and J. Kelly, ‘Design considerations for an
automotive integrated starter-generator with pole-phase modulation’, in
Conference Record of the 2001 IEEE Industry Applications Conference. 36th IAS
Annual Meeting (Cat. No.01CHS87248), Sep. 2001, vol. 4, pp. 2366-2373 vol.4. doi:
10.1109/IAS.2001.955953.

A. Bruyere, E. Semail, A. Bouscayrol, F. Locment, J. M. Dubus, and J. C. Mipo,
‘Modeling and control of a seven-phase claw-pole integrated starter alternator for
micro-hybrid automotive applications’, in 2008 IEEE Vehicle Power and
Propulsion Conference, Sep. 2008, pp. 1-6. doi: 10.1109/VPPC.2008.4677668.

N. Schofield, X. Niu, and O. Beik, ‘Multiphase machines for electric vehicle
traction’, in 2014 IEEE Transportation FElectrification Conference and Ezpo
(ITEC), Jun. 2014, pp. 1-6. doi: 10.1109/ITEC.2014.6861840.

M. G. Simoes and P. Vieira, ‘A high torque low-speed multi-phase brushless
machine a perspective application for electric vehicles’, in 2000 26th Annual
Conference of the IEEE Industrial Electronics Society. IECON 2000. 2000 IEEE
International Conference on Industrial Electronics, Control and Instrumentation.
21st  Century Technologies, Oct. 2000, vol. 2, pp. 1395-1400 vol.2. doi:
10.1109/TECON.2000.972325.

Y. Burkhardt, A. Spagnolo, P. Lucas, M. Zavesky, and P. Brockerhoff, ‘Design and
analysis of a highly integrated 9-phase drivetrain for EV applications’, in 2014
International Conference on Electrical Machines (ICEM), Sep. 2014, pp. 450-456.
doi: 10.1109/ICELMACH.2014.6960219.



299

(47]

(48]

[52]

[56]

R. Bojoi, A. Tenconi, F. Profumo, and F. Farina, ‘Dual-Source Fed Multi-phase
Induction Motor Drive for Fuel Cell Vehicles: Topology and Control’, in 2005 IEEE
86th Power FElectronics Specialists Conference, Jun. 2005, pp. 2676-2683. doi:
10.1109/PESC.2005.1582011.

C. C. Chan, J. Z. Jiang, G. H. Chen, X. Y. Wang, and K. T. Chau, ‘A novel
polyphase multipole square-wave permanent magnet motor drive for electric
vehicles’, IEEE Trans. Ind. Appl., vol. 30, no. 5, pp. 1258-1266, Sep. 1994, doi:
10.1109/28.315237.

S. Z. Jiang, K. T. Chau, and C. C. Chan, ‘Spectral analysis of a new six-phase
pole-changing induction motor drive for electric vehicles’, IFEE Trans. Ind.
Electron., vol. 50, no. 1, pp. 123-131, Feb. 2003, doi: 10.1109/TIE.2002.807662.
O. Dordevic, ‘PWM strategies for Multilevel Multiphase AC drives’, Ph.D. Thesis,
Liverpool John Moores University, 2013.

M. J. Durdn, S. Kouro, B. Wu, E. Levi, F. Barrero, and S. Alepuz, ‘Six-phase
PMSG wind energy conversion system based on medium-voltage multilevel
converter’, in Proceedings of the 2011 14th FEuropean Conference on Power
Electronics and Applications, Aug. 2011, pp. 1-10.

B. Mwinyiwiwa, O. Ojo, and Z. Wu, ‘A five phase three-level neutral point clamped
converter using DSP and FPGA based control scheme’, in 2006 37th IEEE Power
Electronics Specialists Conference, Jun. 2006, pp- 1-7. doi:
10.1109/pesc.2006.1711937.

Z. Oudjebour, E. M. Berkouk, N. Sami, S. Belgasmi, S. Arezki, and I. Messaif,
Indirect space vector control of a double star induction machine fed by two five -
levels NPC' VSI. 2004. doi: 10.13140/2.1.2828.0962.

S. Rubino, ‘High Performance Control Techniques for Multiphase eDrives’, Ph.D.
Thesis, Politecnico di Torino, 2019.

A. Tessarolo, ‘On the modeling of poly-phase electric machines through Vector-
Space Decomposition: Theoretical considerations’, in 2009 International
Conference on Power Engineering, Energy and FElectrical Drives, Mar. 2009, pp.
519-523. doi: 10.1109/POWERENG.2009.4915234.

I. Zoric, M. Jones, and E. Levi, ‘Phase voltage harmonic imbalance in asymmetrical
multiphase machines with single neutral point’, in IECON 2016 - /2nd Annual
Conference of the IEEE Industrial Electronics Society, Oct. 2016, pp. 4343-4348.
doi: 10.1109/TECON.2016.7793473.

I. Zoric, M. Jones, and E. Levi, ‘Vector space decomposition algorithm for
asymmetrical multiphase machines’, in 2017 International Symposium on Power
Electronics (Ee), Oct. 2017, pp. 1-6. doi: 10.1109/PEE.2017.8171682.

1. Zoric, ‘Multiple three-phase induction generators for wind energy conversion
systems’, Ph.D. Thesis, Liverpool John Moores University, 2018.

