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Chapter 0. Abstract

Abstract

The power network is a key critical infrastructure for our everyday life. While there
is a wide range of studies dealing with the modelling and control of power network
components and their coordination for power generation, the links among different
modelling approaches and control strategies are still not clear enough in the control
theoretic literature. For this reason, in the first part of this Thesis we provide a review
of the different dynamical models of the components of the power grid from a network
perspective, the control specifications needed for their functioning and the control layers
that fulfill them. As this detailed modelling of the power network can be cumbersome
to handle for control design, we review the Swing Equation as a simplification of the
frequency dynamics of the power network and provide a comprehensible framework to
map each of the components of the power network into a set of parameters of the Swing
Equation. This simpler model allows us to introduce additional control problems on
the power network such as the secondary frequency control problem and the set-point
scheduling problem and we frame these problems into a hierarchical description of the
power network control. As the control architecture of the power network cannot always
compensate the different disturbances it is subject to, we also discuss last resort strategies
to contain failures. Specifically, we introduce the power network islanding problem and
the Intentional Controlled Islanding (ICI) strategies found in literature. After this, we
provide a novel self-organizing solution to the islanding problem based on the migration
of nodes among islands defined by an initial partition of the network. This methods
uses a power balance estimator based on virtual consensus dynamics and a distributed
migration strategy that uses this estimate to decide the migration. Our method finds,
under some assumptions on the network structure and in a finite number of migration
steps, a partition of the power network such that the average absolute power imbalance
remains within a certain bound from the total power imbalance of the power network and
we give an analytical expression for this bound. Finally, we also present work carried
out on a different topic which we focused on because of the pandemic, related with the
network modelling of the spread of COVID-19 in Italy and the development of possible
decentralized containment strategies.
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Chapter 1. Introduction

1 Introduction

11 of those who are privileged enough to have a steady flow of electrical power,
A can barely think of life without it. This high dependency on electrical power
comes with a caveat as its demand grows with human development. In particular, there is
not enough power generation capacity to satisfy the increasing power demand, leading to
the need of constructing and increasing the capacity with new power plants of different
types, including fossil fuel based generation [2]. This threatens the current steps towards
an environmentally friendly power infrastructure as the expansion of renewable energy
usage is not fast enough to cope with the demand [2,3]. All of this also poses additional
problems to the current infrastructure of the power network, as it has not been designed
neither to transmit higher amounts of power nor to guarantee compliance with renewable
generation.

In a nutshell, the power grid is mainly composed of power generators, power consuming
devices or loads and a set of conductors that connect them, known as transmission lines,
that allow the flow of electrical power. These components interact through three-phase
AC signals that must have the same frequency, being 50 Hz in Europe and 60 Hz in the
US, as keeping this frequency all over the network allows transmission of power [98].
Conventional power generation like hydroelectric and thermal plants are mainly interfaced
with the network through Synchronous Machines (SM), which are devices that convert
the mechanical power into AC electrical power [143]. Many modern power sources like
wind and solar plants are instead mainly interfaced with the network through Voltage
Source Converters (VSC), characterized by only using controlled electrical commutations
to modulate the inputs electrical signal and convert it in appropriate three-phase AC
signals [26, 178].

The functioning of the power network mainly depends on maintaining a balance
between the total amount of power generation and consumption, known as power balance.
The main consequence of the power imbalance is the loss of synchrony of generators that
is then reflected in frequency drift from its nominal value all over the network, causing
transmission problems, and frequency stability issues [58, 128]. The network is subject to
a series of disturbances playing against it, that are originated, for example, from a change
in the power generation/demand on a specific geographical zone or even a change in the
infrastructure of the network due to equipment failures. For this reason, a hierarchical
control architecture ensures the network operation by computing a series of compensation




actions that reject disturbances of different magnitudes and time-scales and keeps the
power balance and the nominal frequency over time. The compensation is then applied
directly to the SMs and VSCs, that can be considered as actuators of the power network.
The hierarchical control architecture is composed of three main layers. The Primary
Layer deals with the local control of SMs and VSCs such that they can provide the desired
power generation and that power can be transmitted with proper three-phase AC signals.
The Secondary Layer provides compensation actions that ensure zero frequency deviation
from its nominal value, guaranteeing frequency stability and power balance. Finally, the
tertiary layer provides power rescheduling after disturbances and provide technological
constraints satisfaction related with generation limits and costs.

This classical view of the power network faces new challenges because new phenomena,
devices and requirements, the network was not designed for, are coming into place. Among
these, we have [85]

* the presence in the grid of aging equipment that makes the power conversion and
transmission process inefficient.

* the increase of power demand as a consequence of the rampant power consumption
increase in our households and daily life.

* the insertion of new power generation technologies like solar, wind, etc.

Over the last two decades, we have witnessed the increased need of a change of
paradigm in the power generation, grounded on the need to cope with climate change
and increasing demand. A transition from a fossil fuels based power generation to more
ecological alternatives like solar and wind power based generation is happening, but
penetration of this renewable generation has been found to cause new control issues
throughout the hierarchical control architecture of the power network, e.g., [25,62,76,115],
leading to the more frequent occurrence of major power blackouts [38, 131, 134]. For
this reason, a change of paradigm in the power generation must be accompanied by more
sophisticated control strategies such that these new technologies can also work properly
when connected to the preexisting infrastructure [56, 121].

Therefore, there has been a shift of focus in power network research aimed at solving
the following open problems.

1. Design new primary control strategies for VSCs compatible with the power grid
and able to work under the presence of SM [16, 140, 158].

2. The traditional power network has relied on the high inertia of the turbines and
SMs as the first defence against large power imbalance disturbances [49]. Then the
increase of renewable power sources, that are characterized by their low or lack of
mechanical inertia, poses a threat to the power network’s stability and new control
tools must be developed [112, 115, 165].

3. Renewable power sources pose additional problems related to secondary frequency
control and the power generation scheduling because of their uncontrollable and
stochastic nature [22, 101]. Although energy storage and load demand management
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[82,92] technologies have been developed, a complete solution to this problem has
not been given yet.

Even though these control problems are mainly solved at one of the three control
layers, the links between these layers, the control problem they solve and the modelling
approach they use are fuzzy and not well defined in the literature. This, indeed, poses a
barrier for the proposal of new generation technologies and control strategies, as the power
network cannot be studied properly and the compliance with the current infrastructure of
the network becomes cumbersome. In this Thesis we provide a review of the different
components of the power grid from a network perspective, with the aim of understanding
the control specifications of the various layers and the role that each of them has in
satisfying them; also we want to characterise how the control layers interact among
themselves and the power network itself.

Addressing these questions is crucial for understanding the power network dynamics
and for the proper definition of the control tasks needed, so that control and equipment
designers account for the current infrastructure of the power network. To tacke these
questions we propose a review of the primary layer, where the physics and the dynamics
models of the main constituents of the power network is given. We also define the different
control problems faced by each of the generator types and review the different control
approaches that solve these problems (all of this from a micro-scale point of view). Then,
after this, we introduce the secondary and tertiary layers and the different modelling
approaches used. We explain the frequency control problem and the power scheduling
task from a macro-scale point of view. We also show the control strategies that have been
proposed to solve it.

As it is not always possible to guarantee that the power network hierarchical control
architecture will provide proper compensation after a major disturbance (like transmission
lines or generators tripping) last resort strategies have been devised to ensure frequency
stability and power dispatch across sections of the grid. Among these, we find the Inten-
tional Controlled Islanding (ICI) strategies in [?, 1,70, 130, 155], i.e. algorithms to identify
sections of the grid that can isolate and operate independently from it, guaranteeing a
better degree of resilience to extreme events such as cascading failures by ensuring that
power can be dispatched at least in some portions of the faulty grid. Also, the presence
of storage devices in networks dominated by distributed energy generation makes it
possible to isolate the power network into multi-microgrids or networks of microgrids,
e.g., [13,80,172], allowing the mitigation of contingencies through ICI and giving further
independence to each island.

In spite of the fact that many ICI strategies have been proposed to solve the islanding
problem, all of them, to the best of our knowledge, depend on centralised computations,
that may become a problem for large scale power networks and power networks dominated
by distributed generation. For this reason, we propose a distributed power network
partitioning algorithm that solves the islanding problem in a distributed manner through
self-organized migration of nodes among islands of the power network such that the
average absolute power imbalance of the network remains bounded.




1.1. Thesis structure and outline

The distributed solution to the islanding problem that we present can be of great
interest for large-scale power grids management entities with many control areas and/ or
large amounts of distributed generation, as it allows to decide a suitable power network
partition in a distributed manner without sharing sensible information like generation
costs and without the need of centralised computations, that can become impractical in
the large scale setting.

As the pandemic struck during the course of this PhD, this Thesis also reports work
carried out to model the epidemic by considering a regional network of Italy, with the
aim of suggesting new possible mitigation strategies. The Appendix A contains a brief
summary of this work. For further details, see [52].

1.1 Thesis structure and outline

The outline of the Thesis can be given as follows:

Chapter 2 presents an overview of the main components of the power network at
a micro-scale, by explaining the physics behind their functioning and introducing a proper
modelling approach of their nonlinear dynamics. Being the SMs and the VSCs the main
actuation of the power network, we compare them from a control oriented perspective by
highlighting their main inputs and outputs, and the role they play in the energy conversion
process. We then introduce the electrical model of the power grid, which aims at modelling
the interaction between all power network components with the aid of graph theoretical
tools. After this modelling overview, we describe the primary control layer, in charge
of controlling the power network at the generators level. We present the main control
specifications that a generator must fulfill, its relation with the overall power network
operation, the main control approaches that have been proposed in literature and how they
fulfill these specifications.

Chapter 3 describes the power network as a complex system. First, we introduce the
Swing Equation as a simplified model of the power network and then, through singular
perturbation tools, we unveil the characteristic time-scale separation of the electrical
model of the power grid, allowing us to show how this highly complex model can be
simplified into the swing equation itself. We then explain how each of the components of
the power network can be modelled using the swing equation, highlighting its simpler
modelling capabilities.

Chapter 4 explains the control architecture of the power network as a whole, encompass-
ing the control task of the primary layer, explaining the role of the secondary and the
tertiary layer and the mechanisms that make them work together. Finally, a review of the
secondary and tertiary control design is given.
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Chapter 5 presents a novel distributed power network partitioning algorithm, for solving
the power network islanding problem. Our proposal gives the ability to the nodes in
the power network to migrate among the islands of a given initial partition of the power
network, where the migration is decided in a distributed manner such that the average
absolute power imbalance remains within a certain bound. In this manner, we formulate
the islanding problem from a graph theoretical point of view and use the modelling
approach of the Chapter 3 as a proxy for its formulation. Then, we give an overview
of the Intentional Controlled Islanding strategies that have been proposed to tackle the
islanding problem. Hereafter, we explain the rationale behind the distributed solution
of the islanding problem that we propose and introduce the distributed power imbalance
estimator, which plays an important role for the migration decision-making. Subsequently,
the distributed migration strategy is explained. We demonstrate analytically that our
method finds, under some assumption on the network structure and in a finite number of
migration steps, a partition of the power network such that the average absolute power
imbalance remains within a certain bound from the total power imbalance of the power
network, whose expression is given.

Finally, a summary of our results and discussion over their implications, complemented
with possible future research directions, are drawn in Chapter 6.

In the Appendix A of the Thesis, a summary is included of unrelated work carried out
during the PhD related with the modelling of the spread of COVID-19 in Italy and the
proposal of containment strategies.

1.2 List of Publications

The results in this Thesis produced the following publications

* Loludice F.*, Cardona-Rivera R.*, Grotta A., Coraggio M., di Bernardo M. Utilizing
synchronization to partition power networks into microgrids, In preparation (Chapter
5).

* Della Rossa F.*, Salzano D.*, Di Meglio A.*, De Lellis F.*, Coraggio M., Calabrese
C., Guarino A., Cardona-Rivera R., De Lellis P., Liuzza D., Lo Iudice F., Russo G.,
di Bernardo M. (2020). A network model of Italy shows that intermittent regional
strategies can alleviate the COVID-19 epidemic. Nature communications, 11(1),
1-9 (Appendix A).
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Chapter 2. Compositional modelling and control

2 Compositional modelling of the
power grid and the
primary control layer.

A power grid is an ensemble of electric generators and loads interconnected by transmission
lines (See Figure 2.1). The dynamics of each of these three different elements can be
obtained from the physical laws describing their components. In this chapter, we derive
the different dynamical models used to describe them based on first principles and then,
we put these models together with the aid of graph theoretical tools to derive the Power
Grid Electrical Model, which is the most detailed representation of a power grid that
we can offer. After this, we introduce the primary control layer, which is in charge of
controlling the power grid at the micro-scale, using the generators as the actuation of the
network. We present an exhaustive review of the current modelling and control literature
with the aim of giving a unified description of the power grid from a control theoretical
point of view.

) Generators
B Loads

o L. .
7" Transmission Lines
A

Figure 2.1: The power grid and its components




2.1. Preliminaries

2.1 Preliminaries

In the following, we introduce a series of definitions and properties that are useful for the
results in the following Chapters.

We consider three phase-symmetric AC variables x(t) written in ABC-coordinates as

T cos(6(t) + ¢>)
x(t) = |ap| = Z(t) CObE E % S ; 2.1
Te COS + o+ =

where Z(t) is the amplitude of the signal at time ¢, 6(¢) is a time varying phase and ¢ is a
constant phase lag. Note that z, + =, + x. = 0 Vt.

We also define the four-dimensional variable

Ty ( ;E(t) COS(()( ) (—; )
T z(t) co +
X 1= m'z = :Ic(t) o g ( )+ b+ 2W§ 2.2)

that considers the so-called rotor coordinate and the the AC variable x(t) in (2.1).

2.1.1 Coordinate Transformations

A three-phase AC signal can also be represented in several transformed coordinates, i.e.,
the a8-coordinates, the DQZ-coordinates and the Phasor representation [64,98]. The
a5-coordinates can be defined as x5 = T,z with

1 -4 -
2 f :
Taﬁzz\ﬁ 0 ¥ _¥B (2.3)
Slve v2 v
2 2 2

As the third component of the product T, gz (t) is always zero for all possible values of
6(t), the aS-transformation projects the three-phase signal  onto R2. In what follows,
we use the rotation matrix:

[ cos(n) —sin(n)
Rot(r) := sin(n)  cos(n) 24)
whose derivative with respect to 1 can be written as

dRot(n) _
o JRot(n) (2.5)
with
0 1
J = {_1 0} . (2.6)
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The following matrixes will become useful

0 1 0
Joi=|-1 0 0], @2.7)

0 0 O

| J3 @3}
J= {@g 2l 2.8)

with 03 = [0,0,0]T.

Given the a/5-transformation matrix in (2.3) and the rotation matrix in (2.4), we introduce
the DQZ-transformation matrix as

Rot(— 0
Taq(n) := Ol(xj) 0 | Tap, 2.9)

where the product Ty, (n)z(t) also projects any three phase signal x onto R?. Notice that
Taq(n) is an orthonormal transformation, so that Tyq(n) ' = Tuq(n)". Applying (2.9)
to z in (2.1), we obtain the DQZ-representation of the signal x as

Tq cos(6 —n + ¢)
Taq = | xq | =Taq(n)z = \/gi‘(t) sin(6 —077 +9) |. (2.10)
Zo

The fact that the xy coordinate in (2.10) is zero V¢ allows us to dismiss it when the
DQZ-transformation is applied to symmetric AC variables as in (2.1), leading to the
DQ-coordinates Tqq = [, ] .

From (2.10), a relationship between the time derivatives of variables expressed in ABC
and DQZ-coordinates can be established. Specifically, we have

Tdq = qu(n)x + Taq(n)2.

From (2.5) we can write )
Taq(n) = 1J3Taq(n)

and by using the inverse transform z = Ty, (1) " 244 We get
Eaq = NJ3Taq + Taq(n). (2.11)

We also define the extended DQZ-transformation Xqqr = Taqr (17)x for the four-dimensional
variables in (2.2), with transformation matrix

Taqr(n) = {ngfn) @ﬂ : 2.12)

which yields the following expression for the time derivative of Xqqr
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Xdgr = MIXdqr + Taqr(n)%. (2.13)

Another representation of a three phase-symmetric AC signal can be obtained by using
the Phasor representation, written as

X = X (t)e? = X(t) cos(¢) + jX () sin(¢), (2.14)

with X € C and X (t) being the Root Mean Square (RMS) value of the signal in
ABC-coordinates, defined as

T
X(t) = \/ % /O o(t)Ta(t)dt. (2.15)

Note that if 7 is constant, we can write X (¢) = % The phasor in (2.14) can be written
in terms of the DQZ-coordinates for a three phase-symmetric AC variable z. This relation
is the Phasor to DQ-coordinates transformation, which reads

Iq Tq

X = s(¢) +j\% sin(¢) = 7 +j—*t. (2.16)

i CO
V2
2.1.2 Power Definition

In this Thesis, we use the following definition of instantaneous active and reactive
power [5,133]

p(t) =v'i= vng‘dq, (2.17a)
q(t) = ||v x il| = viqSsiaq, (2.17b)
with v € R3 and i € R? being voltage and current signals in ABC-coordinates and vqq

and 744 its DQZ-coordinates representation. If we assume v and % to posses the same
structure as (2.1) and to posses the same time varying phase 6, we can write

cos (6 + ¢y)
v="0 |cos (0 + ¢, — 2F) |, (2.18a)
cos (0 + ¢, + %”)

cos (0 + ¢;)
i=1|cos(0+¢;— )|, (2.18b)
cos 9+¢7;+%”

with ¢,, and ¢; as constant phase angles. Substituting (2.18) in (2.17) leads to

p= gﬂicos(cm — i), (2.192)

10
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3 -
q= 5171' sin(¢, — &;). (2.19b)
The single-phase average active power is defined as the mean value of the instantaneous
quantity (2.17a) over a period T, defined as [160]:
1 (7T

P .

=37 /. p(t)dt. (2.20)

In general T' = j—“f with wyet being a desired common angular frequency of the three-

phase AC signals ona power network.

Now, if we assume that 7 and 7 are constant we can write the voltage and current v and ¢
in phasor representation as

V =V (cos(¢,) +sin(ey)), (2.21a)
I'=1(cos(¢;) +jsin(¢;)), (2.21b)

with RMS values V' and I for the voltage v and current ¢ as in (2.15). Given these
quantities, we can define the apparent power

S =VIF=rP+jQ (2.22)

with I* being the conjugate of I and () being the reactive power per phase, written as:

Q=+/52— p2. (2.23)

With this, and considering voltage and current signals as in (2.18) we can write the active
and reactive power in (2.20) and (2.23) as
1 - .
pP= 0t cos(¢py, — ¢;) = Re(VIY), (2.24a)
1 - o
Q= 5171’ sin(¢, — ¢;) = Im(VI™"). (2.24b)

Given the Phasor to DQ-coordinates transformation in (2.16) and the expressions in (2.18)
we define the active and reactive power in terms of the DQZ-coordinates as

1

P= g = 3 (vaia + vaia), (2.25)
g 1, .