M. Jones, S. N. Vukosavic, D. Dujic, and E. Levi, ‘A Synchronous Current Control
Scheme for Multiphase Induction Motor Drives’, IEEE Trans. Energy Convers.,
vol. 24, no. 4, pp. 860-868, Dec. 2009, doi: 10.1109/TEC.2009.2025419.

H. S. Che, E. Levi, M. Jones, W. Hew, and N. A. Rahim, ‘Current Control Methods
for an Asymmetrical Six-Phase Induction Motor Drive’, IEEE Trans. Power
Electron., vol. 29, no. 1, pp. 407-417, Jan. 2014, doi: 10.1109/TPEL.2013.2248170.



300

References

(61]

(62]

(63]

(64]

(65]

(69]

[70]

A. G. Yepes, J. Malvar, A. Vidal, O. Lépez, and J. Doval-Gandoy, ‘Current
Harmonics Compensation Based on Multiresonant Control in Synchronous Frames
for Symmetrical $n$-Phase Machines’, IEEE Trans. Ind. Electron., vol. 62, no. 5,
pp. 2708-2720, May 2015, doi: 10.1109/TIE.2014.2365155.

A. G. Yepes, J. Doval-Gandoy, F. Baneira, D. Pérez-Estévez, and O. Loépez,
‘Current harmonic compensation for n-phase machines with asymmetrical winding
arrangement’, in 2016 IEEE Energy Conversion Congress and Ezxposition (ECCE),
Sep. 2016, pp. 1-8. doi: 10.1109/ECCE.2016.7854979.

A. G. Yepes, J. Doval-Gandoy, F. Baneira, D. Pérez-Estévez, and O. Loépez,
‘Current Harmonic Compensation for $n$ -Phase Machines With Asymmetrical
Winding Arrangement and Different Neutral Configurations’, IEEE Trans. Ind.
Appl., vol. 53, no. 6, pp. 5426-5439, Nov. 2017, doi: 10.1109/TIA.2017.2722426.
F. Barrero, M. R. Arahal, R. Gregor, S. Toral, and M. J. Duran, ‘A Proof of
Concept Study of Predictive Current Control for VSI-Driven Asymmetrical Dual
Three-Phase AC Machines’, IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1937—
1954, Jun. 2009, doi: 10.1109/TTE.2008.2011604.

F. Barrero, M. R. Arahal, R. Gregor, S. Toral, and M. J. Duran, ‘One-Step
Modulation Predictive Current Control Method for the Asymmetrical Dual Three-
Phase Induction Machine’, IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1974—
1983, Jun. 2009, doi: 10.1109/TTE.2009.2016505.

F. Barrero et al, ‘An Enhanced Predictive Current Control Method for
Asymmetrical Six-Phase Motor Drives’, IEEE Trans. Ind. Electron., vol. 58, no. 8,
pp. 3242-3252, Aug. 2011, doi: 10.1109/TIE.2010.2089943.

K. Hatua and V. T. Ranganathan, ‘Direct torque control schemes for split-phase
induction machine’, IEEE Trans. Ind. Appl., vol. 41, no. 5, pp. 1243-1254, Sep.
2005, doi: 10.1109/TTA.2005.855043.

H. A. Toliyat and Huangsheng Xu, ‘A novel direct torque control (DTC) method
for five-phase induction machines’, in APEC 2000. Fifteenth Annual IEEE Applied
Power Electronics Conference and Exposition (Cat. No.00CH37058), Feb. 2000,
vol. 1, pp. 162-168 vol.1. doi: 10.1109/APEC.2000.826100.

X. Kestelyn, E. Semail, and D. Loroil, ‘Direct torque control of multi-phase
permanent magnet synchronous motor drive: application to a five-phase’, in IEEFE
International Conference on FElectric Machines and Drives, 2005., May 2005, pp.
137-143. doi: 10.1109/IEMDC.2005.195714.

L. Zheng, J. E. Fletcher, B. W. Williams, and X. He, ‘A Novel Direct Torque
Control Scheme for a Sensorless Five-Phase Induction Motor Drive’; IEEE Trans.
Ind.  FElectron., vol. 58, mno. 2, pp. 503-513, Feb. 2011, doi:
10.1109/TTE.2010.2047830.

F. Farina, R. Bojoi, A. Tenconi, and F. Profumo, ‘Direct Torque Control with Full
Order Stator Flux Observer for Dual-Three Phase Induction Motor Drives’, Ieej
Trans. Ind. Appl., vol. 126, pp. 412-419, Jan. 2006, doi: 10.1541 /ieejias.126.412.
R. Bojoi, F. Farina, G. Griva, F. Profumo, and A. Tenconi, ‘Direct torque control
for dual three-phase induction motor drives’, IEEE Trans. Ind. Appl., vol. 41, no.
6, pp. 1627-1636, Nov. 2005, doi: 10.1109/TIA.2005.858281.

R. Karampuri, J. Prieto, F. Barrero, and S. Jain, ‘Extension of the DTC Technique



301

(74]

[75]

[76]

(81]

(82]

to Multiphase Induction Motor Drives Using Any Odd Number of Phases’; in 2014
IEEE Vehicle Power and Propulsion Conference (VPPC), Oct. 2014, pp. 1-6. doi:
10.1109/VPPC.2014.7007070.

Gao Liliang, J. E. Fletcher, and Zheng Libo, ‘Low speed control improvements for
classic Direct Torque Control of a 2-level 5-phase inverter-fed induction machine’,
in 2010 IEEE International Symposium on Industrial Electronics, Jul. 2010, pp.
2172-2177. doi: 10.1109/1ISIE.2010.5637793.

A. Taheri, A. Rahmati, and S. Kaboli, ‘Comparison of Efficiency for Different
Switching Tables in Six-Phase Induction Motor DTC Drive’, J. Power Electron.,
vol. 12, pp. 128-135, Jan. 2012, doi: 10.6113/JPE.2012.12.1.128.

A. Taheri, A. Rahmati, and S. Kaboli, ‘Efficiency Improvement in DTC of Six-
Phase Induction Machine by Adaptive Gradient Descent of Flux’, IEEE Trans.
Power  Electron., vol. 27, mno. 3, pp. 1552-1562, Mar. 2012, doi:
10.1109/TPEL.2011.2163420.

R. H. Nelson and P. C. Krause, ‘Induction Machine Analysis for Arbitrary
Displacement Between Multiple Winding Sets’, IEEE Trans. Power Appar. Syst.,
vol. PAS-93, no. 3, pp. 841-848, May 1974, doi: 10.1109/TPAS.1974.293983.

G. K. Singh, K. Nam, and S. K. Lim, ‘A simple indirect field-oriented control
scheme for multiphase induction machine’, IEEE Trans. Ind. FElectron., vol. 52,
no. 4, pp. 1177-1184, Aug. 2005, doi: 10.1109/TIE.2005.851593.

G. Scarcella, G. Scelba, M. Cacciato, A. Spampinato, and M. M. Harbaugh, ‘Vector
Control Strategy for Multidirectional Power Flow in Integrated Multidrives
Starter-Alternator Applications’, IEEE Trans. Ind. Appl., vol. 52, no. 6, pp. 4816—
4826, Nov. 2016, doi: 10.1109/TTA.2016.2591908.

S. Rubino, R. Bojoi, A. Cavagnino, and S. Vaschetto, ‘Asymmetrical twelve-phase
induction starter/generator for more electric engine in aircraft’, in 2016 IEEE
Energy Conversion Congress and Exposition (ECCE), Sep. 2016, pp. 1-8. doi:
10.1109/ECCE.2016.7854889.

Y. Hu, Z. Q. Zhu, and M. Odavic, ‘Comparison of Two-Individual Current Control
and Vector Space Decomposition Control for Dual Three-Phase PMSM’, IFEE
Trans. Ind. Appl., vol. 53, mno. 5, pp. 4483-4492, Sep. 2017, doi:
10.1109/TTA.2017.2703682.

J. Karttunen, S. Kallio, P. Peltoniemi, P. Silventoinen, and O. Pyrhonen,
‘Decoupled Vector Control Scheme for Dual Three-Phase Permanent Magnet
Synchronous Machines’, IEEE Trans. Ind. Electron., vol. 61, no. 5, pp. 2185-2196,
May 2014, doi: 10.1109/TTE.2013.2270219.

S. Rubino, O. Dordevic, E. Armando, R. Bojoi, and E. Levi, ‘A Novel Matrix
Transformation for Decoupled Control of Modular Multiphase PMSM Drives’,
IEEE Trans. Power Electron., pp. 1-1, 2020, doi: 10.1109/TPEL.2020.3043083.
S. Rubino, O. Dordevic, R. Bojoi, and E. Levi, ‘Modular Vector Control of Multi-
Three-Phase Permanent Magnet Synchronous Motors’, IEEE Trans. Ind.
Electron., pp. 1-1, 2020, doi: 10.1109/TIE.2020.3026271.

E. Levi, D. Dujic, M. Jones, and G. Grandi, ‘Analytical Determination of DC-Bus
Utilization Limits in Multiphase VSI Supplied AC Drives’, IEEE Trans. Energy
Convers., vol. 23, no. 2, pp. 433-443, Jun. 2008, doi: 10.1109/TEC.2008.921557.



302

References

(86]

(88]

(89]

(90]

[95]

[96]

A. Igbal and E. Levi, ‘Space vector modulation schemes for a five-phase voltage
source inverter’, in 2005 Furopean Conference on Power FElectronics and
Applications, Sep. 2005, p. 12 pp.-P.12. doi: 10.1109/EPE.2005.219194.

A. Igbal and E. Levi, ‘Space Vector PWM Techniques for Sinusoidal Output
Voltage Generation with a Five-Phase Voltage Source Inverter’, Electr. Power
Compon. Syst. - ELECTR POWER COMPON SYST, vol. 34, pp. 119-140, Feb.
2006, doi: 10.1080,/15325000500244427.

J. W. Kelly, E. G. Strangas, and J. M. Miller, ‘Multiphase space vector pulse width
modulation’, IEEE Trans. Energy Convers., vol. 18, no. 2, pp. 259-264, Jun. 2003,
doi: 10.1109/TEC.2003.811725.

G. Grandi, G. Serra, and A. Tani, ‘Space vector modulation of a seven-phase
voltage source inverter’, in International Symposium on Power Electronics,
Electrical Drives, Automation and Motion, 2006. SPEEDAM 2006., May 2006, pp.
1149-1156. doi: 10.1109/SPEEDAM.2006.1649941.