Q = g = g(vdzq — qud)_ (225b)

Note that both (2.24) and (2.25) assume that ¢ and 7 are constant.
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2.1.3 Useful Identities

As it will become useful for some computations , we consider the harmonic addition
identity as [173]:

acos(x) + bsin(z) = sgn(a)v/ a? + b2 cos <x + arctan (—g)) . (2.26)

2.2 Generator models

2.2.1 The synchronous machine

Synchronous Machines (SM) are devices that transform mechanical energy into electrical
energy relying on Faraday’s law of electromagnetic induction. Inside a SM, a rotating
magnetic field induces a time varying voltage on static coils. These machines are generally
made of two main parts, a stator and a rotor [98]. The rotor is a mechanical device that
transmits the mechanical energy coming from a flywheel rotating at an angular frequency
wm and is surrounded by a DC magnetic field with IV, poles. These magnetic poles are
generated by a coil array called the field windings or by a set of permanent magnets.
The purpose of the rotor is to magnetically induce three-phase AC currents with angular
frequency w on the stator, the latter being formed by a set of coils (one per phase). The
magnetic field coupling between the rotor and the stator allows the transformation of
mechanical energy into electrical energy. Both the electrical and mechanical angular
frequencies, wy, and w, are related through the expression wy, = %w.

Considering a flywheel dynamics with mechanical damping [44, 142, 166], we can write
the rotor’s rotational motion dynamic, as

0 = w, (2.27a)
Mm = —Dwm — Te + T, (2.27b)

where M is the inertia constant, D is a mechanical friction coefficient and 6 is the angular
position of the rotor. In the following, we consider a two-pole SM for simplicity, implying
that wy, = w. The mechanical torque 7y, is an input coming from an external power
source, a steam turbine for example, whose output is controllable. The electrical torque
T. is induced by the magnetic field inside the coils but, before giving its expression, the
magnetic field dynamics must be introduced.

We consider a SM with a single-field winding [31,71], which is a simplification of the
more general Three-Damper-Winding model in [142]. This simplification assumes that
the aggregated effect of the damper windings can be modelled by only one flux linkage A,
and is valid for cylindrical rotor SMs which are widely used in thermal, gas and nuclear
power generation [31], (See Figure (2.2)). The main variables of interest on the magnetic
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field dynamics are the flux linkages A € R, representing the total magnetic field passing
through each of the coils of the stator (\,,A\p and ;) and the rotor coil () of the SM.
Assuming no subharmonics on the magnetic field, the flux linkages evolve according to
the dynamics [31,71] )

A= —-RL' O+, (2.28)

with v € R* being the vector of the voltages on the stator (v,,vp and v.) and rotor (v,)
coil terminals (see Figure (2.2)), R the electrical resistance of these coils and L(#) the
inductance matrix, that describes a linear relation between the flux linkages and the
winding currents i € R* according to

A= L(O)i. (2.29)

Note that all of the three variables A,v and i are four-dimensional variables as in (2.2).

Electrical model

Electro-mechanical
energy conversion

Figure 2.2: Representation of the synchronous machine model described by equations
(2.27) to (2.29)

Remark 2.1. Notice that model (2.28) is written in the so-called motor conven-
tion [44], which implies that currents i must change sign when considering the
generator model.

In what follows, we use the definition of inductance matrix given in [71, Appendix C]
for a three-phase SM without saliency terms and for the sake of simplicity, we apply the
extended DQZ-transformation (2.12). Multiplying both sides of (2.28) by Ty, () and
using (2.13) yields

Adqr = —RLy]

dqr)‘dqr + w']>‘dqr + Vdqr, (2.30)
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with J as in (2.8). The matrix Laqr = Taqe(0)L(0)Taq: ()T is the inductance matrix in
DQZ-coordinates [71] given by

Lqg 0 0 L
|0 Ly 0 0
qur - 0 0 le 0 (231)

L. 0 0 L,

where Lq, L, are the direct- and quadrature- synchronous inductances, that are equal in
the absence of saliency terms Lq = L, = L, with L, being the stator inductance. Ly is
the armature windings leakage inductance L, being the field winding self-inductance and

L. = \/g L with Lg being the stator-to-rotor mutual inductance magnitude.

Remark 2.2. In a more general setting, the direct- and quadrature synchronous
inductances in (2.31) are Lq = Ly + % (Lso + Lg) and Lqy = Lg + % (Lso — Lg)
with Ly accounting for the space-fundamental component of air-gap inductance,
and L, a term accounting for the precence of salient poles [71].

The main connection between the mechanical and electrical models (2.27) and (2.28) is
the electrical torque 7., whose expression can be derived from the energy conservation
law in the SM coupling magnetic field [142], given by

H, = H. + Hp,

where H,, H. and H,, are the stored energy on the magnetic field, the electrical and the
electromechanical energy, respectively. Since the time derivative of the stored magnetic
energy can be written as [71, 142]

_ e
Hy= 1A + Tew (2.32)
Electrical power Electro-Mechanical Power
and the total derivative of Hy(A, ) is
. OHg(X,0) . 0Hg(A,0)
Hy(X,0) = —2222X S 2.33
A0 = oA e 33
By comparing (2.32) and (2.33), the electrical torque can be computed as
0H,y (X, 0)
e = ———=. 2.34
T 20 (2.34)

Now, as the stored magnetic energy can be expressed as Hy(X, 0) = 2i"L(0)i[71], one
can write (2.34) as

1,40L(0), 1.+ ;
Te = 51 WI = §ldququrldqr7 (235)
with J as in (2.8). This allows us to write the electromechanical torque expression in
DQZ-coordinates as
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Te = —Letyiq.

Although the SM model (2.30) comes from physical laws, it is not suitable for control
design because the flux linkage Ay, is difficult to measure directly. To avoid this, the
linear relation (2.29), written in DQZ coordinates as

>\dqr = quridqra (236)

can be exploited to rewrite the flux linkage dynamics (2.30) as

Laqridqr = —Ridqr + wJ Lagridgr + Vdqr- (2.37)

Now, rewriting (2.37) in scalar form, we get

Laig + Leiy = —Riq + wLqiq + va (2.38a)
Lyiq = —Riq — wLaiq — wLeiy + v (2.38b)
Lgio = —Rig + v (2.38¢)
Lyiy + Leiq = —Riy + vy (2.384d)

Notice that defining a field winding voltage control action as

Uy = Lyiy + Leig + k(iy — i7) (2.39)

for some positive x and given a suitable reference value ¢, from (2.38d), we can guarantee
iy = 0[31,56]. Selecting v, as in (2.39) further simplifies the SM model (2.38). Also
notice that (i) equation (2.38c) represents a stable linear system whose input is vy = 0 for
three-phase stator voltages v,, vy and v, of the form in (2.1) and that (ii) the dynamics
of the other state variables in (2.38) are independent of 7y and vg. Then, we can safely
disregard (2.38c). Also consider that we can obtain the SM model in generator notation
by applying iq = —iq and ¢q = —iq [142]. With this in mind, we can then write the
following simplified model of the SM in DQ-coordinates:

0=w (2.40a)
M = —Dw — Leiyiq + T (2.40b)
Lgiq = —Riq + wLqiq — va (2.40¢)
Lyiq = —Riq — wLaigq + wLeiy — vg. (2.40d)
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2.2.2 The voltage source converter

Voltage Source Converters (VSC) are devices that serve as interface between a DC power
source, typically a renewable energy source [ 15, 158] and the three-phase AC network.
In this Thesis, we choose the VSC architecture depicted in Figure 2.3 for explanatory
purposes [16, 158, 178]. It is composed of three main stages, the DC power stage,
the power electronics stage responsible of the DC/AC conversion and the AC power
stage. To obtain a model of the selected architecture of the VSC, we start by noting that
the three-phase AC output current i = [i,, ip, ic]T of the AC power stage must fulfill
Kirchhoff’s Voltage Law (KVL), i.e. [26, 178],

Lii = —Ri + vgy — v (2.41)

where L¢ and R are the inductance and resistance of the output resistive-inductive filter of
the VSC and v = [v,, vp, vc]T is the three-phase output voltage.

DC and power electronics stage AC power stage -

Figure 2.3: Representation of the voltage source converter model described by equations
(2.46)

The switching voltage v, in (2.41) is a piece-wise smooth control signal depending on
the commutation patterns used to drive the power electronics stage and depends directly
on the DC voltage. It is normal practice to consider that the commutation patterns are
generated via a Pulse-Width-Modulation strategy with a high frequency carrier, whose
harmonics are discarded, allowing the use of an averaged version of vy, [178]. Considering
that the selected VSC architecture (see Figure 2.3) has 6 lossless switches with only two
logical values, we can write the average-switching voltage as [178]

1
Vgw = §UDCm (2.42)

where vpc is the DC voltage from the power source of the VSC and m = [m.,, my, mC]T
such that ||m]| < 1 is the averaged amplitude of the modulating signal which allows to
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transform the DC signal from the power source into a three-phase AC signal.

The DC power stage dynamics, instead, are mainly dominated by the voltage of the DC
power source vpc € R and can be obtained by using Kirchhoff’s Current Law (KCL), i.e.,

Cpctpc = —Gpelpe — tsw + iDC (2.43)

where Cpc and Gpc are the capacitance and admittance at the input of the VSC, and
ipc € R is the current drawn from the DC power source and ¢y, € R is the switching
input current to the power electronics. Using the expression for v, given in (2.42), from
(2.45), the average-switching current becomes

1
G = §mTi. (2.44)

Now, as we consider a lossless energy conversion process, the input and output power of
the power electronics stage must be the same, which implies

VpClsw = Vgl (2.45)

Finally, substituting (2.44) in (2.43), and (2.42) in (2.41), the complete model of the VSC
in ABC-coordinates can be written as

. 1+
Cbctpc = —Gpevpe — imTl + ipC (2.46a)
: o1
Lyt = —Ri + ivaC —v (2.46b)

The VSC model (2.46) can be expressed in DQZ-coordinates by applying the transforma-
tion in (2.9) as Tyq(6), with 6 being the phase angle of the voltage v, yielding

. 1 . .
Cpcipc = —Gpevpe — ideqqu +ipc (2.47a)
. ) 1
Lyiaq = —(RI3 — wLtJ3)iaq + 5Mdq¥DC ~ Vdq (2.47b)

with I3 € R3*3 the identity matrix and J3 as in (2.7). In scalar form we obtain

. 1 . .
Cpctvpc = —Gpevpc — imngdq +ipc (2.48a)
: . . 1
Leig = —Rig + waZq + §mdvDC — Uq (2.48b)
; . . 1
Lflq = _qu —wLfig + §mquC — Uq (248C)
Lyig = —Rio — o (2.48d)
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As it has been done for the SM, notice that (i) equation (2.48d) represents a stable linear
system whose input is vg = 0 for three-phase stator voltages v,, vy and v, of the form in
(2.1) and that (ii) the dynamics of the other state variables in (2.48) are independent of 7
and vg. Then, we can safely disregard (2.48d), obtaining the following final model of the
VSC in DQ-coordinates:

. 1 ) )
Cpctpc = —Gpcvpc — §deqqu +ipc (2.49a)
- . . 1
Lyiq = —Riq + wLgiq + 5Mavpe — V4 (2.49b)
. . . 1
Liiq = —Riq — wLia + 5mqupc = vq (2.49¢)

A summary of all the variables and parameters can be found in Table 2.1.

2.2.3 Comparing the generator models

The generator models (2.40) and (2.46) arise from quite different physical laws. However,
they share several relevant structural similarities as both systems are made of three
stages, power supply, energy storage, and power conversion, that share the same purposes.
[56, 129, 166]. Here we discuss both similarities and differences in these three stages.

* Power supply stage: regardless of the nature of the generator, external power must
be fed to it, whether it is the mechanical torque 7, for a SM or the DC current ipc
for a VSC. These external inputs play the crucial role of ensuring power balance
as they are the power source of the network itself. These variables have different
limitations due to the availability of the power source, being, in the case of the DC
input of VSCs, the maximum current ratings defined by the design of the VSC
and the stochasticity of the power generation conditions like the weather define
the actual power limitations. On the other hand, the SMs case is slightly different
as their power supply is controllable within the range defined by technological
limitations.

* Energy storage stage: both SMs and VSCs are characterized by energy storage
devices guaranteeing robustness of the energy conversion. In SMs, the kinetic
energy is stored in the rotor thanks to its large inertia M, while in VSCs, the DC
electrical energy is stored on the capacitance Cpc. As the inertia provided by the
flywheel is many orders of magnitude greater than the one provided by the DC
capacitors, SMs are more robust to disturbances compared to VSCs. This must be
compensated with appropriate control actions in the case of the VSCs.

* Power conversion stage: this stage is responsible for converting the external input
into AC power whose frequency must be compatible with that of the grid. SMs
convert mechanical energy into AC electrical energy through the magnetic coupling
between the rotor and the stator, while VSCs convert DC electrical energy into AC
electrical energy thanks to the modulation of the switching sequences of the power
electronics.
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Remark 2.3. In some special cases, both systems become structurally equivalent
from a dynamical systems point of view. This happens when the modulating signal m
is designed to confer a virtual inertia to the frequency of the AC signals of the VSC,
emulating the mechanical coupling of a SM (2.27) [183].

Both in SMs and VSCs, the energy storage and the power conversion stages are
inherently linked and determine the performance of the power grid as a whole. To show
this in a quantitative fashion, we derive next the power balance equations for both types of
generators. We start by introducing the total energy in systems (2.30) and (2.46) [56,71]
as:

1 1

HSM = 5MW2 + §qurLg(11rAdqr (2503)
1 9 1 1.

Hygsc = §CDchC + §szdqqu (2.50b)

with (2.50) being the Hamiltonian functions of both SM and VSC in DQZ-coordinates
and representing the total energy of both systems. The power balances of both devices
can be obtained by differentiating (2.50a) and (2.50b) with respect to time, which yields

Hsy = WM + Ajge Lggr Adar (2.51a)
Hysc = vpcChcipe + Lfiquidq (2.51b)
Substituting the expressions of w, }\dqr Upc and idq from (2.30) and (2.47) in the power

balances (2.51), and using the flux linkage and current relation (2.36) to write the
expression in terms of the output current igq,, We obtain

: 2 .. T .T . .T
Hgn = —Dw® + wheirig + wmm — Rldqudqr + wldququrldqr + iggrVdqr (2.52a)
: 2 . T . T
Hvysc = *GDCUDC + vpcipc — qu(RIQ — wajg)qu — 14qVdq (2.52b)
Asit can be shown that igqu Laqriaqr = — Leiyiq, then the terms w Lei, i and wiqurJ Laqridqr

in (2.52a) cancel each other out. Then, decomposing the dot product iqurvdqr as
iquvdq + 7,v, we can recast the expression of the power balances of the generators as

Hsm = igqUaq + ity + wTm — (Dw?® + Rijiaqr) (2.53a)
Power Output Power Input Power Losses
: . T 2 T .
Hysc = vpcinc — igqUdq — (Gpevpe + qu(ng — wLiJ3)iaq) - (2.53b)

——
Power Input  power Output Losses

Substituting the right-hand side of (2.51) as the left-hand side of (2.53), and (i) neglecting
the power losses terms in (2.53), (ii) considering that in (2.51) the dynamics of the flux
linkage Aqq are faster than the frequency dynamics w (current dynamics iqq faster than
voltage dynamics vpc in the VSC’s case), (iii) assuming that the power consumption of
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the field windings are small (z;v, ~ 0) and that the SM is in generator representation (iqq
changes sign), we obtain the relations

. N T
| wa R WTm  — lgqldq (2.54a)
lléltgetlc energy Power Input  power Output

vpcCpe¥pe & UDCIDC —  fqqldq (2.54b)
S——— SN—— ——
DC energy Power Input  pgyer Output

source rate

The approximations in (2.54) show that power imbalances generate a variation in the
energy stored in the flywheel of the SMs and in the DC condenser of the VSCs respectively.
In the case of SMs, an increase (decrease) of the power output will decelerate (accelerate)
the flywheel, generating a decrease (increase) of the SM electrical frequency. While
the large inertia M of SMs partly mitigates the frequency variations, the frequency
requirements are such that these variations can still jeopardize the correct functioning of
the grid thus eliciting the need of a frequency control feedback loop for the SM. Note also
that in (2.54) the power output depends on the power at the terminals of the generators
as we have p = igquq as defined in (2.17a). This fact will be of great usefulness when
deriving a simplified network model.

2.3 Load models

The transmitted power is delivered to power consuming devices known as loads. Their
modeling is dependent on the scale of the power network that is being evaluated. At
a small scale, loads can be modeled as the parallel aggregation of passive electrical
elements like resistors, inductors and capacitors, and time varying power demanding
devices [17,63]. Using the KCL on the schematic proposed in Figure 2.4, a load model
can be written as

t

Cio, + iva + 1 / va(7)dT —l—pla(t)v;l = —i,, (2.55)
R Ly Ji,

where the dynamics of the phases b and c are also ruled by the same expression. Here,

R),C and L; are the resistance, capacitance and inductance of the passive elements,

pi(t) is the time dependant power demand, i = [i,, 4y, %] is the output current to the

aggregated loads and v = [v,, vy, v] T is the bus voltage.

Although most of the loads are composed of these elements, their aggregate behav-
ior is not completely captured by the model (2.55) due to the presence of more complex
devices like heating and cooling machinery, synchronous motors, etc [136]. To overcome
this problem, loads can be modelled by giving expressions (static or dynamic) for the active
and reactive average load power consumption P} and @), in terms of the nodal voltage mag-
nitude v and frequency w at steady state. Examples of load models that follow this structure
are, among others, the ZIP model [17,136] and the Exponential Recovery Model [83,90].
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Pia(t) R > L Ci— "

Figure 2.4: Load model with passive electrical elements and power source p; (), described
by (2.55). Note that here we show only one of the three circuits of the three-phase AC
load as all of them are equal when assuming balanced circuits.

The main issue of these models is that the active and reactive power consumption P, and
() must be translated in three-phase currents and voltages ¢ and v at the input of the
aggregate loads, as in (2.55). A load current expression can be given in DQZ-coordinates.
From (2.25) we can write

. 3 {vd _Uq} {Pl}
= — . 2.56
qu | ‘qu| |2 qu Vq Ql ( )

For a more exhaustive review on load modelling, the reader is referred to [17, 136].

2.4 Transmission lines model

Transmission Lines (TL) are electrical conductors used to transmit electrical power from
the generators to the loads. Although transmission line characteristics vary depending on
the amount of power that they must transmit, the dynamic behavior of the lines is taken
into account through a series arrangement of inductive-resistive elements and parasitic
capacitances at its endpoints. In three-phase systems, two components of the system are
connected through three transmission lines, each of them carrying the signal of one phase.
This is known as the m-model of a transmission line [63, 98], given by

Ly = —Riiy + v — v (2.57a)
Cio1 = —Grvr — i+ iy (2.57b)
Covy = —Gavg + iy + ia, (2.57¢)

where (2.57a) determines the dynamics of the TL conductor, and (2.57b)-(2.57¢c) the dy-
namics at its end-points, most commonly known as buses. The variable i, = [i¢a, ip, btc]

represent the currents flowing on each of the three conductors, parameters L and R;
are the inductance and resistive losses of the TL, variable vy, = [vy &, Up , Ve, k}T with
k € {1,2} represents the voltage at the buses of the TL and parameters C} and Gy
are shunt capacitances and impedances representing parasitic losses. We consider a
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balanced system, so that the parameters are equal for all phases. The bus input current
ik = [tk bk, ic,k}T depends on the component attached to bus k, that is, they are
equal to the Stator Terminal currents on the SM, the Output filter’s current on the VSC
or the output load current. A graphical representation of the model is provided in Figure 2.5.