D. Dujic, M. Jones, and E. Levi, ‘Space Vector PWM for Nine-Phase VSI with
Sinusoidal Output Voltage Generation: Analysis and Implementation’, in IJECON
2007 - 33rd Annual Conference of the IEEE Industrial Electronics Society, Nov.
2007, pp. 1524-1529. doi: 10.1109/TECON.2007.4459905.

D. Dujic, M. Jones, and E. Levi, ‘Generalised space vector PWM for sinusoidal
output voltage generation with multiphase voltage source inverters’, Int. J. Ind.
Electron. Drives, vol. 1, p. 1, Jan. 2009, doi: 10.1504/IJIED.2009.515638.

O. Lopez, J. Alvarez, J. Doval-Gandoy, and F. D. Freijedo, ‘Multilevel Multiphase
Space Vector PWM Algorithm’, IEEE Trans. Ind. Electron., vol. 55, no. 5, pp.
1933-1942, May 2008, doi: 10.1109/TIE.2008.918466.

D. Dujic, ‘Development of pulse-width-modulation techniques for multi-phase and
multi-leg voltage source inverters’, Ph.D. Thesis, Liverpool John Moores
University, 2008.

S. Busquets-Monge and A. Ruderman, ‘Carrier-based PWM strategies for the
comprehensive capacitor voltage balance of multilevel multileg diode-clamped
converters’, in 2010 IEEFE International Symposium on Industrial Electronics, Jul.
2010, pp. 688-693. doi: 10.1109/ISIE.2010.5637187.

L. Gao and J. E. Fletcher, ‘A Space Vector Switching Strategy for Three-Level
Five-Phase Inverter Drives’, IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2332—
2343, Jul. 2010, doi: 10.1109/TIE.2009.2033087.

Qingguo Song, Xiaofeng Zhang, Fei Yu, and Chengsheng Zhang, ‘Research on
PWM techniques of five-phase three-level inverter’, in International Symposium on
Power Electronics, Electrical Drives, Automation and Motion, 2006. SPEEDAM
2006., May 2006, pp. 561-565. doi: 10.1109/SPEEDAM.2006.1649835.

J. Huang and K. A. Corzine, ‘A New Walking Pattern SVM Technique for Five-
Phase Motor Drives’, in 2008 IEEFE Industry Applications Society Annual Meeting,
Oct. 2008, pp. 1-8. doi: 10.1109/08IAS.2008.189.

C. M. Hutson, G. K. Venayagamoorthy, and K. A. Corzine, ‘Optimal SVM
switching for a multilevel multi-phase machine using modified discrete PSO’, in
2008 IEEE Swarm Intelligence Symposium, Sep. 2008, pp. 1-6. doi:
10.1109/SIS.2008.4668326.



303

[99] J. I. Leon et al., ‘Conventional Space-Vector Modulation Techniques Versus the
Single-Phase Modulator for Multilevel Converters’, IEEE Trans. Ind. Electron.,
vol. 57, no. 7, pp. 2473-2482, Jul. 2010, doi: 10.1109/TIE.2009.2034674.

[100] O. Lépez et al., ‘Carrier-Based PWM Equivalent to Multilevel Multiphase Space
Vector PWM Techniques’, IEEE Trans. Ind. Electron., vol. 67, no. 7, pp. 5220—
5231, Jul. 2020, doi: 10.1109/TIE.2019.2934029.

[101] O. Dordevic, M. Jones, and E. Levi, ‘A comparison of PWM techniques for three-
level five-phase voltage source inverters’, in Proceedings of the 2011 14th European
Conference on Power Electronics and Applications, Aug. 2011, pp. 1-10.

[102] M. Jones, O. Dordevic, N. Bodo, and E. Levi, ‘PWM Algorithms for Multilevel
Inverter Supplied Multiphase Variable-Speed Drives’, Electron. ETF, vol. 16, Jun.
2012, doi: 10.7251/ELS1216022]J.

[103] I. Lépez et al., ‘Modulation Strategy for Multiphase Neutral-Point-Clamped
Converters’, IEEE Trans. Power Electron., vol. 31, no. 2, pp. 928-941, Feb. 2016,
doi: 10.1109/TPEL.2015.2416911.

[104] I. Lépez et al., ‘Generalized PWM-Based Method for Multiphase Neutral-Point-
Clamped Converters With Capacitor Voltage Balance Capability’, IEEE Trans.
Power  Electron., vol. 32, mno. 6, pp. 48784890, Jun. 2017, doi:
10.1109/TPEL.2016.2599872.

[105] J. I. Leon et al., ‘Multilevel Multiphase Feedforward Space-Vector Modulation
Technique’, IEEE Trans. Ind. Electron., vol. 57, no. 6, pp. 2066-2075, Jun. 2010,
doi: 10.1109/TTE.2009.2034171.

[106] L. Zarri et al., ‘Detection and Localization of Stator Resistance Dissymmetry Based
on Multiple Reference Frame Controllers in Multiphase Induction Motor Drives’,
IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 3506-3518, Aug. 2013, doi:
10.1109/TIE.2012.2235393.

[107] J. M. Apsley and S. Williamson, ‘Analysis of multi-phase induction machines with
winding faults’, in IEEE International Conference on Electric Machines and
Drives, 2005., May 2005, pp. 249-255. doi: 10.1109/TEMDC.2005.195731.

[108] D. Foito, J. Maia, V. Ferndo Pires, and J. F. Martins, ‘Fault diagnosis in six-phase
induction motor using a current trajectory mass center’, Measurement, vol. 51, pp.
164-173, May 2014, doi: 10.1016/j.measurement.2014.02.004.

[109] I. Gonzélez-Prieto, M. J. Duran, N. Rios-Garcia, F. Barrero, and C. Martin, ‘Open-
Switch Fault Detection in Five-Phase Induction Motor Drives Using Model
Predictive Control’, IEEE Trans. Ind. Electron., vol. 65, no. 4, pp. 3045-3055, Apr.
2018, doi: 10.1109/TIE.2017.2748052.

[110] M. Salehifar, R. S. Arashloo, J. M. Moreno-Equilaz, V. Sala, and L. Romeral, ‘Fault
Detection and Fault Tolerant Operation of a Five Phase PM Motor Drive Using
Adaptive Model Identification Approach’, IEEE J. Emerg. Sel. Top. Power
Electron., vol. 2, no. 2, Pp- 212-223, Jun. 2014, doi:
10.1109/JESTPE.2013.2293518.

[111] H. S. Che, M. J. Duran, E. Levi, M. Jones, W. Hew, and N. A. Rahim, ‘Postfault
Operation of an Asymmetrical Six-Phase Induction Machine With Single and Two
Isolated Neutral Points’, IEEE Trans. Power Electron., vol. 29, no. 10, pp. 5406—
5416, Oct. 2014, doi: 10.1109/TPEL.2013.2293195.



304 References

[112] S. Dwari and L. Parsa, ‘An Optimal Control Technique for Multiphase PM
Machines Under Open-Circuit Faults’, IEEE Trans. Ind. Electron., vol. 55, no. 5,
pp. 1988-1995, May 2008, doi: 10.1109/TIE.2008.920643.

[113] X. Kestelyn and E. Semail, ‘A Vectorial Approach for Generation of Optimal
Current References for Multiphase Permanent-Magnet Synchronous Machines in
Real Time’, IEEE Trans. Ind. Electron., vol. 58, no. 11, pp. 5057-5065, Nov. 2011,
doi: 10.1109/TTE.2011.2119454.

[114] S. Dwari and L. Parsa, ‘Fault-Tolerant Control of Five-Phase Permanent-Magnet
Motors With Trapezoidal Back EMF’, IEEE Trans. Ind. Electron., vol. 58, no. 2,
pp. 476-485, Feb. 2011, doi: 10.1109/TTE.2010.2045322.

[115] S. Mantero, A. Monti, and C. Spreafico, ‘DC-bus voltage control for double star
asynchronous fed drive under fault conditions’, in 2000 IEEE 31st Annual Power
Electronics Specialists Conference. Conference Proceedings (Cat. No.00CH37018),
Jun. 2000, vol. 1, pp. 533-538 vol.1. doi: 10.1109/PESC.2000.878920.

[116] F. Baudart, B. Dehez, E. Matagne, D. Telteu-Nedelcu, P. Alexandre, and F.
Labrique, ‘Torque Control Strategy of Polyphase Permanent-Magnet Synchronous
Machines With Minimal Controller Reconfiguration Under Open-Circuit Fault of
One Phase’, IEEE Trans. Ind. Electron., vol. 59, no. 6, pp. 26322644, Jun. 2012,
doi: 10.1109/TTE.2011.2170393.

[117] M. T. Abolhassani, ‘A novel multiphase fault tolerant high torque density
permanent magnet motor drive for traction application’, in IEEE International
Conference on Electric Machines and Drives, 2005., May 2005, pp. 728-734. doi:
10.1109/TIEMDC.2005.195803.

[118] A. Cervone, O. Dordevic, and G. Brando, ‘General Approach for Modelling and
Control of Multiphase PMSM drives’, IEEE Trans. Power Electron., vol. 36, no.
9, pp. 10490-10503, Sep. 2021, doi: 10.1109/TPEL.2021.3063791.

[119] A. Cervone, M. Slunjski, E. Levi, and G. Brando, ‘Optimal Third-Harmonic
Current Injection for Asymmetrical Multiphase Permanent Magnet Synchronous
Machines’, IEEE Trans. Ind. Electron., vol. 68, no. 4, pp. 2772-2783, Apr. 2021,
doi: 10.1109/TTE.2020.2982099.

[120] A. Cervone, G. Brando, and O. Dordevic, ‘Hybrid Modulation Technique With
DC-Bus Voltage Control for Multiphase NPC Converters’, IEEE Trans. Power
Electron., vol. 35, mno. 12, pp. 13528-13539, Dec. 2020, doi:
10.1109/TPEL.2020.2992226.

[121] A. Cervone, G. Brando, O. Dordevic, A. D. Pizzo, and S. Meo, ‘An Adaptive
Multistep Balancing Modulation Technique for Multipoint-Clamped Converters’,
IEEE Trans. Ind. Appl., vol. 56, no. 1, pp. 465476, Jan. 2020, doi:
10.1109/TTA.2019.2949980.

[122] A. Cervone, M. Slunjski, E. Levi, and G. Brando, ‘Optimal Multi-Harmonic
Current Injection Strategy for an Asymmetrical Nine-Phase PMSM’, in 2020
International Symposium on Power Electronics, FElectrical Drives, Automation and
Motion (SPEEDAM), Jun. 2020, pp- 787-792. doi:
10.1109/SPEEDAM48782.2020.9161890.