As stated before, models in DQZ-coordinates become useful for analysis and control
design. To write a DQZ-coordinates version of (2.57), we must apply the transformation
matrix (2.9) on a common reference frame (network reference frame) xqq = Taq (Wrett)x
to all TL of the network [142], yielding

Ltit,DQ = *(RtIQ - wreleJ)it,DQ + V1,dq — V2,dq (2.58a)
C101,4q = — (G112 — wretC1J)V1,dq — ipQ + i1,dq (2.58b)
021')27(101 = 7(G2I2 — wrefCQJ)'Uldq + 1,pQ + %2,dq; (2.58¢)

with I, € R%*2 the identity matrix and J as in (2.6). Note thatin (2.58) we also can dismiss
the zero coordinate of each of the equations, allowing us to written i,pqg = [irp, Q] "
Uk,dq = |Uk,ds vkyq]T and iy aq = [ik,d, z'kyq]T. Note also that the DQZ-transformation
used in (2.58) is different from the DQZ-transformation applied to the SM and VSC
models (2.40) and (2.49) and the load model (2.56). For this reason, when coupling
generators/loads to the TL model, we must apply the Bus-Network transformation (or
Machine-Network transformation) xqq = TgnZdq, Which reads [142]:

>

cos(d) —sin(d) O
Ton(0) = Tuq(wrest) Taq(0)T = | sin(6) cos(d) 0 |. (2.59)
0 0 1

with § = 0 — wyert. This transformation is applied to the generator/ load output current
1k,dq to that we obtain the terms iy, qq in (2.58b) and (2.58¢c) and we apply its inverse
Tin (8) = Ty (6) (to the bus voltages vy, qq, S0 to obtain vy, 4 that links the transmission
line dynamics with the generator models (2.40) and (2.49). Note that the last row
and column of TpN(d) in (2.59) are not considered when the zero coordinate of zqq is
dismissed.
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Figure 2.5: Transmission Line model
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2.5 The electrical model of the power grid

The connection of a set of TLs, between geographically distant generators and loads can
be interpreted from a graph theoretical point of view. As a starting point we emphasise
that, in the power network literature, the terms nodes and edges are commonly replaced
with the terms Buses and Branches.

The electrical model of the power grid can then be defined as a connected graph G(V, )
where generators and loads are considered as a set of N nodes (buses) V = {1,..., N} and
TLs are considered as a set of M edges (branches) & = {{k1,h1}, ..., {knm,har}} and a
mapping @ — {kq, ho } that assigns an index a € {1, ..., M'} to each edge {kq, h,} € €
with kg, h, € V. The node pairs {k,, h,} of the edge set have an associated positive
direction so that the current (and as a consequence the power) flow is positive from k,
to h,. With this in mind, and based on (2.58a), a model of the transmission network
conductors can be written in DQZ-coordinates as

L, nyienq(e,n) = — (Rik,ny I2 — wret Lk, h) ) iepQ(k,h) + Vk,dq — Vndq  Vik,h} € E

(2.60)
with Ly, ny and Ry, 5) being the inductance and resistance parameters of the transmission
line {k, h} and i pq(x,p) is the current flowing from bus & to bus h, with i, po(x,n) =
—1ypQ(h,k)- Lhe variables v qq and vp, qq represent the voltage drops in each of its
endpoints whose dynamics are described by equations (2.58b) and (2.58c) and that can
be written for each node in V as

M
Crikpg = —(Grla — wretCrJ )tk pg — Zek,ait,DQ(k,ha) +ikpg VEEV (2.61)

a=1

with C and G, being the parasitic capacitance and admittance parameters of the k-th
bus, and ey, , the element (k, a) of the incidence matrix E € RV*M defined as
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1 {kho}eé
€k,a = —1 {ha,k} e&
0 otherwise
which also represents the graph G(V, £). Note that ey, , is positive if the current iy po(x,h,)
is assumed to flow from k to h, and negative otherwise. Finally ¢ pq represents the

current injected (drawn) from the network by a generator (or load) connected to a bus k.
A graphical representation of this network model can be seen in Figure 2.6

The complete transmission network model (2.60) and (2.61) can be written in matrix
form by using the approach in [15, 63], leading to

Liiwng = —Ziiwng + (E ® Is) Tvaq 062
Coaq = =Yovng — (E @ I3)itng + fda, '

being ® the Kronecker matrix product, with i;po = [itTDQ( kioha) o z'tTDQ( ks hM)]T the

TL’s current vector, vqq = [v] dq? v dq]T the bus voltage vector and the input current

vector iqq = [il,dq, ey N,dq]. Here we define diagonal matrices L, R, , G and C
(see Table 2.1 for more details) and matrices Z; = Ry ® Is — wyer(Ly ® J) and Yo =
G®Is—wef(C®J). Note that Z, = diag(Z, 1, ..., Zi,m) and Yo = diag(Yo 1, ..., Yo, )
are block diagonal with blocks

7 — { Rk, ha) —Wret La(ky ha) } (2.63)
e Wref Li(ky,ha) Ri(ka,ha)
. Gk _wrefck }

Yor = { wrefCr Gy 209

All variables and parameters are summarized in Table 2.1. Until now, we have
discussed the modelling of the power network elements and how they interact with the
power network. To complete the model of a real power network, we have to consider next
the different schemes used to control the generators, which are the main drivers of the
network.
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ly12)

Ly - Rt(l.2)

Figure 2.6: Graphical representation of the transmission lines network model described
by equations (2.60) and (2.61). The nodal current inputs 7y are highlighted in red

2.6 Generator’s control: a primary regulation layer

Until now, we have presented the open-loop dynamics of the generators but, to be placed
into the grid, they require a set of local controllers that constitute the so called Primary
Layer of the control architecture of the power network. Complementing the open-loop
generator dynamics given in Section (2.2) with the controllers introduced in this section
yields a closed-loop model of the power network. In what follows, we give the control
specifications for the SMs and the VSCs that can be classified as

2.6.1 Steady state specifications

» Compliant three-phase AC signals All nodal voltage and input current signals of
the network, i.e. ¢* and v*, must be three-phase AC signals at steady state , that is

) (2.65a)
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Component Variable/Parameter Name

0 SM rotor angular position

W SM mechanical angular frequency

w SM electrical angular frequency

Tm Mechanical torque

Te Induced electrical torque

Iy Rotor windings exitation current

L(6) SM inductance matrix

v = [Va, Vb, Ve] Stator terminal voltages
Synchronous v = [‘vT‘, vr.]T SM windings terminal voltages
Machines i = [la, b, ic) Stator terminal currents

T T — :
i=1[", %) SM windings terminal current

SM windings flux linkages

Voltage Source

M Inertia constant

D Damping constant

R Stator/output resistance (SM/VSC)
Ly Armature windings inductance

Lg Armature windings leakage inductance
L, Stator-to-rotor inductance

L, Field windings self-inductance
UpC VSC source voltage

e VSC source current

Vsw Power electronics output voltage
Tsw Power electronics output current

v = [Ua; vb7UC]T

Output filter’s terminal voltages

Z‘ = [iaa ib7 iC]T

Output filter’s terminal currents

Converters m = [ma, my,mc]’  Power electronics modulation
R Output filter’s resistance
Ly Output filter’s inductance
Cbe DC stage capacitor
Gpc DC stage admittance
P = [Pla; Piv, Pic) Time dependant power demand
U = [Ua, Vb, Vc] Load’s terminal voltages
i = [ia, b, 0c) Load’s currents
Loads Pl Average activ§: power
Ql Average reactive power
R, Load’s resistance
L Load’s impedance
@) Load’s capacitance

Table 2.1: Summary of variables and parameters in Chapter 1

(2.65b)
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Component Variable/Parameter Name
Vg = [V, vbyk,vcvk]-r Buses voltages
ik = [faks b ks o k) Bus input current
G(k,h) = liva(k,h)» b(k,h) be(k,p)] | Transmission line current
Transmission R ») Transmission line’s resistance
Lines Lik,n) Transmission line’s inductance
Cy Bus parasitic capacitance
Gy Bus parasitic admittance
€k,a Incidence matrix element
N Number of buses
M Number of transmission lines
v Power grid’s node set
E Power grid’s edge set
GV, ¢&) Power grid’s graph
Network i0= [0, ny ) War i) TL currents stack vector
elec- v=1[v],...,0N]" Bus voltages stack vector
tri- 0= (i1, ip] TL input currents stack vector
cal E Network incidence matrix
model Ry = diag( Ry, hy)s s Bikar,ha))  TL resistive terms matrix
L, = diag(Li(k,.h1)» -+ Likar,ha))  TL inductive terms matrix
C = diag(C1, ...,Cn) Bus parasitic capacitance matrix
G = diag(G4,...,Gn) Bus parasitic admittance matrix
Zi =R QI — wet(Li ® J) TL impedance matrix
Yo=G®I —we(C®J) TL nodal admittance matrix

Table 2.2: Summary of variables and parameters in Chapter 1

for constant phases ¢,, and ¢; and time varying phase 6(¢) and amplitudes i(¢) and

o(t).

Power set-point following In nominal conditions, a generator must satisfy active
and reactive power demands

lim p = p* (2.66a)
t—o00
lim ¢ = ¢* (2.66b)
t—o0

with p and ¢ representing the instantaneous active and reactive power computed
with (2.17) and p* and ¢* being desired set-points.

Common frequency and voltage set-point following to guarantee the power
set-point following specifications in (2.66), the whole power system must have the
same frequency wyr and each buses must follow a given voltage set-point ¥*. This
translates in
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2.6. Generator’s control: a primary regulation layer

lim 0(t) = wret (2.67a)
t—o0
lim o(t) = v* (2.67b)
t—o00

Note that we do not give any specification related with the current magnitude i as
from (2.19) we can write at regime

p* = g@*i* cos(¢y — @;) (2.68a)
q = %17*5* sin(¢, — ¢;) (2.68b)

which implies that 7* is guaranteed at regime as the values of p*, ¢*, 7%, ¢,, and ¢;
are already guaranteed by fulfilling specifications (2.65),(2.66) and (2.67),

Remark 2.4. The reactive power specification in (2.66b) and the voltage magnitude
specification in (2.67b) cannot always be simultaneously fulfilled. For this reason,
these specifications are commonly fulfilled by capacitive-inductive banks and FACTS
(Flexible AC Transmission Systems) devices [156] in the case of a SM, which are
beyond the scope of this thesis. In the VSCs, a trade-off can be imposed to ensure
one of the specifications, and this is why VSCs operate in two different modes, being
voltage control or reactive power control [66].

2.6.2 Perturbed steady state specifications

Power imbalances coming from the power grid generate frequency (and voltage) drifts on
the generator terminals with respect to their nominal value wy.f (9*), which also propagate
to the power source, changing the turbine rotational speed in the case of the SM or the DC
voltage on the VSC. In some circumstances, these disturbances make the power systems
stabilize onto an equilibrium point with common frequency wy (bus voltages ) different
from its nominal value.

When that occurs, it is desired that under a perturbed steady state wq (vg), the
closed-loop generator changes its active power (reactive power) by an amount inversely
proportional to the steady state frequency difference Aw = wy — wyer (nodal voltage
magnitude difference Av = vy — v*), with change rates

A
A—Z = —kp (2.692)
A
A—g = —kq (2.69b)

where x, € R5p and k4 € R+ are known as the effective gains of the power source
and their inverse is known as the droop slopes [110]. These specifications apply when
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the frequency (and voltage) deviations are inside a narrow operating interval close to its
nominal value |w — Wref| < |[Wmax — Wain| ([T — "] < |Umax — Umin|). Commonly we will
have [48,49, 110]:

7“"“‘“2_ Wmin| < 2Hz (2.70a)
v

M < 20%. (2.70b)
v

The intervals in (2.70) represent satefy operation ranges that, if violated, require co-
ordinated actions among the power network nodesnlike, load shedding or generator
tripping [110]. In general, a deadband is defined around the nominal frequency w;yet
(nominal voltage v*) for actuators protection, so that small power imbalances are adjusted
by the inertial response of the coupled SMs, without the need of any additional power
injection (see Figure (2.7)). It is recommended that the deadband must have a maximum
width of +£0.036 Hz [48].

p max
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Figure 2.7: (a) Active power p vs frequency w and (b) reactive power ¢ vs voltage
magnitude v relations that fulfill the small signal specifications in (2.69)
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2.6. Generator’s control: a primary regulation layer

2.6.3 Transient specifications

Reliability is indeed a crucial issue for power grids, and in this framework it translates into
transient specifications for the control system. The controllers must reject any kind of /large
disturbances, like short circuits on transmission lines , load shedding, or non-forecasted
weather conditions, which give rise to nonlinear phenomena [37, 132]. Although many
control strategies have been proposed to tackle these sources of instability [128, 169, 176]
the transient stabilization of the power system is still and open problem for both the SM
and VSC control [88, 180].

2.6.4 Transient specifications for low inertia power systems

The introduction of renewable energy sources like solar plants or wind turbines have led
to the decrease of the total mechanical inertia of the power systems. This is so, because,
most of these energy sources have low inertia as the wind turbines (compared with steam
turbines) or even do not rely on the electro-mechanical energy conversion provided by SM
like solar plants, and are instead interfaced with the network through VSCs. In addition
to this problem, note that nuclear and coal based power plants have been decommissioned
in the last years, lowering even more the overall inertia of the grid [115].

As inertia decreases, the inertial response of the SMs of the power network are not
enough to reject disturbances and primary controllers are activated more frequently. To
avoid the further worsening of these problems, generators connected to low inertia power
systems must fulfill the specifications [49, 115]:

dw
— 2.71
’ ar| < @71

where a € R representing a maximum frequency rate of change. The specification
(2.71) is normally fulfilled by SM-based generation due to the flywheel’s mechanical
inertia.

Remark 2.5. The left hand side of (2.71) is estimated by the ROCOF (Rate-of-Change-
of-Frequency), defined as:
dw 1 w(to + At) — w(to)
— X~ ROCOFA; = —
dt AT o At
where ty determines the beginning of a failure producing high power imbalance and
At a desired prediction time interval (generally At € [0.1,0.5] sec) [49]

(2.72)

In the following, the control actions deployed for the fulfillment of the previously
introduced specifications are explained. We provide Table 2.3 as a guide.
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Component Control Strategy Control Specification
Frequency specification
(2.67a), active power spec-

Frequency Control

Synchronous ification (2.66a) and droop
Machines specification (2.69a)
Voltage specification
AVR and PSS (2.67b)
FACTS Reactive power specifica-

tion (2.66b)

Active power specification
(2.66a)

Voltage specification
(2.67b), Frequency speci-
fication (2.67a), Reactive
power specification
(2.66b), droop specifica-
tions (2.69) and transient
specification (2.71)

DC voltage control

Voltage Source
Converters

Power Electronics
Control

Table 2.3: Summary of the control strategies of the SMs and the VSCs and its relation
with the control specifications that they fulfill.

2.6.5 Primary control of synchronous machines

As shown in section 2.6.1, A generator must fulfill specifications (2.65) to (2.67), to be
able to transfer power to the network. In particular, the SM achieves this if the primary
controllers guarantee consistent steady state values for the input torque 7,,,, and the rotor
winding excitation current ¢,, i.e.

lim i, = i’ (2.73a)
t—o0
lim 7, = 7 (2.73b)
t—o0

with 7} being the desired torque set-point and i} a steady state value of the rotor windings
current. In what follows, we define nominal operating condition values for the inputs 7.
and 7} for the SM so that these specifications are satisfied. Consider the SM dynamics in
DQ-coordinates (2.40). At steady state, we will have that:

0= v + Rif — wret Lqil (2.74a)

Wret L = v} + Ris + wrer Lai} (2.74b)
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2.6. Generator’s control: a primary regulation layer

As the specification (2.65) must be fulfilled, we must provide terminal voltages vj, =

\/gfz* [cos(¢), sin(¢,,)]T and currents i, = \/gf* [cos(¢;),sin(e;)]T, which allow us
to write (2.74b) as

iy = \/EwrelfLe (0" sin(¢py ) + i* (R sin(¢;) + wret La cos(¢;))) (2.75)

and by defining the complex impedance Z3 = R + jwyefLq and using the harmonic
addition identity (2.26) we can write

3 1 -
i = \ﬁ (% sin(eu) + *| Za| sin(és + 2 Za)) (2.76)
2 Wyet Le

With this in mind, we can also write (2.74a) as
0" cos(py) + 1% Zy| cos(¢ + £Z4) =0 2.77)

with the complex impedance Zq = R + jwrer Lq. As itis not always guaranteed that there
is a value ¢* that fulfills (2.68), (2.76) and (2.77), the reactive power set-point specification
(2.66b) is often fulfilled by auxiliary devices, as noted earlier in Remark 2.4.

Finally, the steady state value 7,5 that guarantees the fulfillment of the frequency
specification (2.66), which can be computed through equations (2.40a) at steady state, is

3 _
7 = Dwyef + \/;Lei:i* sin(¢;). (2.78)
By replacing i from (2.76) and v* from (2.77) in (2.78) we obtain:

* 3T* . .
T = Dwref+wL+§Z 2 (|Zy) cos(;) cos(¢i + £Zq) + | Za| sin(e;) sin(¢i + £Z4)) .
ref
¢ (2.79)
with p* as in (2.68a). In the absence of saliency terms (Zg = Z) and using the harmonic
addition identity in (2.26), (2.79) reduces to
* 3
b +
Wref 2Wref
The steady state torque 7,5, ensures constant rotor frequency (w = 0) and, as a consequence,
that the steady state solution of (2.40a) is 6(¢)* = wyert + 0p. Note that by multiplying
(2.79) by wyer on both sides we obtain

7" = Dwer + *?R. (2.80)

3.
Pl = Weet T = p* 4+ Dw2; + Ei*QR. (2.81)

which implies that the total mechanical power pj, fed into the SM depends on the active
power set-point p* and on the internal electrical and mechanical losses.
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However, in real operating conditions, the actual power demand is seldom, if ever,
equal to its desired value p*. The primary control layer of a SM, a typical architecture
of which is depicted in Figure 2.8, represents the grid’s first line of defense against
perturbations. Consider a SM connected to the power network. From the power network
voltage dynamics in (2.61), power imbalances due to changes in the current flows 4, )
propagate on a SM through a variation in the output current ¢ which, according to (2.58),
causes a perturbation in the output voltage v (voltage drops are associated with load
increases, and viceversa). This perturbation propagates through the stator windings
of the SM according to (2.40c) and (2.40d), eventually varying the electrical torque 7
and thus generating a drift of the rotor frequency w from its nominal value w;.r (see (2.27)).

The role of the primary control layer is to adapt the mechanical power fed to the SM
through the torque 7, and the field current ¢, so that the output active, p, satisfy the actual
power demand of the grid (encompassed on the power set-points p*) while keeping the
rotor frequency w and the output voltage magnitude v at their nominal values specified by
(2.672) and (2.67b). To do so, two different control loops are leveraged (see Fig. 2.8),
one denoted as the frequency control loop, and another one composed of the automatic
voltage regulator and the power system stabilizer. We will review the main approaches
to the design of these control loops in what follows.

Frequency Control

The frequency control loop is responsible of increasing the mechanical input power
Pm = wTy (see (2.53a)) fed to the SM to satisfy the power specification (2.66a) and
to restore the rotor frequency wy.f, fulfilling specification (2.67a). The SM primary
frequency control can be written as

Pm = Py + Kp(Wret — W) (2.82)

with p}, as in (2.81). A proper choice of the gain x;, allows for the fulfillment of droop
specification defined in (2.69a). Note that the controller in (2.82) is a simplification
of the SM frequency control architecture as it does not consider any Turbine-Governor
dynamics, i.e., dynamics on the power source of the SM and the actuators used to control
it[112,135,139].