[123] A. Cervone, M. Slunjski, E. Levi, and G. Brando, ‘Optimal Third-Harmonic
Current Injection for an Asymmetrical Nine-phase PMSM with Non-Sinusoidal



305

back-EME’, in IECON 2019 - 45th Annual Conference of the IEEE Industrial
Electronics  Society,  Oct. 2019,  vol. 1, pp. 6223-6228.  doi:
10.1109/IECON.2019.8927562.

[124] A. Cervone, G. Brando, and O. Dordcvic, ‘A Hybrid Modulation Technique for the
DC-Bus Voltage Balancing in a Three-Phase NPC Converter’, in IECON 2019 -
45th Annual Conference of the IEEE Industrial Electronics Society, Oct. 2019, vol.
1, pp. 3312-3318. doi: 10.1109/IECON.2019.8927047.

[125] G. Brando and A. Cervone, ‘Novel Balancing Approach for Multilevel Diode
Clamped Converters in Medium Voltage Hybrid STATCOM Application’, in
IECON 2018 - 44th Annual Conference of the IEEE Industrial Electronics Society,
Oct. 2018, pp. 4473-4479. doi: 10.1109/ITECON.2018.8592794.

[126] G. Brando, A. Cervone, A. D. Pizzo, and S. Meo, ‘An Adaptive Balancing
Modulation for Multilevel Diode Clamped Converters without Common Mode
Voltage Injection’, in 2018 International Symposium on Power Electronics,
Electrical Drives, Automation and Motion (SPEEDAM), Jun. 2018, pp. 678-684.
doi: 10.1109/SPEEDAM.2018.8445262.

[127] A. Fitzgerald, C. Kingsley, and S. Umans, Electric Machinery, 6° edizione. Boston,
Mass: McGraw-Hill Education, 2002.

[128] S. N. Vukosavic, FElectrical Machines. New York: Springer-Verlag, 2013. doi:
10.1007/978-1-4614-0400-2.

[129] H. A. Haus, J. R. Melcher, M. Zahn, and M. L. Silva, FElectromagnetic Fields and
Energy. Massachusetts Institute of Technology: MIT OpenCourseWare, 2008.
[Online].  Available:  https://ocw.mit.edu/resources/res-6-001-electromagnetic-
fields-and-energy-spring-2008/

[130] S. A. Gonzalez, S. A. Verne, and M. 1. Valla, Multilevel Converters for Industrial
Applications, 1° edizione. Boca Raton: CRC Press, 2013.

[131] J. Rodriguez, Jih-Sheng Lai, and Fang Zheng Peng, ‘Multilevel inverters: a survey
of topologies, controls, and applications’, IEEE Trans. Ind. Electron., vol. 49, no.
4, pp. 724-738, Aug. 2002, doi: 10.1109/TIE.2002.801052.

[132] Fang Zheng Peng, ‘A generalized multilevel inverter topology with self voltage
balancing’, IEEE Trans. Ind. Appl., vol. 37, no. 2, pp. 611-618, Mar. 2001, doi:
10.1109/28.913728.

[133] A. Nabae, 1. Takahashi, and H. Akagi, ‘A New Neutral-Point-Clamped PWM
Inverter’, IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518-523, Sep. 1981, doi:
10.1109/TTA.1981.4503992.

[134] E. Levi, ‘Advances in Converter Control and Innovative Exploitation of Additional
Degrees of Freedom for Multiphase Machines’, IEEE Trans. Ind. Electron., vol.
63, no. 1, pp. 433448, Jan. 2016, doi: 10.1109/TIE.2015.2434999.

[135] N. Bodo, ‘PWM strategies for open-end winding multiphase drives’, Ph.D. Thesis,
Liverpool John Moores University, 2013.

[136] E. Levi, N. Bodo, O. Dordevic, and M. Jones, ‘Recent advances in power electronic
converter control for multiphase drive systems’, in 2013 IEEE Workshop on
FElectrical Machines Design, Control and Diagnosis (WEMDCD), Mar. 2013, pp.
158-167. doi: 10.1109/WEMDCD.2013.6525176.

[137] D. G. Holmes, ‘The general relationship between regular-sampled pulse-width-



306 References

modulation and space vector modulation for hard switched converters’, in
Conference Record of the 1992 IEEE Industry Applications Society Annual
Meeting, Oct. 1992, pp. 1002-1009 vol.1. doi: 10.1109/1AS.1992.244437.

[138] J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, ‘Multilevel Voltage-
Source-Converter Topologies for Industrial Medium-Voltage Drives’, IEEE Trans.
Ind.  FElectron., vol. 54, mno. 6, pp. 2930-2945, Dec. 2007, doi:
10.1109/TIE.2007.907044.

[139] S. Kouro et al., ‘Recent Advances and Industrial Applications of Multilevel
Converters’, IEEE Trans. Ind. Electron., vol. 57, no. 8, pp. 2553-2580, Aug. 2010,
doi: 10.1109/TTE.2010.2049719.

[140] B. P. McGrath and D. G. Holmes, ‘Multicarrier PWM strategies for multilevel
inverters’, IEEE Trans. Ind. Electron., vol. 49, no. 4, pp. 858-867, Aug. 2002, doi:
10.1109/TIE.2002.801073.