Remark 2.6. The proportional controller (2.82) does not ensure perfect regulation of
the frequency. Proper integral control is needed for this task, as explained in Section
4.2.1.
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2.6. Generator’s control: a primary regulation layer

Automatic Voltage Regulator and Power System Stabilizer

The automatic voltage regulator is in charge of ensuring voltage set-point following
specification (2.67b) by ensuring a proper field winding voltage v, at steady state, which
provides the required steady state excitation current ¢;. Traditionally, this is accomplished
through the proportional controller [98]

Uy = HG(T}* — ’17) -+ upss, (2.83)

where the gain . is tuned based on a linearization of the SM model (2.38) about the equi-
librium corresponding to the nominal operating point defined in section 2.6.1. However,
the automatic voltage regulator alone induces undesired oscillations in the rotor frequency
w due to the simultaneous action of the frequency control loop. The task of dampening
these oscillations is left to an auxiliary control loop, the power system stabilizer upss,
which is commonly in charge of fulfilling transient stability specifications and is designed
as a phase compensator in the traditional architecture portrayed in Figure 2.8.

These two control loops can be designed either sequentially or together, with the
PI control technique in [35], robust control techniques such as H*° control [23], LQG
regulators [123, 138], MPC [141], or self-tuning control [67,77,84] having been leveraged
in the past to account for the changes in the parameters of the linearized system due
to variations of the operating point of the SM. More recently this problem has been
tackled by translating it into an optimization problem [27] or through adaptive dynamic
programming [20].

[v
| SM model pm
in (1.33)

Turbine-
Governor
Dynamics

Pm

Figure 2.8: SM’s control architecture. From top to bottom: Automatic Voltage Regulator,
Power System Stabilizer and Frequency Controller.
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2.6.6 Primary control of voltage source converters

In the case of the VSC, the fulfillment of specifications (2.65) to (2.67) depends on
defining consistent steady state values for the DC input current ipc and the modulation
signal m such that

tlgglo iDC = Ipc (2.84a)
tlinolo Mdq = Mq (2.84b)
(2.84¢c)

with ¢fy being an DC-input current set-point and mg, = [my, mZ]T set-points for the
modulation signal m in DQ-coordinates. In what follows, we derive expressions for i,

*
mdq.

Consider the output current dynamics of the VSC in (2.49b) and (2.49¢). At steady
state, we have

P
mg = —— (v3 + Rig — wrer Leig) , (2.85a)
DC
P . .
m} = —— (v + Ri, + wret Lyi}) - (2.85b)
Upc

By assuming the three-phase voltage and current signals v and ¢ as specified by
(2.65) and (2.67), we can write vj, = \/gﬁ*[cos(qﬁv),sin(@)]T and currents i3, =

\/gf* [cos(¢;), sin(¢;)]T, and allow us to write (2.85) as

my = 3 \/3 (% cos(¢py) + Ri* cos(¢p;) — wref Lei™ sin(¢;))
Vhe ¥ 2
* 2 3 % . Tk . Tk
mg = — \/j (U Sln(d)'u) + R SIn(¢i) + Wret Lyt COS(¢1’))
Vhe ¥ 2

Defining the complex impedance Z; = R + jwyer L and using the harmonic addition
identity in (2.26) we get

2 _
my = — ﬁ(f/* cos(¢y) + 0*| Z¢| cos(¢; + £Z¢)) (2.86a)
Uhe ¥ 2
my = f \/g(i_)* sin(¢y) + 1% Zg| sin(¢; + £ Zy)) (2.86b)
Uhe ¥ 2

(2.86¢)

Now, the DC stage model of the VSC in (2.492) is, at steady state
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2.6. Generator’s control: a primary regulation layer

. 1 . ,
ibc = Gocvhe + 3 (miig +miit)

Considering three-phase voltage and current signals v and ¢ as specified in (2.65) in
DQ-coordinates and the steady state value of the modulation signal in (2.86), we can then

write

P 3 o

e * Tk

Ipc = G'DCU])C + =+ pa R
Upe  2Upc

with p* as in (2.68a) and the steady state DC voltage vj~ being a parameter dependent on
the power source design.

Until now, we have just considered the static behavior of the VSC. Similar to the mechanism
described in the case of the SM, power imbalances propagate inside the VSC through
changes on the terminal voltage v which then propagates to the Output filter’s current ¢
according to (2.46b) and to the DC source voltage vpc due to the dependence of (2.46a)
on 7. To reject disturbances, the VSCs are controlled by a cascaded control architecture
that uses the modulation signal m and the DC-current ipc. This cascaded architecture is
described next.

Cascaded control of the VSC

The VSC’s control architecture is composed of two main stages being the DC voltage
control and the Cascaded AC voltage/current control. To compensate this DC voltage
drift from its nominal value, the DC voltage control generates DC current set-points ipc
that the power source must follow in order to generate more power and, at the same time,
satisfy (2.66a) (See Figure 2.9). An example of this controller is taken from [158]

*

. D UDClsw — P
ZI*DC = kpc (UEC - ’UDC) + v + Gpcvpc + T (2.87)
—_— DC DC
DC voltage N~
control Power Losses
Injection

The disturbances can also be compensated defining control strategies for the modulation
signal m, as it affects the Output-Filter’s current ¢ according to (2.46b). The Cascaded
AC voltage/current control is a cascaded control architecture (See Figure 2.9) that
computes switching patterns m for the power electronics of the VSC, so that they fulfill
the steady state specifications (2.86) and it is composed of three main stages introduced as
follows. The AC Voltage Control Stage produces current set-points ¢(¢) that compensate
disturbances coming from the terminal voltage v of the VSC. The current set-point
computation and is done through two main control paradigms, which will be explained
later in detail. The AC Current Control Stage computes switching voltage set-points
Usw(t) that compensate disturbances propagating on the output current ¢, by ensuring

that it follows the set-point (). This can be done by solving a tracking control problem
through the PI controller in DQ-coordinates [140]
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t
Diwdq = Vaq + Zidg + w1 (laq — idq) + Few2 / (iaq(r) —iaq(r)) d7,  (2.88)
0

where Z = RIy — wyetLtJ, I € R%2%? is the identity matrix , J is as in (2.6) and R and
Ly as in (2.46). Parameters kg1 and kgyo are the proportional and integral control gains
of the controller.Finally, The Modulation Stage computes the modulation signal m based
on (2.88), as

2 AT
Tuq(0) "swaq (2.89)

m = ¥

Upc

with the DQ-transformation matrix T4, (6) as defined in (2.9) (the last row of qu(ﬁ) is
dismissed as Usw,dq is in DQ-coordinates) and 6 an estimate of the phase 6 of the bus

voltage v. For the computation of 6 and the 7, two main paradigms have been proposed,
the Grid-Following and the Grid-Forming control.

DC Voltage Control
} I ~Vbc
e | VSC
P D( | DC Voltage .| Power | delin I
| Control . | source | modet m
\ 7y i ‘ (1.44)
| ple !
v,
* *
p.,q,r— B S
U*, wrefi AC Vlt : AC (:1:rrent SV ™
voltage - \
! control control T
| — |
! 0 1

Cascaded AC voltage/current control

Figure 2.9: VSC’s control architecture. From Top to Bottom: DC Voltage Controller and
Cascaded AC voltage/current controller
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Grid-Following control

In this control architecture, it is assumed that the terminal voltage v is a three-phase AC
signal as in (2.1), with constant and known amplitude © and phase 6 = wt + 6, being wy
a common frequency among the nodes of the network, close to the nominal one w.s. With
this assumption, the specifications (5.15) and (2.69a) are fulfilled by directly measuing
the phase 6 of v. A general Grid-Following control architecture has three main stages [50]
(See Figure 2.10).

qu(é\) I é\

" Frequency 1 %
UV —> > > >
qu(H ) Estimation | s
* %k Power l
ZZ*' a, ——» control

U, Wyt

Figure 2.10: Grid-Following control

* Frequency estimation: this stage is in charge of obtaining a frequency estimate

6 from the direct measurement of the output voltage v. This is commonly
accomplished through a PLL (Phase-locked loop) architecture [41, 140] that
estimates the bus frequency as

~

) t
0 = Wret + Ko1V4(0) + /sgg/ vq(0(7))dr (2.90)
0

-~ ~

with v4(#) begin the ()-component of the bus voltage v, computed with T4q (),
which can be written as

~

vg(0) = \/gz’) sin(6(t) — é(t) + ¢u)

with 6(t) begin the current time varying phase of the terminal voltage v and ¢, a
constant phase shift. Parameters «¢; and xgo are proportional and integral gains of

the PLL (See Figure 2.9). Note that the estimate 0 (2.90) allows the VSC to fulfill
specification (2.67a) when 6 = 0* = wy.est.

Power control: in order to fulfill specifications (2.66a) and (2.66b), Grid-Following
VSCs are controlled as current sources, by generating current set-point?to match the
required power injections p* and ¢*. This set-point is computed in DQ-coordinates
as
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~ 1

idq = Yvdq +— [up, uq] (2.91)
—— v
Eg:ses

where vqg = \/g v cos(0(t) —0(t) + ¢, ) is the D-coordinate of the terminal voltage

~

vaq computed with Tyq(0), Y = GIy — weereC'J s the admittance of the capacitive
and resistive parasitic terms in (2.58) representing the bus losses, with I, € R2*?2
as the identity matrix and J as in (2.6). Finally, the variables u, and uq represent
Droop Control inputs

Up = p* + K)p(wref - 0) (292)
Ug = ¢* + Kq(U* — vg).

Notice that (2.66b) is fulfilled by using the Grid Following control, because the
steady state voltage specification in (2.67b) is approximately guaranteed by the
network. Also note that, under a proper choice of parameters r, and q, the small
signal specifications in (2.69) can also be satisfied.

Grid-Forming control

This control architecture is born from the necessity of the VSCs to fulfill steady state
frequency and voltage specifications (2.67a) and (2.67b) in the cases when the network is
not robust enough to allow the fulfillment of them by direct measurement of the terminal
voltage v. In this control paradigm, VSCs are controlled to operate as ideal three-phase
AC voltage sources with amplitude v* and frequency wyr at regime [157]. In doing so,
two main control stages are used. The AC Voltage Set-Point Generation stage computes
the AC voltage set-point ¥ which is then fed into the AC Voltage Control stage, which
ensures that the VSC’s terminal voltage v follows the voltage reference v (See Figure
2.11).

* AC Voltage Set-Point Generation As stated before, this stage computes terminal
voltage set-points ¥ that allow the VSC to fulfill specifications (2.67a) and (2.67b).
These set-points can be written in ABC-coordinates as as

) cos(0)
=1 cos(f - 3) (2.93)
cos(f + %)

with 3 and 6 being its amplitude and phase. Many approaches have been proposed
to compute v [158] and we introduce here some of the most common.

— Droop control This control strategy is designed with the purpose to resemble
the droop characteristic of the SM frequency controller in (2.82), so that
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Figure 2.11: Grid-Forming control

the small signal specification (2.692a) can also be fulfilled. In doing so, the
frequency is computed as:

A 1
0 = wret + —(p—p). (2.94)
Kp

with p being the active power in (2.17a), the power set-point p*is as in (2.682)
and a proper choice of x;, allows the VSC to fulfill the small signal specification
(2.69b). On this control strategy, a trade-off can be sought between the steady
state specifications (2.66b) and (2.67b) and , to do so, the voltage magnitude
reference © is computed in two modes:

% Voltage magnitude regulation mode

t

= ko1 (0" = 0) + koo [ (0" —0(7))dr (2.95)
0

SH

with ¥ being the terminal voltage magnitude, v* is a desired steady state
voltage amplitude and k,; and k,» are proportional and integral gains
for the controller,

* Reactive power sharing mode:

1
Kq

D=0"4+—(q¢—q%) (2.96)

with ¢* being the reactive power set-point in (2.66b) a proper choice of
kq allows the VSC to fulfill the small signal specification (2.69b).
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— Virtual synchronous machine control: The VSC’s frequency is controlled

in order to replicate the phase and frequency dynamics of a SM, [65, 183]:

=0 (2.97a)

@:

=

(P —p) + Kp(Wret — @) (2.97b)
Wref

where M is a parameter determining the virtual inertia and the term 1/x,,
defines a virtual damping constant. The voltage reference magnitude v can be
computed through two alternative modes

* Voltage magnitude regulation mode

(S}

t
= Wky1 (T° — D) + OKy2 / (0" —o(r))dr (2.98)
0

where k,1 and &, are proportional and integral gains for the controller
# Reactive power sharing Mode:

v =0oLi, (2.99a)
%—1(*— +i(@*—u)> (2.99b)
r — E q q Kq d .

with ¢, as a virtual analogous of a rotor winding current and L a virtual
inductance parameter.

Matching Control: This control strategy replicates the power-frequency
relation of the SM, by exploiting structural similarities between both devices.
In doing so, it is assumed that the phase is proportional to the input DC voltage

vpc [16]:

0 = rovpe (2.100)

where kg = wret/ V] is the frequency-to-DC-voltage ratio at steady state
and vpc. This control strategy leaves the frequency regulation to the DC
voltage control in (2.87). In this strategy, the voltage magnitude reference 0
is computed as in (2.95) (or (2.96) for reactive power sharing). This is done
with the purpose to match the switching voltage v, in (2.42) with the term
wJquidq in (237)

Remark 2.7. The VSC control is still an open problem. Recently, new ap-
proaches for the control of the VSC have been proposed, like the Dispatchable
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virtual oscillator control in [146]

* AC voltage control loop: This control loop is in charge of generating current
set-points for ¢ in DQZ-coordinates by using the voltage set-point vg,.. It is
computed as:

t
g = g + Yaq + it (Baq — vaq) + Fia / (Baq (7) — vaq (7)) dr (2.101)
0

with Y = GIs — wC'J is the admittance of the capacitive and resistive parasitic
terms in (2.58) representing the bus losses, with I, € R2*?2 as the identity matrix
and J as in (2.6). Here, 144 and vq4q are the output filter’s current and the terminal

~

voltage in DQ-coordinates, computed with T34 (#) and ki1 and ki are proportional
and integral gains of the controller in (2.101).

2.7 Summary

In this Chapter, we introduced an unified approach to completely describe the power grid
from a micro-scale and control theoretical point of view. We derived the dynamic models
for each of the power network components. We also described how these components
interact and introduced the electrical model of the power network with the aid of graph
theoretical tools. After this, we explained the control goals of of the primary control
layer and gave formal control specifications in terms of the electrical model of the power
network. This then allowed us to map each of the power network control specifications in
detailed control specifications for each of the SMs and the VSCs. Finally, we introduced
the most common control strategies used to satisfy these control specifications.

In what follows, we introduce a simpler power network model known as the Swing
Equation, that becomes instrumental in understanding of additional control problems of
the power network.

42



Chapter 3. Secondary and Tertiary Layers

3 Network model of the power grid

So far, we focused on describing the constitutive components of the power network from
a micro-scale point of view. Studying the complex behavior of the power network is
of interest for modelling and control purposes as the availability and feasibility of the
production and transmission of the required power does not depend on each agent itself
(generator or load) but on the collective dynamics of the whole ensemble of generators and
loads. An example of this is that the emergent frequency synchronization phenomenon
on the power network is still used as a proxy for the coordination of power generation and
demand, with the caveat that synchrony is only preserved under small phase deviations
and absence of large disturbances [122, 124]. Still, there is a need of new modeling and
control tools that consider the network complex dynamics and topology for the control
design.

In this Chapter, we introduce the modelling strategies of the power network modelled
as a complex multi-agent system [73]. To do so, we introduce the Swing Equation as a
simplified network model of the power grid, but that still preserves its complex dynamics.
We then present the main assumptions that allow the Power Grid Electrical Model
(introduced in Chapter 2) to be simplified into the Swing Equation. We show analytically
that this approach is valid for a network of synchronous machines by means of singular
perturbation tools. Also, we explain how this approach can be extended to encompass any
generator and load model. In so doing, we provide a novel framework that maps all the
components of the Power Grid Electrical Model into the Swing Equation by associating
each component with a set of parameters. Finally, we review additional simplified models
of the power grid, based on further simplifications of the Swing Equation.

3.1 The swing equation: a network model of the power grid

On the secondary layer, the main feature that must be captured by a model is the link
between frequency deviations and power imbalance. This can be done by modeling the
power grid as a network of coupled oscillators, each representing either a generator or
a load, interconnected by edges capturing the effect of transmission lines. The coupled
oscillators dynamics used to model the secondary layer are represented by the Swing
Equation [21, 125], that can be written by using the graph notation introduced in Section
2.5, as

43



3.1. The swing equation: a network model of the power grid

I -~ . - N
Mo + Didp = Pr — > ogpsin (0g — 0 — rn) +up VEk € Viee
h=1
I -~ . - N G.D
Moy + Doy = P, — Z Okp Sin (519 —0p — ’ykh) Vk € V\Vsec
h=1

where 5k = wy, — Wrer 18 the frequency deviation from the nominal frequency wyer at node
k and the parameters M, and Dy, represent the inertia and damping constant, similar
to the parameters defined for SMs in (2.27) (see Table 3.1). The normalized power
P, = P k- is produced by a generator if P, >0,ke V, and is consumed by a load if

P, < O, k € V), with the active power Py as in (2.24a) and Sy, known as the nominal
volt-amperes in each phase of the power network. The parameter oy, = Vk f/h ‘?kh‘
represents a coupling gain between nodes k, h € V, depending on the normalized bus
voltage magnitudes Vj, = ‘Z—’“ , with V, = % being the RMS value of the voltage
magnitude v}, at steady-state, that fulfills the specification (2.67b) and Vj,s the nominal
voltage magnitude. The coupling gain oy also depends on the normalized complex
admittance Y, = Ykh% with Yy, = Gip + jBgn, with real and imaginary terms Gy,
By, (the latter also known as susceptance), Iy is the nominal current of the power
network and v, = 5 — arctan ( g’z’;) is a constant phase shift. Finally, uy is the
secondary control input and V. C V 1s the set of nodes that have secondary control

capabilities.

The right-hand side of the swing equation (3.1) represents the power flow on the
grid, where the sum of the sine functions represents the power that node & transmits or
receives through neighboring transmission lines. The effect of the latter is captured by
the coupling constants oy, representing the maximum power that can be transmitted
through the line {k, h} € &£ and by the phase angle ;5. At steady-state, equation (3.1)
must satisfy the AC Power Flow Equations:

Py — Z O sin (85 — 0F — ) = 0 (3.2a)
Qr + Z okn cos (67 — 0p — ykn) =0 (3.2b)
h=1
Q.

with 0} being a suitable phase angle at regime, Qr = 5. is a normalized reactive power
steady state value, with @y, as in (2.24b). The 1mportance and usefulness of the AC Power
Flow equations will be highlighted in Section 4.3.

Model (3.1) and the AC Power Flow Equations in (3.2) assume that (i) the prlmary

control layer is capable of ensuring a steady output voltage magnitude Vj, = \/5, with v*

fulfilling the primary voltage specification in (2.67b), and (ii) that the active and reactive
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power are P, = %’“ and Qy, = %’C, with p;. and ¢ satisfying specification in (2.66) in
each of the network buses. It also assumes time-scale separation between the frequency

and voltage magnitude dynamics.

In what follows, we will discuss the relation between the power network electrical
model introduced in Chapter 1 and the swing equation in (3.1).

3.1.1  From the electrical power network model to the swing equation

Model (3.1) has been derived under the main assumptions that the primary control layer (i)
guarantees small frequency deviations 0k = wj, — wrer and the fulfillment of voltage and
power specifications (2.66) and (2.67b) (ii) it keeps the power system in a stable regime
and (iii) the times-scale of the dynamics of the electrical components are faster than the
times-scale of the frequency dynamics. This set of assumptions are known as the Quasi
steady-state assumption. In what follows , we show a sketch proof of the derivation of the
Swing Equation, based on these assumptions and on the electrical model of the power grid.

We consider, for the sake of simplicity, a power network where there is a SM connected

to each of its buses. From the power balance in (2.532) the Hamiltonian time derivative
for each of the SM in generator convention reads

Hsmk = WkTk + GrkVik — Ggqpaqr — (Drwi + Riddgdar) VA€V (3.3)
—_— ——

Power Input Power Output Power Losses

Now, recalling the time derivative of the SM’s Hamiltonian in (2.51) and the linear flux
linkage-current relation in (2.29) we can write the left hand side of (3.3) as

WkMkU:)k‘f'i;irququrkidqu = Wkka+irkUrk_pk_(DkW]%+Rkiquiqu) VkeV (34)

with pj, = i:iquvqu being the instantaneous active power that the SM injects into the
network, as defined in (2.17). As the inertia constant M}, is much greater by several
orders of magnitude than the elements of the inductance matrix Lqqk, we can consider
fast dynamics of the current igq;, Which implies we can approximate it by using its
steady-state value ij,,. [39,95,153]. With this in mind and rearanging terms in (3.4) in a
convenient manner we can write

. 2 o kK exT ok
wp Mywr, + Dywi; & wiTmk + 4 Vr, — Rilageelage — Pk (3.5)

As the terminal currents ¢ must fulfill specification (2.65), we can write, by using the
DQ-transformation matrix Tyq (6 ), the current i3, = \/gi;g [cos(oi k), sin(¢; )] T. With
this, we can rewrite the term Ri;‘;ki(’,‘qu in (3.5) as

ox T ox kT e -x2 3 “x2 )
Rk’ldqudqr = Rkldq Ldq + Rklrk = iRka + Rklrk . 3.6)
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3.1. The swing equation: a network model of the power grid

From (2.38d) we have that at equilibrium i v’ = Ryi’?2, leading to

. 3 x
wp Mpwy, + Dkw,% N WETmk — iszkQ — Dk- 3.7

Now, by multiplying both sides of equation (3.7) by “2<£ we obtain

Wk

) Wret (3 =
wrchka + Wrchkwk N WrefTmk — Oj](: (iRkl;? +Pk> . (38)

By considering that the electrical frequency is close to its steady-state value wy = Wyef,
we can write
. 3 -
Wret MWy, + Wret Dkwi & Pmk — ERMZZ — Dk» (3.9)

with P, & WrefTm, k- Replacing ppy by the primary frequency controllers (2.82) in each
SM, written as

Pmk = Pk + Fpk (Wret — W), (3.10)

and applying the change of variable b = Wi — Wyet, We obtain

" . . 3.,
Wrot Moy, + (Fp + weet Dk)Ok & Py, — Diwrer — 5 Riii” = i (3.11)
Then, by replacing p;, from (2.81) we have
Wret My0k + (ipk + wret Di)ox = pi, — pi (3.12)

Our purpose now is to give an expression for py, that depends only on the phase differences
between nodes of the network and line parameters. To do so, consider the transmission
line network model (2.62).

Assuming fast dynamics on the bus voltages vpq and line currents 7; pq, the following
linear steady-state map relation between the steady-state currents ipg and voltages v,

can be derived as

@: Y@ (3.13)

where Y = Y + Y. is known as the admittance matrix of the power network, which
is composed of the Shunt admittance matrix Y, as defined in (2.64), and the TL
admittance matrix Yy == (£ ® I3)Y(E ® I3)" with Y, := Zfl and Z being as
defined in (2.63). We can write the block terms of the admittance matrix as

~Y i) k#hA{kh}ecé&
Y =14 Yo+, Yien k=h (3.14)
03x3 otherwise

where Y, ) may also be written in the following compact form
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Grn  —Bua }

Y (kn) = { Bu  Gun (3.15)

with G, Brn € R. Expanding the scalar terms of expression in (3.13) we obtain

N

i]*)Qk' = ZY(k,h)vBQh- (3.16)
h=1

By considering the current-voltage relation (3.16) and the Bus-Network transformation
(2.59), the instantaneous active power at steady-state can be written as

N
T T T T
Pk = 14qkViqk = 'DQKUDQE = E ’UBQ,hY(k,h)UfSQ,k- (3.17)
h=1

As we are interested on the frequency deviation dynamics, we assume nodal steady-state
voltages

cos (0(t))
vp = Uy |cos (Ox(t) — 2F) (3.18)
cos (0x(t) + 2F)

which only satisfy (2.652) and the voltage specification (2.67b) as required by the
Quasy-steady-state assumption and that can be written in the network reference frame
DQ-coordinates by using the transformation matrix Tyq(wyeft), leading to Uhor =
V/3Vi[cos(dy,), sin(8;,)]T with Vj, = % being the RMS value of the amplitude v} at
steady-state and 0y = 0} — wyet the phase deviation. Notice that we dismissed the zero
coordinate in vpq.

Replacing the nodal voltages vpqy in (3.17) we obtain the expression

N
PE =3 Z ViV (Grn cos(0r — 0n) + Brp sin(dx — op))
h=1

which can be further simplified into

N
Pr =3 ViVi|Vin|sin(dx — 6n — k) (3.19)
h=1
with Yz, = Ggp +jByn € C being a representation of the admittance matrix term Y, p,)

Bkn
Gkn

in (3.15) and v, = 5 — arctan ( ) as a constant phase angle. Replacing (3.19) into

(3.12) yields

N
wret MiOk + (Kipk + Wret Di)Ok = pi — 3 Y ViVi|Yien| sin(S — 6p — i) (3.20)
h=1
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3.1. The swing equation: a network model of the power grid

Wref

Finally, by using the normalized inertia constant M}, = Tiwk the normalized damping

~ : D o : . .
constant D), = %f"“ the normalized input power Py = 5¢“—, the normalized
ase ase

admittance f’( kh) = Y(k,n) ‘I};‘*‘ and the normalized voltage Vi = ‘)b/ L and considering

secondary control inputs u;Vk € V. We can write the power network model as

N - . - N
Moy + Doy = P, — Z Okp Sin (5k —0p — ’ykh) +ur Vk € Ve
h=1 (3.21)

- - . - N
Moy + Doy = P, — Z akhsin(ékféhf*ykh) vk EV\VSSC
h=1

with oy, = Vk Vh ‘?kh ’ A notation and terminology summary can be found in Table 3.1
and in what follows, we drop the normalized parameters notation, yielding

- . N
Moy + Doy = P, — Z Okp Sin (5k —0p — ’Ykh) +ur Vk € Ve
h=1 (322)

- . - . N
M6y + Doy = P, — Z Okp Sin (5k —0p — ')/kh) Vk € V\Vsec
h=1

with Vj, = Vk, P, = P]{), Grr = ékk and Yy, = Y/kh for the sake of simplicity.

Although this sketch proof is based on a network with SM dynamics, it has been
demonstrated that the dynamics of a wide variety of power network components can be
approximated to an oscillator like dynamics with a structure similar to that in (3.22). In
what follows, we provide a framework that maps each of these components into the Swing
Equation.

Remark 3.1. Note that in the power network literature, all normalized quantities in
(3.21) have units p.u. (Per Unit).

Remark 3.2. The simplification used in step (3.8), in which <=t ~ 1 has been
criticized as it can lead to misleading results in stability analysis [30, 119]

Remark 3.3. Exploiting the fact that the admittance terms Y (i, ,y can be written as
a complex number Yy, € C, these last complex admittances can also be written in
matrix form Y € CM*M | known as the admittance matrix of the power network.
The linear relation between current and voltage in (3.13) in phasor representation
can be written as

I=YV (3.23)
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with phasor stack vectors I = [fl, Ty ,fN], V = [Vl,...,Vk,...,VN} and

le Vok

elementsfk_lf}’i—kjfandvk_’3&-&-]\[

Quantity Name Value

Y ; Wref M e
M;, Inertia constant B
Dy, Damping constant %S:Dk
5 : Pi
Py Bus active power 350
Yin TL admittance Grn + jBkh
~ . o
Vi Bus voltage magnitude Tave
Okh Maximum TL’s power exchange V. V}, ‘Yk h’
oy Phase deviation O — wrert
Yih Constant phase deviation 5 — arctan (g’;f )

Table 3.1: Parameters summary of the Swing Equation in (3.21) and their relation with
parameters of power grid’s electrical model

3.1.2 Modelling power network components with the swing equation

There is a wide range of power network components that can be modelled by using the
swing equation in (3.22) [21, 117,125, 145]. This is mainly done by selecting proper
values of My, Dy, and Pj,. In what follows, it is shown how different types of generators
and loads can be modelled with the swing equation.

Generators

The generators are modelled by assuming positive nodal power values P > 0, Vk €
V., C V and, depending on the generator’s type, we may choose the Swing Equation’s
parameters as follows.

» Synchronous Machines: generator buses with SM dynamics Vk € Vg C V are
modelled with parameters M}, = “ggi”’“ and Dy, = M

* Voltage Source Converters: generator buses with VSC dynamlcs Vk € Vysc CV
are modelled depending on the primary controller structure.

- Virtual synchronous machine control: in the case of VSCs controlled as
Virtual SMs (Vk € Vysca C Vysc), the parameter M, is proportional to the
virtual inertia Mk in (2.97), that is M, = % and Dk is proportional to

Rpk
Bsbusc :

the droop slope of the primary control Dy =
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3.1. The swing equation: a network model of the power grid

— Grid-Forming control: nodes with VSCs that are controlled with Grid-
Forming strategies that do not introduce virtual inertia (Vk € Vysc1 C Vysc)
can be modelled with parameters M, r = 0 and Dk = 3';‘2’“

— Grid-Following control: nodes with VSCs that are controlled with Grid-
Followmg strategles (Vk € Vysco C Vysc) can be modelled with parameters
M k= 0 and Dk =0.

Loads

Loads can be modelled by assuming negative nodal power values P, < 0,Vk € V, C V
and, depending on the load’s type, we may choose the Swing Equation’s parameters as
follows.

* Synchronous Motors (Vk € Vi C V): in this case, the parameter M, is
proportional to the inertia constant of the synchronous motors My, = “gg&M L and

base

Dy is proportional to the damping constant D, = <xtPx

* Frequency-dependent loads (Vk € V3 C V): gs \eexplained in Section 2.3,
aggregated loads can have frequency dependent dynamics [21] and can be modelled
by defining the parameters M}, = 0 and Dj, = “”“fD =k being Dy, the load’s damping
coefficient.

* Resistive loads (Vk € Vjg C V): in the case of purely resistive loads, we have
Mk = Oandﬁk =0.

In Table 3.2 we provide a summary of the parameter choices and associated components
modelled by (3.22). Different choices of these parameters lead to a DAE (Differential
Algebraic Equations) models of the form

Mk6k+Dk5k :Pk—Pe’k—i-uk Vk eV, (3.24a)
Dy = P — Pop +u, VkeW (3.24b)
0=PFP,—FPer+u, Yke)ly (3.24¢)
with P, j, given by
N
Py =Y onnsin(8k — 6n — k) (3.25)
h=1

with nodes sets associated with second-order differential equations in set V, = Vgv U
Vysca U Vi, of first order differential equations in set V; = Vysc; U V; and algebraic
equations in set Vy = Vysco U Vjo. Note that equation (3.24b) considers the presence
of secondary controllers also for controllable loads in the case of demand control for
frequency regulation, as it has been proposed in [61, 111]. In the absence of secondary
controllers (k € V\Viec), we have uj, = 0. An example of the modelling capabilities and
reduction of the Swing Equation is depicted in Figure 3.1.
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Transmission line Load

Synchronous Machine | L, ia R,
|

(@
ko Yan g
LT |
P >0 Yo1 Yoo P, <0
v v v
(b)

Figure 3.1: (a) A SM providing power P; > 0 to a three phase load with power
consumption P, < 0 (b) The equivalent model obtained by using the Swing equation
(3.22), with Yg 1, Yi(1,2) € C being complex admittances representing Yo, and Y 2
in (3.14).

Remark 3.4. In some modelling approaches, there is particular interest in considering
the frequency dynamics inside the stator windings [125, 142]. In doing so, it is
assumed that the generator can be modelled by two nodes, the internal node k' € V;M,
which models the internal voltage of the SM as an AC voltage source with magnitude
FEy, and the terminal node k € Vsyy, with terminal voltage magnitude Vi, which is
connected to the network. These two nodes are connected with each other through
the transient reactance, defined as

Xk :jwrefLsk (3.26)

which represents the internal impedance of the stator windings produced by the
inductance Ly = Ly = L. The frequency dynamics can be modelled using (3.22) as
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3.1. The swing equation: a network model of the power grid

Mkfgk/ T Dklék/ = Py — Ep Vi Yy sin(5k/ — k) + ug VE' € V.;M (3.27a)
Dby =Py — Pop+ur VeV,  (3.27b)

0=PFP,—FPor+ur YkeVyUVsy
(3.27¢)

with admittance Yy, = XI:{;Z , Xk as in (3.26) and P, j, as in (3.25). A representa-

tion of this modelling approach is depicted in Figure (3.2)

K Yy k Yn h

P, >0

Figure 3.2: Transient reactance Y and generator terminal node k'

3.1.3 Further simplifications

The power network model (3.24) can be difficult to use for analysis and control design
and thus several approaches have been presented in the literature to simplify it. Here, we
summarize the most relevant ones.

Effective Network model (EN)

The effective network model considers loads as purely resistive and performs a Shur
Complement based simplification of the admittance matrix Y in (3.23), known as the
Kron Reduction method [57, 125]. To explain how this is achieved, let us particularize
(3.24) to the case of nodes with second order dynamics Vo = Vsm U Vysc2 U Vi and
static nodes Vo = Vysco U Vyo , 1.e. [125]

Myby + Dby = Py — Pogp +up Yk € Wy, (3.28a)
0=P,— Pop+ux Vke. (3.28b)
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Component | Type Mj, Dy, Nodes set
et Dic .
SM s My “MEEt Ve
Generator
VSC+VSM con-
P, >0, trol #;;Mk ?Zg;:e Wsca
keV,
VSC+Grid- 0 Kok v
forming control 3Phase vsel
VSC+Grid-
0 0 Wvsco

following control

Synchronous mo- .

sp-My  3pDr Vi
Loads tors 3Poase 3Poase
P, <0, .
ke Linear power-
frequency 0 3p-Di ViU Ven
dependance
Resistive loads 0 0 Vio U Viero

Table 3.2: Modelling power network elements with the Swing Equation (3.21)

Based on the model in (3.28), the Kron Reduction method is then used to eliminate the
rows and columns of the admittance matrix Y that represent the static nodes (3.28b), so
that the following model of the grid can be derived

N
Mydy+Didy = Po—Gex Vi — D 0enkn sin (6 — 6n — Yenkn) +uk VE € Vs
h=1,k#h
(3.29)
with parameters
oeNkh = ViV | Yenknl (3.30a)
i 1 Im (YEN kh) )
=5 —t — 3.30b
YEN, kH 5 an <Re (Yonsn) ( )

that take into account the resistive effect of the nodes in Vysco U V)9 with the admittance
parameters Ygn x5, Which are the elements of the Kron reduced matrix

Yy = YOO - YoO(YPF)~lyhe
for a suitable partitioning of the admittance matrix

N ?aa ?aﬁ
~ | yBa y88
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3.1. The swing equation: a network model of the power grid

where Y represents the admittance terms between second-order buses such that
Y% = Yy, with k,h € Va, Y37 = V5% = Vi, such that k € V3, h € V) and finally
VP = Yy with k, b € V.

The use of the Kron reduction method leads to a smaller network representation, as
the nodes corresponding to loads are eliminated, and their admittance terms considered
through the parameters of the reduced network topology. Moreover, note that the resultant
network topology is not representative of the physical one. and it always becomes all-to-all
if transient reactances (3.26) are considered, something that is not convenient to carry out
for stability analysis based on network topological properties.

Structure preserving (SP)

The Structure Preserving model was first introduced in [21] and its main assumption is
that aggregated loads have frequency dependent dynamics. This leads to the simplified
model

Mydy, + Doy = Py — Poj +up Yk EW, (3.31a)
Dy = Py — Pog +up, Vk eV (3.31b)

with V), = Vsm U Vysca U Vi and V) = Vyser U Viert U V1. This model does not have
any algebraic equations, which avoids the use of the Kron reduction, so that the network
structure remains intact.

Lossless transmission line assumption

It is common to assume that the resistive terms of the transmission lines are small G, =~ 0,
neglecting resistive power losses. This assumption is considered valid for high voltage
power networks, but has been extensively used for the analysis and control of power
networks as it simplifies their analytical treatment [60,62]. From (3.24), it leads to the
simplified model

Mkék + Dk(sk =P — Pe,k, +ur Vke (3.32a)
Dby =Py — Pogp +up VkeW (3.32b)
0=P,— P +ux YkeW (3.32¢)
with
B N
Pei = Z O kp Sin (5k —on) (3.33)
h=1,

and oy, = Vi, V3, By, and By, a susceptance term.
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The Microgrid The introduction of power sources based on renewable energies has
served as a pivot to propose power network architectures that are more independent from
transmission network operators. This is so, because these energies can be exploited
in a distributed manner, with infrastructures in the order of KW or MW. One of the
main characteristics of this architecture, is its lack of inertia due to the small amount, or
even absence of flywheels for mechanical energy storage. In general a microgrid can
be modelled as a special case of model (3.24) which, in its most restrictive case, only
considers VSCs and resistive loads and can be given as:

Dkgk =P, — Pe,k +ur  Vk € Vsci (3.34a)
0=PF, — Pe,k +ur  Vk € Vsco U Vo (3.34b)

3.2 Summary

In this chapter, we gave simplified models for the power grid as a complex multi-agent
system. First, we presented the Swing Equation as a simplified model of the power
network. We also showed how a series of simplifications of the electrical model of the
power network, mainly based on singular perturbation tools, lead us to the swing equation.
These simplification steps also provided us the blueprints to provide a mapping of the
electrical power network model into the swing equation, summarized in Table 3.2 and
being the main contribution of this Chapter. Finally, we gave further simplifications of
the swing equations found in the power network literature.

In the next Chapter, we will explain the hierarchical architecture of the power network
and the important role the Swing Equation has on its design.

55



3.2. Summary

56



Chapter 4. The control architecture of the power network

4 The control architecture of the
power network

Until now, we have shown different modelling approaches for the power grid varying
in terms of complexity and variables of interest. Among them, we introduced the
Swing Equation and the Power AC Flow Equations as simplified models of the power
grid. In this chapter, we use these models to present two main control tasks that are
critical for the coordination of the power grid; the secondary frequency control and
the set-point computation. These tasks, together with the respective models used for
its formulation and control design, constitute additional levels of abstraction of the
power grid, commonly known as the secondary and tertiary layers. This Chapter gives
a comprehensive description of such layers explaining how they are designed and their
relationship with the primary layer.

4.1 The hierarchical control architecture power grid

different modelling tools for the power network frequency dynamics. Now, we explain
the hierarchical control architecture used to provide frequency regulation and power flow.

The power network is subject to a wide range of disturbances that can trigger the
activation of protective equipment [47,48]. The most common protective measure used
within the power network is the direct disconnection of transmission lines that transmit
more power than its nominal value and the disconnection of generators and loads whose
nodal frequency/voltage is beyond predefined ranges [48]. Unfortunately, these protective
measures can lead to power imbalance.