[141] S. Kouro, P. Lezana, M. Angulo, and J. Rodriguez, ‘Multicarrier PWM With DC-
Link Ripple Feedforward Compensation for Multilevel Inverters’, IEEE Trans.
Power  Electron., wvol. 23, mno. 1, pp. 52-59, Jan. 2008, doi:
10.1109/TPEL.2007.911834.

[142] N. Celanovic and D. Boroyevich, ‘A comprehensive study of neutral-point voltage
balancing problem in three-level neutral-point-clamped voltage source PWM
inverters’, IEEE Trans. Power Electron., vol. 15, no. 2, pp. 242-249, Mar. 2000,
doi: 10.1109/63.838096.

[143] J. Pou, D. Boroyevich, and R. Pindado, ‘Effects of imbalances and nonlinear loads
on the voltage balance of a neutral-point-clamped inverter’, IEEE Trans. Power
Electron., vol. 20, no. 1, pp. 123-131, Jan. 2005, doi: 10.1109/TPEL.2004.839823.

[144] J. Pou, D. Boroyevich, and R. Pindado, ‘Effects of imbalances and nonlinear loads
on the voltage balance of a neutral-point-clamped inverter’, in IEEE 34th Annual
Conference on Power Electronics Specialist, 2003. PESC °03., Jun. 2003, vol. 1,
pp. 53-58 vol.1. doi: 10.1109/PESC.2003.1218273.

[145] C. Newton and M. Sumner, ‘Neutral point control for multi-level inverters: theory,
design and operational limitations’, in IAS ’97. Conference Record of the 1997
IEEE Industry Applications Conference Thirty-Second IAS Annual Meeting, Oct.
1997, vol. 2, pp. 1336-1343 vol.2. doi: 10.1109/IAS.1997.629031.

[146] C. Wang and Y. Li, ‘Analysis and Calculation of Zero-Sequence Voltage
Considering Neutral-Point Potential Balancing in Three-Level NPC Converters’,
IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2262-2271, Jul. 2010, doi:
10.1109/TTE.2009.2024093.

[147] J. Lee, S. Yoo, and K. Lee, ‘Novel Discontinuous PWM Method of a Three-Level
Inverter for Neutral-Point Voltage Ripple Reduction’;, IEEE Trans. Ind. Electron.,
vol. 63, no. 6, pp. 3344-3354, Jun. 2016, doi: 10.1109/TIE.2016.2530038.

[148] J. Zaragoza, J. Pou, S. Ceballos, E. Robles, C. Jaen, and M. Corbalan, ‘Voltage-
Balance Compensator for a Carrier-Based Modulation in the Neutral-Point-
Clamped Converter’, IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 305-314, Feb.
2009, doi: 10.1109/TIE.2008.2009195.

[149] J. Pou et al., ‘Fast-Processing Modulation Strategy for the Neutral-Point-Clamped
Converter With Total Elimination of Low-Frequency Voltage Oscillations in the



307

Neutral Point’, IEEE Trans. Ind. Electron., vol. 54, no. 4, pp. 2288-2294, Aug.
2007, doi: 10.1109/TIE.2007.894788.

[150] W. Jiang, X. Huang, J. Wang, J. Wang, and J. Li, ‘A Carrier-Based PWM Strategy
Providing Neutral-Point Voltage Oscillation Elimination for Multi-Phase Neutral
Point Clamped 3-Level Inverter’, IEEE Access, vol. 7, pp. 124066-124076, 2019,
doi: 10.1109/ACCESS.2019.2938623.

[151] S. Busquets-Monge, R. Grifig, J. Nicolas-Apruzzese, and J. Bordonau, ‘Decoupled
DC-Link Capacitor Voltage Control of DC-AC Multilevel Multileg Converters’,
IEEE Trans. Ind. Electron., vol. 63, no. 3, pp. 1344-1349, Mar. 2016, doi:
10.1109/TIE.2015.2495295.

[152] M. Slunjski, O. Dordevic, M. Jones, and E. Levi, ‘Symmetrical/Asymmetrical
Winding Reconfiguration in Multiphase Machines’, IEEE Access, vol. 8, pp. 12835~
12844, 2020, doi: 10.1109/ACCESS.2020.2965652.

[153] A. Tessarolo, ‘On the modeling of poly-phase electric machines through Vector-
Space Decomposition: Numeric application cases’, in 2009 International Conference
on Power Engineering, Energy and Electrical Drives, Mar. 2009, pp. 524-528. doi:
10.1109/POWERENG.2009.4915235.

[154] G. Grandi, G. Serra, and A. Tani, ‘General Analysis of Multi-Phase Systems Based
on Space Vector Approach’, in 2006 12th International Power FElectronics and
Motion Control Conference, Aug. 2006, pp- 834-840. doi:
10.1109/EPEPEMC.2006.4778503.

[155] M. Slunjski, M. Jones, and E. Levi, ‘Analysis of a Symmetrical Nine-phase Machine
with Highly Non-Sinusoidal Back-Electromotive Force’, in IECON 2018 - 44th
Annual Conference of the IEEE Industrial Electronics Society, Oct. 2018, pp. 6229—
6234. doi: 10.1109/TECON.2018.8591091.

[156] M. Slunjski, M. Jones, and E. Levi, ‘Control of a Symmetrical Nine-phase PMSM
with Highly Non-Sinusoidal Back-Electromotive Force Using Third harmonic
Current Injection’, in IECON 2019 - 45th Annual Conference of the IEEE
Industrial  Electronics Society, Oct. 2019, vol. 1, pp. 969-974. doi:
10.1109/IECON.2019.8927642.