The power imbalance between generation and demand due to a disturbance produces
an increase of the frequency deviation and the computation of the control signals required
for this compensation is the joint task of the three control layers, being the Primary Control
layer described in Section 2.6 one of them. From a control perspective, additional control
layers working at different times-scales are designed with the purpose of coordinating
the power generation by providing appropriate set-points 75, p; and ¢ to the Primary
Controllers of generators k € V,, which are required to fulfill specifications (2.66) and
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(2.67b) after a disturbance. These set-points have the following structure

pr =3Py +ur) ke, (4.1a)
G =3Qr ke, (4.1b)
v =V2V, keV (4.1c)

with Py,Q) and Vi being the active and reactive power and the Root Mean Square
voltage as defined in (3.2) and uy, the secondary control input in (3.22), also known as the
generation reserve. The computation of these set-points is distributed in two main control
layers. The Tertiary Layer computes power and voltage set-points for the generators
Pp.,Qr Yk € Vy and V), that minimize the generation costs, fulfill the power demand
Py,,Qr Yk € V) and satisfy generation and transmission constraints. These set-points are
assumed to be valid for a minutes-to-hours times-scale (macro-scale). Note that Py,Qy
Vk € V) are considered parameters of the network as they determine the current loads
power demand and can be measured or forecasted.

The Secondary Layer, instead, provides the frequency set-point following on a
faster times-scale (seconds to minutes times-scale), through an integral control action
uy, which is, in most cases, based on measurements of the nodal frequency devia-
tions 5;.3 = w}, — Wref. This integral controller must ensure satisfaction of the frequency
specification (2.67a) in all the network buses, while satifying power generation constraints.

We depict in Figure 4.1 the desired frequency response of the power network in which
the primary frequency control is in charge of ensuring the stability of power network
after the Arresting and Rebound Periods. After the power network has reached an
equilibrium, the secondary controller compensates the steady-state error and ensures that
the desired frequency value is reached at steady-state. After this, the tertiary control
updates the set-points to compensate any power demand perturbations.

Summing up, the tertiary layer assigns power set-points to the generators based on
some forecasted demand change while reliability of the power generation is ensured by
the secondary layer by adjust these set-points on a faster time-scale. The actuation task is
then performed by the primary layer, which thus ensures set-point following (See Figure
4.2). The main approaches for the control of the power network from a secondary and
tertiary layer point of view are explained in what follows.

Remark 4.1. Note that the tertiary layer also computes the voltage set-points
Vi Yk € V), as they can be modified by changing the turn ratios of the nodes
equipped with controllable transformers.
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Figure 4.1: Desired frequency response of a power network to power demand disturbances.
Adapted from [48]

4.2 The secondary control layer: frequency regulation

4.2.1 Secondary control specifications

From the network perspective, the satisfaction of the frequency specification (2.67a)
depends on achieving the right balance between power generation and demand, that is,
the power network must ensure that

lim > pet) + D Pross iy} (t) =0 (4.2)

t—o0
key {i,j}e&
with py(¢) begin the instantaneous active power generated/consumed at node k£ € V and
Ploss, (i,5) (t) is the active power losses in the transmission line (4, j) € £. The mechanism
that links the power balance (4.2) with the specification in (2.67a) will be made clearer
in what follows. For instance, assume that primary controllers are able to ensure a
synchronous steady-state frequency w* different from the nominal one w;f, that is
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Figure 4.2: Control layers and their interaction with the power network

lim wy =w* VkeV
t—o00

At this synchronous regime, the dynamics in (3.24) become

Dy =P, — Poy* +ul YE€V UV, (4.3a)
0=P,— P +u), Ykel, (4.3b)

where §* = w* — wyet, is a state value of secondary control input Vk € V. and

N
Py =Y oknsin (5 — 6 — en), (4.4)
h=1

accounts for the transmitted power and transmission losses with §; = (w* — wyet )t + k. (0),

Adding all equations in (4.3) over all buses on the network k£ € V) and solving for 5" we
obtain [59]

5* _ Zkev(Pk - Peflc) + Zkevsec uz
Z/CEV2UV1 Dy,

The term ) _; y,(Px — P7},) accounts for the total power imbalance on the network. Under
the assumption that the power demand Py, < Vk € V) is known with high accuracy and
that the power generation P, > Vk € V, is enough to satify this demand and the power
losses, the power network fulfills specification (4.2) as ) -, oy, (P — P),) = 0 and implies

4.5)
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at the same time that u} = 0 VK € Vi, as no secondary control would be needed. Note
that the latter scenario is not always possible due to (i) disturbances coming from the
power demand P, Vk € V), (ii) load model mismatch (iii) the primary control strategies
in Section 2.6.5 and 2.6.6 are mainly proportional control strategies, producing frequency
steady-state error by default. To ensure zero frequency deviation B) *, proper secondary
control signals uy; must be applied to the power network.

Remark 4.2. It is commonly assumed that transmission lines are lossless (Ggp =~ 0)
which leads t0 ) keV P*: r ~ 0 (see (3.33)) and the network frequency deviation can

e

then be computed as [61]

- > kev Pr + D kev,, Uk

1) 4.6)
ZkEVzUV/ Dy,
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4.2.2 Secondary control problem statement

The main purpose of the secondary frequency control is to complement the primary
controllers action by fulfilling the power balance specification (4.2). This becomes
instrumental when the set-points P, Vk € V, are no longer accurate due to disturbances
on the power demand P}, Vk € V. To do so, the reserve power set-points uj, (steady-state
secondary control values) must be computed so as to ensure that §* = 0 in (4.6), while
minimizing the operational cost of the generators, which can be writen as an Optimal
Economic Dispatch (OED) problem [98, Chapter 11], [182]

: *
omin, D pev, fr(ui)

s.t. 4.7
> okev P + Zkevsec uj, =0

with f(-) being a function representing the operational cost of generator k£ € V, as a
marginal cost of the power production. Note that the equality constraint of the optimization
problem in (4.7) is the numerator of the steady-state synchronous frequency expression
in (4.6). A suitable solution for the problem is to define an steady-state value of the
secondary control input of the form [61, 1 18]:

up =~ (4.8)

where ¢y, is a marginal cost of the power production, A is a Lagrange multiplier whose
optimal value is

>, B
A=Y (4.9)
> e

kEVsec

This is demonstrated in what follows. A solution to the OED problem in (4.7) can be given
through Lagrangian relaxation. We can define a Lagrangian function for the optimization
problem (4.7) as

Wup) = Y frlup) + A (Z Pet Y u;;> (4.10)

k€ Viec kev k€ Viec

with X being a Lagrange multiplier. From the Dual feasibility condition we obtain:

dN(uy) _ 0filu)

A=0
ouy ouy *

which yields
a *
Ofilui) _ @.11)
ouj
An interpretation of the result in (4.11) is that the marginal cost of the power generated
for the secondary frequency control must be the same for all generators so that problem

(4.7) becomes feasible. Assuming quadratic cost functions of the form
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* 1 *
fe(ug) = §Ckuk2

with ¢;; € R, the steady-state value of v}, that satisfies (4.11) is

A
up = —— (4.12)
Ck
Now, solving the dual optimization problem
max o(N), (4.13)

for the dual objective function

B(N) :l(—§> = —%2 S g A P

k k€ Veee ke

we can derive an expression for the Lagrange multiplier by verifying the First Order
Stationarity Condition of the dual problem (4.13), which reads

Ap(N\¥) oy Z et + Zpk —0. (4.14)

A
g K€ Viee kev

Solving (4.14) for A* lead to:

> b
* key
N=——— 4.15
> e
k€ Ve
Finally, from the optimal solution of the OED (4.12), we can write the optimal steady-state
secondary control value as

1 gev
wi=—— ke 4.16
S v o
kev&CC

The secondary control problem then reduces to find appropriate means of computing \*

in (4.15) based on the total power imbalance of the Y Pj. In most of the cases, the latter
kevy
is difficult to measure and the frequency-power imbalance relation in (4.6) is exploited for

its estimation.

Remark 4.3. In most of the control approaches \ is considered as an auxiliary control
variable rather than a Lagrange multiplier, but its interpretation remains the same.
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Remark 4.4. The optimization problem in (4.7) assumes that the condition |5} — 0} | <
7 /2 holds for any optimal solution wy,

4.2.3 Secondary control design

The secondary control problem then translates an integral control problem that aims
at compensating the power imbalance through frequency measurements on the power
network, while satisfying (4.2) and (4.15) at steady-state. It has been carried out through
three main approaches, being the centralized, the decentralized and the distributed,
where the main difference between them is the number of integrators used to compute the
control signal u; and the presence or absence of a communication network among these
controllers. A representation of these control paradigms is shown in Figure 4.3. In the
following, the most representative frequency control algorithms are presented.

Centralized secondary control

The main characteristic of these strategies is that the Lagrange multiplier computation is
done by a central controller. Some centralized approaches are explained in the following.

¢ Automatic generation control (AGC) the Automatic Generation Control has
been the industry standard for secondary control over the past decades [87]. The
main assumption done is that the power network is divided in clusters, known as
Control Areas (CA) or Balancing Authorities (BA) that manage the control tasks of
nodes inside it. These clusters are defined as subsets of the power network graph
Gc(Ve, &) C GV, E) with ¢ € {1,..., Nca } being the area index and Nc, is the
number of clusters and are connected through an edge set

&ex = E\|J & (4.17)
Ve

defining a cut-set, composed of the edges or transmission lines that remain outside
any defined cluster and are commonly known as Tie Lines. With this, the AGC
strategy computes the Area Control Error (ACE) [12]

Nca
Uack.c = bede + Y Beer (P = Powr), Ve € {1,..., Nca} (4.18)

c'=1

where d.. is defined as the center of inertia’s frequency of the CA ¢ [97,103, 142]

S N
PP — (4.19)
> M,
kEV,
and b, being the bias factor of the control area c. Set-points P, are forecasted

power exchanges between areas and P,/ are the current values of these exchanges,
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Intejgral Control O Load
Variable I
Communication

OGenerator 7 link

(©)

Figure 4.3: Secondary control design approaches (a) Decentralized (b) Centralized, (c)
Distributed

which are actually the power flows on the tie lines and are defined as

P.o = E Okk Sin (5k - (5;C - ’ykk/) (4.20)
Vk € Ve,
vk € V.,
(k, k") € Ex
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8

Finally, in (4.18), 8. is defined as

4.21)

. { 1 3k, K} € Eax, K€V, K €V, c £ ¢
« =10 Otherwise

with Egx as in (4.17). The Area Control Error (ACE) is then used to compute the
auxiliary control variable of the area c as

t
Ae = HLC/ uack,o(T)dr, Ve € {1,..., Nca} (4.22)

0
with ki . is the integral parameter. Finally, the value ). is broadcasted on the
control area’s generators, so that they are able to compute the AGC control signal
U = —acyk)\c, k e Vsec,ca Ve € {].7 ...7NCA} (423)
where a1, is the participation factor of generator k € Vi . that must satisfy [12,36]

Z ac,kzl

k e VSCC

In the AGC architecture, the integral variable (4.22) solves the power balance
specification (4.2) and an appropriate choice of the participation factors ay, . solves
the optimal Economic Dispatch Problem in (4.7). See Figure 4.4 for an AGC
architecture example. A proper review on the AGC can be found in [97].

Figure 4.4: Automatic Generation Control architecture

¢ Centralized averaging PI control (CAPI)

Originally designed for the secondary frequency control VSCs dominated power
networks (or the microgrid power network paradigm) [104, 147], this controller
provides a stable synchronous solution on the model (3.34). It is defined as
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up = —apA  Vk € Viee (4.24a)
\ = K Z Crlr (4.24b)
k€ Viec

with A being an auxiliary control variable, 5 k = Wk — Wrer 18 the frequency deviation,
k1 is an integral parameter, ¢ determines the response velocity of generator k € V,
to frequency fluctuations and oy, determines its participation in secondary control.
It was proven in [10, 62] that the CAPI controller can only fulfill the power balance
requirements (4.2) provided that the parameters cy, ay; and ky are carefully tuned.
These results were also extended in [28] for the case of lossy power network model
and partial allocation of CAPI controllers.

Gather and broadcast frequency control

This strategy was introduced in [61] and is intended to satisfy equal marginal costs
specification (4.2) while achieving frequency regulation. This control strategy
measures nodal frequency deviations J; to compute the auxiliary control variable

).\ = —KJ] Z Ck5k7 (425)
]fEVsec

where ki is an integral control parameter, and ¢ determines the participation of
each generator in frequency control, satisfying:

chil

k€ Vsec

The auxiliary control variable ) is then broadcasted to each generator participating
in secondary frequency control and the secondary control input itself is computed
locally by using the inverse of the marginal cost in (4.11) [61]

_ At

Af () . . . .
where fgu*( ) is the inverse marginal cost function.
k

This control strategy is claimed to solve security issues of distributed control
strategies because the operation cost functions f;(-) of each generator are not
broadcasted, allowing for fair power generation pricing and participation factor
generation.
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Decentralized secondary control

A generalized decentralized secondary frequency control requires that the integral control
action applied on each generator must be only dependent on the generators local frequency,
so that no communication protocols are needed. The simplest of its kind can be written as

U, = — A k€ Ve (42721)
}\k = HI,kSk (4.27b)

where each generator participating in secondary control computes a local estimate A\,
of the Lagrange multiplier (auxiliary control variable).

The fully decentralized secondary frequency control in (4.27) has been a topic of intense
debate [10, 162, 182] and main critic against it is that the power balance specification
(4.2) cannot be fulfilled while also ensuring zero frequency deviation. In [174, 182]
it has been demonstrated that in order to ensure the presence of a unique globally

asymptotically stable equilibrium on a power network with decentralized secondary
N

frequency control the conditions ky, > 2 > &4, Vk must be satisfied (with &y, as
h=1

in (3.33)), which leads to parameters kp j that are too large and impractical and also

do not solve the Economic Dispatch Problem in (4.7). It was also proven in [61] that
decentralized frequency controllers are not robust to constant frequency measurement
bias, although can be avoided by using phasor measurement units (PMU) [10]. In [174],
a decentralized secondary frequency controller using a low pass filter (leaky integral
controller) is proposed. It can satisfy the economic dispatch criteria in (4.7) but cannot
achieve precise frequency control.

Distributed secondary control

The most representative distributed secondary frequency control is the Distributed
Averaging Proportional Integral control. This controller uses per-to-per communication
protocols between generators and a continuous time consensus averaging protocol is
introduced to estimate the Lagrange multiplier A [8, 10, 148]. A generalized DAPI
architecture can be written as:

Up = =N k € Ve (4.28a)
Ak = K k0k + Kk Z agh (Ji(uk) — Jn(un)) (4.28b)
hevy:c
where Ji(ug) = af gfﬁ’“) is the marginal cost of power generation, k11, and Ki2 i, are
k

integral control parameters and ay, = apr > 0 the entries of the adjacency matrix A
describing the communication network topology [148, 162]. It is claimed in [56, 148] that
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the auxiliary variables A\ satisfy both specifications (4.2) and (4.8).

Even though DAPI controllers ensure frequency restoration while achieving economic
dispatch, in was found in [11,72, 159] that inappropriate tuning of the DAPI controller
can lead to frequency instability in presence of measurement errors and disturbances.
In [6] robustness under communication delays and bounded L2-gain performance is
assessed. In [106], a novel distributed congestion control was presented, in order to
eliminate overloading in TL in microgrids, while ensuring optimal dispatch and frequency
regulation. Optimal frequency controllers considering operational constraints have been
designed in [170, 1 71]. In [53,91], a framework for the design of frequency controllers
under load participation is presented. The network topology design of the DAPI controller
has been studied in [177]. The effect of the controllers on the bus voltage dynamics and
reactive power sharing have been also considered in [51, 144,149, 162].

Other approaches

* Sliding Mode Control approaches: Some approaches like [114, 167] have
considered the use of the sliding mode controller to ensure frequency restoration.
This approach has been extended by [163, 164] in the form of decentralized and
distributed sliding mode control strategies with turbine governor dynamics.

* Multiplex networks approach: in the series of works [9, 108, 109], Multiplex PI
and PID controllers where proposed to ensure frequency regulation

* Reinforcement learning techniques have been proposed in [4, 78] for the secondary
control problem solution.

A summary of the issues and approaches for the application of secondary control strategies
on the microgrid can be found in [93].

4.3 The tertiary layer: set-point computation

The tertiary control layer is conceived to deploy planning and management task on the
network, which are mainly concerned with the minimization of operational costs and
fulfillment of safety requirements so that the operation of the network is reliable and
stable. Specifically, power set-points Py, Qr Vk € V, and voltage magnitude set-points
Vi Yk € V must be computed so that the power demand Py, Q). Vk € V) of the network is
satisfied at the minimum generation cost while the physical and technological constraints
like the transmission lines capacities, minimum and maximum power ratings in generators
are fulfilled at regime.
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4.3.1 Tertiary control specifications

Proper values of the set-points Py, Qi Vk € V, and V), Vk € V must be computed such
that the power demand Py, Qr Vk € V) is satisfied. As these set-points represent a
desired operating point for each bus in the network, they must be computed such that the
transmission of power is possible under the physical constraints of the network. For this
reason, they must satisfy the AC Power Flow equations

N
P, — > ViVi|Yin|sin (6 — 85 —ven) =0 keV (4.29a)
h=1
N
Qk + Z Vth‘Y]fH Ccos (5: — (5;; — 'y;.ch) =0 keV (4.29b)
h=1

assuming that the power demand values Py, Q. Vk € V) are known with accuracy. In
(4.29), Yy, and iy, are considered parameters of the network and d; Vk € V phase
angle differences at regime. Note that (4.29) encode the physical constraints of the
transmission lines at regime and make evident the times-scale separation assumption of
the tertiary control layers compared to other layers and the network dynamics, as only the
algebraic expressions are used as the power network model. Note that if the set-points
Py, Qi Yk € Vg and V), VK € V fulfill (4.29), they also satisfy the power imbalance
specification (4.2) as, by summing up all terms in (5.3a) we obtain

> (Pe—Pl) =0 (4.30)
kev
with Pe’j i as in (4.4). Here, (4.30) implies that if the set-points Py, Q) Vk € V, and
Vi Yk € V are computed properly, the secondary control action can be shut down until
the power demand estimates Py, Q; Vk € V) are not longer valid.

Aside from fulfilling the power transmission requirements (4.29), the set-points must
also consider the technological limitations and stability of the power network, encoded in
the following inequalities

Pt < P < PP ke, (4.31a)
QUM < Qp < QP> ke, (4.31b)
Vinin < Vi < Vipax k€Y 4.31c)
0k =0 =yl <5 Wkh}e€ (4.31d)
|Pon| < P™ Wik, h} € € (4.31e)

where (4.31a) and (4.31b) keep the active and reactive set-points within the ranges
[P, Pax] and [Q7, Q] of active and reactive power values that the generator & €
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V, can provide, (4.31c¢) and (4.3 1d) keep the nodal voltage and phase deviation values inside
ranges that allow the power network to be stable at regime, and (4.3 1¢) keeps the power
transmitted through the transmission lines Pyp, = Gp V2 — Vi Vi | Yir| sin(Sx — 0 — vin)
below its maximum ratings P;**. In general, it is desired that the voltage remain close
to the base voltage of the power system, which is captured by defining voltage range
limits Vigin = Voase — AVinax and Vinax = Voase + AVinax With AV, being the maximum
allowed voltage deviation. Note that (4.3 1¢) limits the maximum phase deviation so that
a stable phase-locked solution in the network dynamics in (3.24) can be obtained [58,59].