[157] M. Slunjski, O. Stiscia, M. Jones, and E. Levi, ‘General Torque Enhancement
Approach for a Nine-Phase Surface PMSM with Built-in Fault Tolerance’, IEEE
Trans. Ind. Electron., pp. 1-1, 2020, doi: 10.1109/TIE.2020.3007053.

[158] A. G. Yepes, F. D. Freijedo, 0. Lopez, and J. Doval-Gandoy, ‘High-Performance
Digital Resonant Controllers Implemented With Two Integrators’, IEEE Trans.
Power  Electron., vol. 26, mno. 2, pp. 563-576, Feb. 2011, doi:
10.1109/TPEL.2010.2066290.

[159] C. Lascu, L. Asiminoaei, I. Boldea, and F. Blaabjerg, ‘High Performance Current
Controller for Selective Harmonic Compensation in Active Power Filters’, IEEE
Trans. Power FElectron., vol. 22, no. 5, pp. 1826-1835, Sep. 2007, doi:
10.1109/TPEL.2007.904060.

[160] A. G. Yepes, ‘Digital Resonant Current Controllers for Voltage Source Converters’,
Ph.D. Thesis, University of Vigo, 2011.

[161] A. G. Yepes, F. D. Freijedo, J. Doval-Gandoy, O. Lépez, J. Malvar, and P.
Fernandez-Comesana, ‘Effects of Discretization Methods on the Performance of



308 References

Resonant Controllers’, IEEE Trans. Power Electron., vol. 25, no. 7, pp. 1692-1712,
Jul. 2010, doi: 10.1109/TPEL.2010.2041256.

[162] P. Bolzern, R. Scattolini, and N. Schiavoni, Fondamenti di controlli automatici, 4°
edizione. Milano: McGraw-Hill Education, 2015.

[163] H. A. Toliyat, L. Xu, and T. A. Lipo, ‘A five-phase reluctance motor with high
specific torque’, IEEE Trans. Ind. Appl., vol. 28, no. 3, pp. 659-667, May 1992,
doi: 10.1109/28.137454.

[164] H. A. Toliyat, S. P. Waikar, and T. A. Lipo, ‘Analysis and simulation of five-phase
synchronous reluctance machines including third harmonic of airgap MMF’, IEEE
Trans. Ind. Appl., vol. 34, no. 2, pp. 332-339, Mar. 1998, doi: 10.1109/28.663476.

[165] Longya Xu, ‘Rotor structure selections of mnonsine five-phase synchronous
reluctance machines for improved torque capability’, IEEE Trans. Ind. Appl., vol.
36, no. 4, pp. 1111-1117, Jul. 2000, doi: 10.1109/28.855967.

[166] L. O. Chua, C. A. Desoer, and E. S. Kuh, Linear and Non-Linear Circuits. New
York: McGraw-Hill College, 1987.

[167] M. De Magistris and G. Miano, Circuiti: Fondamenti di circuiti per I’Ingegneria.
Springer Science & Business Media, 2007.

[168] L. O. Chua and P.-M. Lin, Computer-Aided Analysis of Electronic Clircuits:
Algorithms and Computational Techniques. Englewood Cliffs, N.J: Prentice Hall,
1975.



Acknowledgments

The conclusion of this Ph.D. course represents the end of a long journey and, at the
same time, the starting point for my future. These years have not been easy, but all the
experiences I made, both professionally and personally, have contributed to my personal
growth, and have sensibly changed me.

Naturally, this journey would not have been possible without all the people I have

met during this period, to which I express my most sincere gratitude.

First, I would like to thank my advisor, Prof. Gianluca Brando. His help and support
have always been fundamental during these years. He taught me to approach the
research by investigating any problem under many perspectives, and not to hesitate to

explore different point of views. I know that I can always count on him.

I also express my sincere gratitude to Dr. Obrad Dordevic. Just saying that he has
been a true friend and that he has immensely helped me, would be a huge
understatement. He is a person with great competence, teaching skills and patience, and

none of this work would have been possible without him.

I would also like to thank all the other members of the Department of Electrical
Engineering and Information Technology of the University of Naples Federico II, who

have been like a second family to me.

I sincerely thank Prof. Andrea Del Pizzo, Prof. Renato Rizzo, Prof. Santolo Meo
and Prof. Ciro Attaianese for their immense knowledge and helpful teachings, and Prof.

Adolfo Dannier, Prof. Diego Iannuzzi and Dr. Marino Coppola for their great experience.

A special credit goes to Dr. Luigi Pio Di Noia and Dr. Ivan Spina. Their enthusiasm

and motivation continuously inspire me to become a better researcher.

I would also like to thank the other Ph.D. student of the department, Pasquale
Franzese, Emanuele Fedele, Nicola Isernia and Antonio Di Pasquale, who have shared

this journey with me.

My deep gratitude also goes the other wonderful people I met during my stay at the
Liverpool John Moores University, and especially to Prof. Emil Levi, who has been an
inspirational model for me, and to Dr. Marko Slunjski and Ornella Stiscia, whose
friendship greatly contributed to enjoy my period abroad.

Finally, a huge thank you is to be given to my parents, for their love and support

during these years.