4.3.2 Tertiary control problem statement

In its most general version, the tertiary control problem is defined as a Nonlinear Program
known as the AC Optimal Power Flow (OPF) problem, written as [7,33, 120]

min > ful(Pr) (4.32a)
Pk, Qk Vk € Vg kEV,
Vi, 05 Yk €V
st. o(P,Q,V,8%) =0 VkecV (4.32b)
h(P,Q,V,6%) <0 VkeV (4.32¢)

Here, the cost function f (-) represents the power generation cost of generator k € V, and
P,Q,V and 8* are stack vectors for the active and reactive power, voltage magnitude and
phase deviations, respectively. The equality constraints g (-) in (4.32b) are the power flow
equations (4.29) and the inequality constraints hy(-) are the technological and stability
specifications in (4.31).

4.3.3 Tertiary control design

Solving the OPF problem can be cumbersome. Although the AC power flow is an accurate
model of the transmission lines in steady-state, it makes of (4.32) a non-convex optimiza-
tion problem and the computation of its feasible solutions is still an open problem [19].
This optimization problem has been solved with Nonlinear Programming [55,79, 86, 102],
Mixed Integer Linear Programming [32, 107] and Machine Learning techniques [18,42].
With the purpose to avoid the complexity of the AC power flow equations, relaxations
and approximations of them have been proposed allowing Linear Programming based
relaxations [151, 152, 175] Reviews on this topic can be found in [74,75, 117, 137].

All the previously proposed solutions are, at its core, based on centralized optimization
methods. In the recent years, distributed optimization techniques have found application
on the OPF problem due to the increase of distributed energy participation on the power
network. The OPF problem has been solved in a distributed manner by using Augmented
Lagrange Decomposition based methods as Analytical Target Cascading [113, 161],
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Alternating Direction Method of Multipliers (ADMM) [29, 68, 154], Proximal Message
Passing (PMP) [34,96] and Auxiliary Problem Principle [43]. Karush-Kuhn-Tucker
(KKT) conditions based distributed optimization methods have also been used to solve
OPF problem, like Optimal Condition Decomposition [45] and Consensus+Innovation
[54,127]. See [89] and [117] for reviews on the topic.

4.4 Summary

In this chapter, we explained the hierarchical architecture of the power network. After
explaining the role of Primary Control layer, we then showed how this layer cooperates
with the Secondary and Tertiary layers to provide integral frequency control and set-point
scheduling in a coordinated manner, so that a desired frequency response after distur-
bances is obtained. We also showed the role each of the control layer has in maintaining
the network in a stable regime and how these layers exchange information to achieve
this. We then gave a formalization for each of the control specifications that each layer
has to fulfill. Finally, the most relevant control strategies for each of the layers are described.

In the next Chapter, we will focus on what happens to the power network when the
hierarchical control architecture fails to maintain a stable regime and propose an algorithm
that isolates portions of the power network in a distributed manner, so to contain failures
and allow frequency stability and power dispatch inside them.
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5 Self-organizing power network
islanding

5.1 The power network islanding problem

In the previous Chapters, we have given a description of the power network models and its
control architecture. Now, we consider the case in which the control architecture fails to
maintain a stable regime and last resort strategies have to be deployed to ensure frequency
stability and power dispatch across sections of the grid.

Among the different emergency containment strategies of the power network,
we are particularly interested in the Intentional Controlled Islanding (ICI) strate-
gies [1,69,70, 130, 155], i.e. algorithms to identify sections of the grid that can
isolate and operate independently from it, such that power can be dispatched at least in
some portions of the faulty grid.

In this Chapter, we give a formal description of the power network islanding specifi-
cations and introduce the islanding problem. After this, we propose a novel distributed
power network partitioning algorithm to solve the ICI problem, designed to allow the
network nodes to self-organize into islands. Specifically, the idea is for nodes of a power
grid initially partitioned into some set of islands to migrate among them so as to (i)
minimize the power imbalance of the islands and (ii) avoid large amounts of load shedding.

Our migration procedure modifies an initial partition of the grid, that can be computed
through an offline method such as the slow coherency-based islanding [69, 179, 181], and
updates it so to minimize the average absolute power imbalance of the grid. To do so,
our migration algorithm is compounded with a distributed dynamic estimator allowing
nodes to evaluate the power imbalance of an island (or microgrid) so to decide whether to
migrate to/from it. This estimator relies on the ability of the nodes in each island of the
grid to run in distributed fashion a virtual consensus dynamics parametrized so that the
time derivatives of the node states converge to a common value that is proportional to the
power imbalance of the island. Under suitable assumptions, we analytically show that
our migrations strategy generates a sequence of partitions that converges in finite time to
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a configuration whose average absolute power imbalance falls within a pre-computable
bound of the minimal one. Moreover, we further validate our strategy by applying it to
the IEEE 118 and IEEE 300 test systems, comparing the viable partitions we obtain to
others suggested in previous papers in the literature. We formalize the ICI problem in the
following.

5.2 Preliminaries

We define an island as a connected subgraph M; = (V;, &) of the power network graph
G(V,€&) where V; C V is its node set and & = (V; x V) N € its edge set. Given
a set of nodes V,;, we denote by A/ (V,) the set of neighbours of the nodes in V, i.e.
NW):={ieV\V|3jeV :{ij} €&} and by N, the set of all neighbours of
node i. We say that island m is a neighbor of island [ if and only if N'(V,,,) NV, # @.

A power network described by the graph G is partitioned into n,, islands, described
by the subgraphs M;, [ = 1,...,n,, if the node sets V1, ..., V), are such that

UL vi=v
c VNV =2Vm#l
;Zlgl:g\{{iaj}€g|ievlvjevma l#m}

We denote a partition of the set of nodes V by I = {V1,...,V,,, } and by G'' = (V' €M)
the graph, defined by the partition II, whose i-th node is associated with the set V; of
II and whose edge set £ is such that {I,m} € £ if and only if V, "N (V,,) # 2.
Given a partition I1, a node ¢ is defined as a boundary node of an island M; if ¢ € V; and
N; N (V\ V,) # @. Finally, the power imbalance for each island M, is defined as

P = Z P, (5.1)

i€V

whereas the overall grid’s power imbalance is defined as

Pu=) P=) P (5.2)
i=1 =1

with P; being the nodal active power.

5.3 Islanding Specifications

Consider a power network subject to a major disturbance, product of line disconnection or
generation/load disconnection such that stability cannot be guaranteed by the hierarchical
control architecture. Suitable emergency islanding strategies must provide a partition 11
of the power network that allow the islands M; to be stable and self-sufficient, so that
re-synchronization to a frequency lim¢_, o w; = w; Vi € V), different from the nominal
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frequency wyef, is possible. This translates, from the synchronous frequency expression
in (4.5), in finding the partition IT = {V, ...,V } such that the post-fault equilibrium
6F, 6% Vi € V) satisfying

197

N P Poss
5T = W — e = A Tossl g ey, (5.32)
ZiGVz Di
Possg ==Y GuVP =2 Y VV;Gyjcos (6] = 57) (5.3b)
kev, v{i,jre&

is locally asymptotically stable. In (5.3), the disconnection of transmission lines due
to a failure is considered by eliminating the disconnected line {7, j} from the edge
set £ and modifying the admittance terms Y;; accordingly, while the disconnection of
generators/loads is considered by eliminating its index from V' and any line connecting it
to the network from £. Note that edges that do not belong to the partition {7, j} ¢ (J,, &
are not considered in (5.3).

The partition IT must be computed before the clearance time t of the power network’s
fault is reached, which is the time it takes the faulty power network’s dynamics to reach
the boundary of the basin of attraction of the post-fault desired equilibrium point defined
in (5.3) [143].

5.4 Islanding Problem Formulation

Although the previous specifications represent the desired characteristic of an ICI strategy
in an ideal setting, note that the clearance time and the basin of attraction boundary of the
desired post-fault equilibrium point are not known a priori as they depend on the type and
location of the fault and on the choice of partition II. As computing both the clearance
time and the basin of attraction for each possible failure and partition II is computationally
intensive for large-scale power networks, most of the ICI strategies aim at finding a
partition IT = {Vy,...,V, H} that solves one of the following simpler problems [69, 100]:

* Average absolute power-imbalance minimization: this formulation aims at
finding a partition IT whose islands M, have the minimum absolute power imbalance
| |, with P, as in (5.1) and is formulated as

1A
min — P. 5.4
{Vlwuxvn“} nu ; | |

The island’s power imbalance P, is associated with the synchronous frequency
deviation of the power network, as shown in (5.32) from its nominal value, which
in turn is related to the power network’s frequency stability [56,99]. Indeed, if the
power fed into the grid exceeds the load’s demand, then the frequency increases,
while if the load’s demand is higher than the power supply (lack of power), it
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decreases. Variations of the frequency can lead the grid to operate with a high
frequency deviation at regime causing potential faults and triggering the protection
devices of the network.

The cost function in (5.4) has been used in previous works on power network
partitioning, e.g. [69, 80, 105], as an indicator of the ability of a power system to
satisfy the load demand, which is also known as adequacy.

* Power-Flow disruption minimization: which aims at finding a partition II whose
cut-set et = {€ \ Uy, &} has the minimum sum of transmitted power in the
pre-fault system. This problem can be formulated as:

P P;;
min ) <W) ’ -
R v

with P;; being the transmitted power from node 7 to node j through the line {7, j}.
This transmitted power can be defined using the notation in (3.22) as

Pij = Gy VP = ViVy|Yis|sin(67 — 65 —viy),  W{i,j} €€ (5.6a)
Py = =Gy V2 + ViVy|Yi|sin(65 — 67 — i), V{i,j} €& (5.6b)

with d; Vi € V satisfying the power flow equations (4.29). Solving the problem in
(5.5) we attempt to achieve self sufficiency in the resultant islands, as the amount
of power they would require from generators outside themselves is minimized.

Remark 5.1. Note that the expressions in (5.6) assume that the line current,
and as a consequence the power, flows from node i to node j. Both P;; and
Pj; are different and its difference is the power loss of the transmission line

Ploss,ij = Pij — Pji = Gy (V2 + V7 —2V;V;cos(8; — 67)) . (5.7)

Note that fulfilling the requirement of computation time to be less than the clearance time
translates into the need of designing algorithms to solve problems (5.4) and (5.5) in a
milliseconds to seconds time-scale, as the direct computation of the clearance time can be
cumbersome and time consuming.

To ensure that the equilibrium point 67, 5;‘“ Vi € V, satisfying (5.3) is locally asymp-
totically stable, most of the approaches aggregate groups of generators in sets of coherent
generators having similar dynamic behavior. These generators are grouped based on the
fact that some of them "Swing together" after a disturbance, and thus will synchronize to a
common frequency when isolated from the rest of the network. In order to determine the
coherent generators sets, modal decomposition-based methods, like the slow coherency

aggregation method [40, 179, 181] are applied on a linearization of the swing equation
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model (3.22). Given a desired number of islands n,, and after applying modal decomposi-
tion, the slow coherency aggregation selects the eigenvalues describing the first n,, slowest
modes of the network and the coherent generators within each island are aggregated
based on the similarity between a the rows of the associated left eigenvector subspace
matrix. Keeping coherent generators within the same islands allows the fulfillment of the
specification (5.3).

Independently from the chosen formulation, the problem of partitioning a grid into
a set of microgrids or islands is usually modelled as a combinatorial problem, see
for example [14, 80,81, 116] and sometimes is recast as a graph optimization prob-
lem [1,70, 155]. Often, solving these problems numerically is cumbersome or inefficient
so that heuristic strategies are frequently used to seek a suboptimal solution, while
meeting the required computational times that allow the network to stabilize after a
contingency [69, 100, 105, 168].

In the following, we focus on proposing a distributed solution for the islanding problem.
Our distributed solution allows the nodes of the power network to self-organize so as to
enhance the suboptimal solution found by the islanding problem formulation in (5.5).

5.5 Towards a distributed solution for the islanding problem

Although the average absolute power imbalance in (5.4), defined for simplicity as

1 O -
J:=—>_|Pl, (5.8)

T

is a good adequacy indicator, we must first define a procedure to minimize it in a distributed
manner, that is, without the need that each node knows the topology and the power
imbalance of the power network. In doing so, note that as 27:“1 |P| > |Z?£1 )= | = | Pt
then the average absolute power imbalance will reach a minimum at 7 *, defined as

Pt
Ny

T =

. (5.9)

This implies that if we deploy a method that finds a partition II such that its islands M,
have a power imbalance P, equal to £, we can then minimize 7. As the nodal power

Ny B
values P; in (5.1) are fixed, it is possible to have power imbalances P; close, but not equal,
to Lu,

T
To accomplish this, given an initial partition of the power grids into n,, islands, say II(0),
we propose a heuristic distributed approach based on two fundamental ingredients:

1. adistributed dynamic estimator based on average consensus dynamics that nodes
can use to estimate the power imbalance in their own island and of their neighbors;
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2. a migration criterion according to which a boundary node can decide whether to
migrate from its island to a neighboring one.

As each migration changes the node set of two islands, and thus the network partition,
we will denote by TI(k) the partition after & migrations, with M;(k) = (V;(k), &(k)),
l=1,...,n,, being the corresponding islands, Pl(k:) l=1,...,n,, their power imbal-
ances, and J (k) the corresponding value of the cost function in (5.8).

Our migration procedure requires that each boundary node is able to correctly
estimate the power imbalance of its neighboring islands and of the island it belongs to.
Hence, before formalizing our migration procedure, we will introduce a consensus based
estimation strategy that nodes can use to evaluate the power imbalances of the islands in a
distributed fashion.

5.6 Distributed power imbalance estimation

Each node, say i, can obtain an estimate of the power imbalance P;(k) of an island, say
M, (k) = Vi(k), E(k)) at a migration step k, by running a consensus based estimation

strategy. To explain such strategy let us define the auxiliary graph .//\/l\l( k) == (V(k), & (k))

with
oo V)i, ifie Vi(k)
Vilk) = { Vi) Ui it Vi) (5.10)

and gl(k) = (9;(1@) X l?l(k:)) N &. To perform the estimation, node ¢ must start the
distributed solution of the virtual consensus dynamics given by:

in=Py+ Y (zj—x1), YheV(k) (5.11a)
J€VI(k)

T=P+ Y (@ -7}), YheV(k) (5.11b)
]EV[(k)

starting from null initial conditions. Here, z} and %}l are the virtual states associated
with each node h € V;(k) and h € V;(k), respectively. The superscript ¢ denotes that the
virtual dynamics was triggered by node .

Remark 5.2. To run the consensus dynamics (5.11) in a distributed manner, the
virtual states xy, and T}, are broadcast to all neighboring nodes Ny, C V,(k) and

.//\\/h C 171(145) respectively.
Now, dynamics (5.1 1a) can be recast in matrix form as
t=P— Lz, (5.12)

where z is the stack vector of the virtual states zj, and P is the stack vector of the power
values P,. To obtain the asymptotic behaviour, we premultiply (5.12) by the eigenvectors
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of L, thus diagonalizing (5.12). Recall that, as L is the Laplacian matrix associated
with a connected undirected graph, it is symmetric and all its eigenvalues are positive,
except for one, which is zero, with 1 as an eigenvector. From this, it is immediate to
obtain that, for all time ¢, 1T#(t) = 1TP, and that lim; . #(¢) € span(1). Hence,
lim;_, o 2(t) = 1w, where

Pi(k)

= 5.13
wy V()] (5.13)

with P(k) = jewi(ky Lj- Applying the same rationale to (5.11b), we obtain that

Aimz(t) = 1, with

1
o = s > P (5.14)
Vi( >|je§l(k)

From (5.10), (5.14) can be recast as

;pk_Pi’ ifieVik
al_{vz(kl-n—l(l() ), ifieVi(k)

£ 5.15
v (Pk) + Py) . ifi @ Vi(k) (5.15)

Then (5.13) and (5.15) can be solved for the unknowns P, (k) and |V;(k)| obtaining

_ P -5

P(k) = apu=— (5.16a)
w; — Ww;
P—&

Vi(k)| = a=—, (5.16b)
Wy — Wy

with o
o = { -1, ifieVi(k) (5.17)

1 ifigV(k)

From (5.16a), to estimate P;(k), node i needs to compute w; and @;. To do so in a
distributed fashion, node ¢ starts the distributed computation of the consensus dynamics
(5.11a) and (5.11b) by broadcasting its virtual states x; and Z¢ to the nodes in N; NV, (k).
In turn, each node j € N; C Vi(k) starts sharing its virtual states x; and T4 with a
subset of its neighbors, that is A/; NV, (k). This is repeated until all nodes in V; (k) join
the distributed simulation. Note that the aforementioned procedure can be conducted
through one-hop communication if each network node h has knowledge of the island
index [ € {1,...,n,} to which it belongs and of its consumed or generated power pj,.
If so, P,(k) can be computed locally and thus the proposed power imbalance estimator
is distributed.! In what follows, we will show how the network nodes can exploit this
estimation process to self-organize into a partition of the power network whose power
imbalance approximates the minimum of (5.8).

INote that in a practical implementation the grid nodes should be equipped with sufficient computational
and communication power to run the virtual consensus dynamics on a timescale that is compatible with the grid
requirements.
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Remark 5.3. Note that our estimation strategy can reveal if the migration of a node
out of an island would make it disconnected. Indeed, if there is a node i € V;(k)

such that M, (k) \ i is not connected, the virtual state derivatives Ty, of its neighbors
in My will in general converge to different values T,

Distributed estimation

Migration strategy

wW1—> p3— @
1> "= B Y

1 L L Migration
wy s — @, rule (5.18)
~ pp=——= __A
Wy~ 27 By — wy

(c) (d)

Figure 5.1: (a) Initial partition of the power network, with dashed lines representing the
communication links among nodes, whose topology is equal to that of the power network
itself (b) The boundary node 3 triggers the distributed simulation of the virtual consensus
dynamics in (5.11) for both islands M and M and computes the steady state values
w1, wa, W1, Wo. Given these values, (c) the boundary node 3 computes an estimate of the
power imbalances P; of M and P, of My using (5.162a) and determines the possibility
of migration from island M to M3 by using (5.18). (d) Power network partition after
the migration step

In the following, we introduce an algorithm based on node migration, that allow us to
accomplish this.

80



Chapter 5. Self-organizing power network islanding

5.7 A distributed migration strategy

Exploiting our consensus based estimation strategy, a boundary node in island M, (k),
say 4, can decide whether to migrate to a neighboring island M, (k) (see Figure 5.1) by
computing the power imbalances P;(k) and P,, (k). Specifically, node ¢ will migrate
from M,,, (k) to M, (k) if and only if both the conditions hold that

min(PI(k), Pm(k)) < min(Pl(k +1), Pm(k +1)), (5.18a)
M, (k + 1) is connected. (5.18b)
where
Pi(k+1) = Pi(k) + P, (5.19a)
7m(k + 1) = pm(k) - Pia (519b)
Vi(k+1)=V(k)Ui, (5.19¢)
Vin(k+1) =V (k) \ 4. (5.19d)

Here, we assume that only one boundary node can migrate at a time and that we consider
each migration step by the index &k € 1, ..., K, with K being the last migration step. With
this, we can define power imbalances P;(k) and P,,(k), and islands M, (k) to M;(k)
for each k.

5.8 Proof of Convergence

In the following, we will show that, under some assumption on the network structure, the
migration process governed by rule (5.18) generates a finite sequence of K & N partitions
I1(k) such that J(K) remains within a certain bound from 7* computed in (5.8). To
this aim, let us define the stack vector of the power imbalances of the n,, islands, i.e.,
P(k) := [Py(k), ..., Py, (k)]T and the vector P* := p*1T, with p* := P/, and give
the following Lemma.

Lemma 5.4. Under the migration rule (5.18), if
|Pi(k) — P (k)| <™ Vi,m : NV (k) NVi(k) # 2, (5.20)

where p"® := max;cy | P;|, then

2 [ & 1
J(’f)—J*<< > p*+p’”‘“<l—n“+)> — (" +p*]). (.21

n 2
P N\i=1x+1
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with

= [—% + WTH] : (5.22)

Proof. Note that, from (5.8), we have that

Jw=—( 3 mAw- Y A® ). (5.23)

ny, _ _
1:P,(k)>0 1:P,(k)<0

Moreover, as - -
> Rk)+ > Pi(k)=Po=nup"

1:P(k)>0 1:P,(k)<0

we can recast (5.23) as

1 _
Jky=—12 > Bk)—nup" |. (5.24)
i 1:P,(k)>0

Hence, as J* = |p*| we obtain

Tk -T == S Bk - " + ). (5.25)

B 1B (k)>0

Without loss of generality, let us relabel the islands so that Py (k) < Py(k) <,..., <
Py, (k). Then, as the graph G is connected and so are all the islands for all %, then also
the graph G''(*) will be connected and thus (5.20) implies that

Pia(k) < P(k)+p™, Vie{l,...,n,—1}. (5.26)
Recalling (5.2), we have Z?:“l Pi(k) = Py = n,p*, which leads us to write (5.26) as
_ 1
k) < p* + p™ (l— ”"; ) Vie{l,. .. n,}, (5.27)

Note that, from (5.25), J (k) — J* is maximized when (5.27) is an equality. In such case,
to compute 7 (k) — J* by leveraging (5.25), we must first find

*:P(k)>0, Vie{l*,....,n,} (5.28)
Hence, to find [* we must find the smallest integer [ such that
1
P 4 pm (1 _ M ; ) > 0. (5.29)
yielding (5.22). Then, from (5.28), (5.27), and (5.25), we obtain (5.21). O

Now, let us show that the migration rule (5.18) triggers a finite sequence of K migrations
such that (5.20)—and thus (5.21)—holds for k = K.
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Theorem 5.5. Assume that at each step k- there exist a node i and islands M, (k)
and M, (k) (that is a triplet (I, m, 1)) such that

i € {Vm (k) NN (Vi(k))}
A (5.30a)
M, (k) \ i is connected
and : 7
Pi(k)> P,(k) AN P, <0
Vv (5.30b)
Pl(k‘) <Pm(k) A P; > 0.

Then, the sequence 11(k) obtained under the migration rule (5.18) is finite and
converges to a partition ILI(K) such that J (K) fulfills (5.21).

Proof. Let us start by showing that, given a triplet (I, m, ¢) fulfilling (5.30), a migration
will occur, i.e., that (5.18) holds if and only if (I, m, ) also fulfills

|Bu(k) — Bi(k)] > | Bl. (5.31)

To prove sufficiency, note that when (5.18) holds and P;(k) > P,,(k), we have

Po(k) < Bi(k +1) = P(k) + P,
A (5.32)

with P; < 0. If instead P, (k) > P,(k), we have

Py(k) < Pi(k +1) = Pi(k) + P;

i A (5.33)
Fi(k) < P(k+1) = Pu(k) — P,

with P; > 0. From (5.32) and (5.33) we can say that if (5.18) and (5.30a) hold

Po(k)— P(k) < P, <0
\Y (5.34)
P (k) — B(k) > P, > 0.

Note that both cases in (5.34) satisfy (5.31) and thus we have proved that (5.18) implies
(5.31)

Now, let us prove that (5.31) and (5.30) imply (5.18). To do so, note that (5.31) is
satisfied if there exists (I, m, ) such that

Pi(k) > P (k) + | P
) % (5.35)
(k) > Pi(k) + |P|.
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Moreover, from (5.30), (5.35) can be recast as

Pi(k) > Po(k) — P, = Po(k +1)
v (5.36)
Pm(k‘) > pl(k‘) + P, = Pl(k‘ + 1).

As both cases in (5.36) satisfy the migration rule we have proved that (5.31) and (5.30)
imply (5.18).

As (5.18) is equivalent to (5.31) and (5.30), then if at some step, say K, no triplet
(1,m, 1) existed fulfilling (5.31), the migration process would stop and as the network G
is connected and so is the graph G'(5%) at that step we would have

IP(K) = ()| < max Pl ¥lm: Vu(K)NNOA(K)) £2. (537

As from Lemma 5.4, (5.37) implies that the bound (5.21) holds, to prove our thesis we
are left with showing that K exists. Firstly, note that such a step K exists if (5.18) fulfills

|P(k+1)—P*

, < al|P(k) —P*

, ke{0,..K-1} (5.38)

for some positive scalar o < 1 as if (5.38) were satisfied, then our migration rule would
be a contraction mapping. In such case, from the Banach-Caccioppoli theorem [94], there
would be no limit cycles in the sequence {P(k)} and thus also in {II(k)}. Hence, as the
number of possible partitions is finite, so would be the sequence {P(k)} and thus, to
complete our proof, we need to show that (5.18) implies (5.38). As we have enforced that
only one migration occurs at each step k, then P(k + 1) only differs from P (k) for the
[-th and m-th entries. Hence, proving (5.38), only requires showing that

(Pi(k+1) = p*)?+(Pn(k +1) —p*)*

= 12 _ 2 (5.39)
< (P(k) =p")" + (Pa(k) — p)
for Vk € {0, ..., K — 1}. From (5.18) and (5.19), condition (5.39) reduces to
Pi(Pi(k) — Py(k)+P) <0 ke{0,.,K—1}, (5.40)

which is trivially fulfilled by any triplet (I, m, ¢) fulfilling (5.30) and (5.3 1), yielding that
(5.30) and (5.31) imply (5.38). In turn, as (5.30) and (5.31) implies (5.18), the existence
of K and thus our thesis remain proved.

O

5.9 Migration Algorithm

Having introduced the distributed power imbalance estimator and the migration rule, we
can now illustrate how the nodes can combine these tools and exploit one-hop communi-
cation with their neighbors so to reduce the overall grid’s power imbalance defined in
(5.2) in a distributed fashion. We will do so by taking the perspective of the generic node
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h € V,, (k). For simplicity of notation, we will assume that all boundary nodes can be
neighbors to only one island, i.e., for all islands M,,,, for all nodes h € M,,, there exist
at most one other island M such that N}, NV, # @.

Note that as all boundary nodes trigger a different distributed simulation of virtual
consensus dynamics such as that in (5.11b), then each node can be part of a number of
these distributed simulations and in general be endowed of several virtual states. We will
denote by A, the set encompassing all the virtual states of node h (each one relating to a
different distributed simulation), by A, the set of states that node h is asked to add to X},
and by R, the set of states that node h is asked to remove from Aj,.

As our strategy starts from an initial partition II(0) of the grid, our Migration Al-
gorithm is initialized based on this initial partition. Then, to allow all boundary nodes
of its island to estimate P, (0) node h must participate to the distributed simulation of
(5.112). To do so, it must create the virtual state variable x;,. Note that as all boundary
nodes of M, (0) can exploit the same distributed simulation of (5.11a) there will be
only one virtual dynamics (5.11a) for each island. Moreover, if h were a boundary
node (i.e., if there exists [ such that N, N V;(0) # @), then node h must trigger two
distributed simulations of (5.11b), so as to estimate P,,(0) and P;(0). As h ¢ V,,(0)
while h € \71(0), this implies that node h must (i) create Z} and (ii) ask each of its
neighbors to create the virtual state variable ESL Our initialization procedure is outlined
in Algorithm 1.

After this initialization, node h will continuously update the sets A;, and R}, so to
fulfill the requests it receives from its neighbors of adding or removing virtual states from
AX},. Then, it will update the set X}, consistently with the current sets A4y, and R}, and it
will compute the current value of its virtual states sharing them with its neighbors. If
node h is a boundary node of island M, (k), whenever a steady state in the simulations
of (5.11) is achieved it will update its estimates of P;(k) and P,, (k) and, if necessary, it
will migrate to a neighboring island M;(k 4 1). Whenever this is the case, any neighbor
J € Vi(k + 1) of node h that ceases being a boundary node because of the migration will
add f? to the set of states R ; it must remove. The pseudocode for our strategy is given
in Algorithm 2 in which, for notation purposes, we have omitted the dependence of the
quantities from the migration step k£ whenever the context allowed us to do so.

Algorithm 1: Initialization Algorithm
Xp = {wn};
th =uxp, V) € (Nh N Vm(())),
Ap = 2;
Rh =
if N3 \ Vi (0) # 0 then
Xy, +— X U 53\2,
Aj = f?, Vj e Nu;

N A N R W N =
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Algorithm 2: Migration Algorithm

1 for j € N;yNY,, do
2 L Ap = Ay U{Z}Yi, 5 j € Np O Vi, Z5 € Ajh
Rn (—RhU{ﬁLVi,jijEthVm, /l‘\; ERJ‘};

A — Ay, \ P
Ry + RNy,
Xp = X UAy s
Xh < Xh \Rh N
solve

Th = DPh+ 2 jen, v, (L5 = Th) .

Tj, = Ph+ 2 jen v, (T = T3), Vi# R | T € Xy
if 3 # m : Ny, N Vi(k) # 0 then
9 | solve 7 = pj + DN, (@5 —},), Vi# b | T, € Xy
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u | if (3 NLOY, £ D) A{pn, P PR Moy, My} fulfill (5.18) then
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13 Vi(k+1) «+ Vi(k) Uh;
14 for j € VINN, 1 (@5 € X)) A(N; N V) = @ do
15 L R; =1}

5.10 Numerical Validation

To demonstrate the effectiveness of our algorithm, we apply it to the IEEE 118 and 300
test cases [126] for which we compute the nodal power values p; by solving an Optimal
Power Flow (OPF) problem leveraging MATPOWER 6.0 [184].

As the test cases include nodes with null nodal power P; = 0, we allow for these nodes
to migrate from their island, say M, (k), to a neighboring island, say M, (k), as long as (i)
their migration does not disconnect M,,, (k) and (ii) P;(k) # Py(h),Vh < k :i € V;(h).
Note that condition (ii) allows also null nodal power nodes to migrate without generating
limit cycles in the sequence II(k).

We applied algorithm 1-2 to different initial partitions. First, we obtained an initial
partition for both the IEEE 118 and 300 test cases by using the Search Space Reduction
Procedure described in [100] which generates a spanning tree connecting groups of
coherent generators. Then the remaining nodes of the network are aggregated to the
tree using the Breadth-First Search algorithm [46]. We call this approach for generating
TI(0) as SSRP+BFS. For both test cases, we consider the coherent generators reported
in [100]. We also considered selected partitions from [24, 69, 100] as initial conditions for
our algorithm. Our algorithm was also able to reduce the difference among the power
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imbalances of the islands for all initial conditions and in all cases. (See Table 5.1)

Remark 5.6. Throughout our numerical analyses, whenever a node, say i, can choose
to migrate to more than one island, it will select the one maximizing the difference

AP, = min(P;(k) + P;, P,,(k) — P;) — min(P,(k), P, (k).

This choice ensures that the average absolute power imbalance is improved the most
after the migration.

5.10.1 |IEEE 118 test system

We consider the problem of partitioning the IEEE 118 test system inn, = 2 and n, = 3
islands. We consider only a set of n, = 19 generators, namely, we do not consider the
reactive compensators.

Moreover, we assume that the migration process is triggered by a three phase solid
ground fault at bus 15 forcing line 14-15 to disconnect. We start the proposed algorithm
1-2 from two different initial partitions generated by the SSRP+BFS approach for the
n, = 2 and n, = 3 cases and we also consider as initial partition the final partitions
reported in [69] for n,, = 2 and in [100] for n,, = 3. The initial power imbalances P;(0),
the initial value of the cost function 7 (0) and the cut-set representing I1(0) are reported
in Table 5.1 for all cases.

Next, we run algorithm 1-2. The cut-set representing the resultant partition IT(K), its
final power imbalances P;(K) and the final value of the cost function 7 (K) are reported
also in Table 5.1. The proposed algorithm is able to find partitions that minimize 7 in a
small number of migration steps.

We depict in Figure 5.2 the scenario in which the IEEE 118 test system is partitioned
in n, = 2 islands and the initial partition is generated with the SSPR+BFS approach.
After running Algorithms [-2, we obtained a sequence of KX = 10 migrations yielding
an average absolute power imbalance [J(10) = 58.25 MW with P;(10) = 53.74 MW
and P»(10) = 62.75 MW. The islands defining II(10) are depicted in Figure 5.2b and
the power imbalances of both islands at each migration step k is depicted in 5.2a. As
from the OPF results we have that max; | P;| = 542.78 MW and J* = 58.25 MW which
implies that the bound (5.21) is satisfied as |7 (10) — J*| = 0 (See Table 5.1).
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5.10.2 |IEEE 300 test system

Next, we use algorithms 1-2 to partition the IEEE 300 test system inn, = 3 and n, = 4
islands assuming a failure affects line 194-195. Again, we use different initial partitions
TI(0) obtained by using the SSRP+BFS approach. We also consider the reported partition
in [100] for n,, = 4 and an arbitrary partition whose cut-set is reported in Table 5.1. Note
that the IEEE 300 test system is already defined as the interconnection of three independent
subsystems, each of them representing and island itself. The coherent generators in [100]
are grouped accordingly.

The initial partitions computed with the SSRP+BFS approach and the partition in [100]
are already optimal but our algorithm is able to further decrease the power imbalances
differences between islands (See Table 5.1).

We depict in Figure 5.3 the scenario in which the IEEE 300 test case is partitioned in
n,, = 3 islands defined by an arbitrary initial partition IT(0) whose cut-set is given in the
6th row of Table 5.1. As shown in Figure 5.3a, the initial average absolute power imbalance
is J(0) = 529.49 MW (black stars) and our migration algorithm allows 7 (k) to converge
to its optimal value J* = 102.92 MW in K = 12 steps. The sequence of the power
imbalances 7 (k) is depicted in Figure 5.3a while the final partition I1(12) is depicted
in Figure 5.3b. Interestingly, across all our numerical experiments, not only does our
algorithm ensure fulfillment of the bound in (5.21), but it also always ensures J (K) = J*.

Note that, As shown in Table 5.1, there are multiple optimal solutions that have the same
minimum value of the average absolute power imbalance, for a given test case and a
desired number of islands n,,. This opens the possibility of developing a multi-objective
partitioning strategy.
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Figure 5.2: The algorithms 1-2 are applied to the IEEE 118 test system to partition it into
n, = 2 islands. (a) Sequence of the island power imbalances (red squares for P; (k) and
green circles for P, (k)) and average absolute power imbalance (black star). The average
absolute power imbalance reaches it optimal value J* = 58.25 MW (black segmented
line). (b) Final network partition IT(10). Red squares represent the nodes of M, green
circles those of M. Nodes 72,24, 23,22, 21, 39, 20, 19, 38 migrated from M to M5
in the given order, while node 43 migrated from M to M; at k = 9. Note that the last
migration does not change the power imbalances as it involves node 38 with nodal power
is zero.
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Figure 5.3: The algorithms 1-2 applied to the IEEE 300 test system to partition it into
N,, = 3islands. (a) Island power imbalances (red squares for P; (k) and green circles
for Py(k) and blue triangles for P5(k)) and average absolute power imbalance (black
star) at each node migration. The average absolute power imbalance reaches it optimal
value J* = 102.92 MW (black segmented line) in K = 12 iterations. (b) The Final
network partition after K = 12 iterations with red squares representing nodes of M1,
green circles nodes of M5 and blue triangles nodes of M3. The nodes’ migration order
is 106, 122,185, 187,168, 188, 127, 66, 121, 158, 67 and 40.
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5.11. Summary

5.11 Summary

This Chapter discussed the power network islanding as an approach to operate the power
network in case of emergency due to major failures. First, we introduced the power
network islanding problem and provided the specifications that an ICI strategy must
fulfill. As the islanding problem itself is difficult to solve, we provided simpler versions
of the original islanding problem. We them gave a brief review of the current literature
on ICI strategies. Afterwards, we explained the rational behind the distributed solution
of the islanding problem that we proposed and explain the distributed power balance
estimator and the distributed migration strategy, which define the key elements of our
approach. Our strategy allows the network nodes to self-organize so as to minimize the
average absolute power imbalance among islands. We demonstrated analytically that our
algorithm converges in finite time to a partition whose average absolute power imbalance
is in a given neighborhood of the optimal one. We tested the strategy on two benchmark
power networks, the IEEE 118 and 300 bus systems, after the disconnection of one of their
transmission lines. We found that our migration algorithm always converges to optimal
partitions.
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6 Conclusions

The power network is a critical infrastructure of high relevance for our welfare and
development. In this Thesis, the power network has been studied with a combination of
different modelling and control tools.

Specifically, After introducing the Thesis motivation, the key research questions and
challenges in Chapter 1, a literature review of the main models of the power network
components was given in Chapter 2 explaining the physics behind each of them and
deriving their models from first principles. Then, by analysing the energy flow inside of
the generators models through proper Hamiltonian functions, we unveiled the underlying
mechanism governing the power balance inside each of the devices and highlighted their
similarities. We also provided an electrical network model of the power grid, highlighting
the network characteristics of transmission lines through graph theoretical tools and
providing the mechanisms for generators and loads to interact with this network. Based
on this model, we introduced the main control specifications for each bus of the network
and, based on the generators models, we mapped them into specific control specifications
for each generator’s type.

In Chapter 3. we focused on introducing the swing equation as a simpler model of
the power network at a macro-scale and on the power flow equations as a steady state
model of the power network. We then provided a framework that maps each element
of the primary layer into a set of parameters for the swing equation itself. Given this
mapping, we then explained in Chapter 4 the role of each of the control layers of the
power network in the frequency control task and their respective time-scales. We found
that the coupling between control layers is provided by the power and voltage set-points
given to the primary layer, as they can be written as a function of the secondary and
tertiary control signals. We also found that the main requirement for the secondary and
tertiary layers to work properly is that the primary controllers are able to stabilize the
power network after a disturbance, as these layers provide additional adjustment to correct
any steady state error on the frequency and proper steady state power flow.

Based on the swing equation, we then gave the frequency control specifications of the
secondary layer and stated the secondary frequency control problem as an optimization
problem. We provided an overview of the different secondary control strategies classifying
them depending on the number of integrator used and the type of communication network
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among them. We also gave proper relevance to the AGC as the industry standard for
secondary frequency control.

After this, the tertiary control specifications were shown and the set-point computation
task of the tertiary layer was stated as an optimization problem. Finally, we provided
an overview of the tertiary control problem literature and the strategies that have been
proposed to solve it.

In Chapter 5 we analyzed the power network when the hierarchical control architecture
shown in the previous chapters is not able to provide proper compensation after major
disturbances. We showed that migrating nodes among the islands proposed by an initial
partition computed offline can provide a distributed solution of the Average absolute power-
imbalance minimization problem and, as a consequence, a distributed ICI strategy. The
main ingredients of the proposed ICI strategy are a Distributed power imbalance estimator
based on consensus dynamics and a distributed migration strategy that each boundary
node of the network uses to determine if its migration can be beneficial, such that the
power imbalance difference among the islands decreases. Given the main building blocks
of our method, we proved analytically that our method finds, under some assumptions on
the network structure and in a finite number of migration steps, a partition of the power
network such that the average absolute power imbalance remains within a certain bound
from the total power imbalance of the power network and we give an analytical expression
for this bound. After this, we provided an algorithm for the distributed deployment of
our ICI strategy, by classifying the different tasks that a node must compute when it is
a boundary node or not such that the migration desition-making is self-organized and
the minimization of the average absolute power-imbalance an emergent behavior of the
migration algorithm. Finally, we validated the migration algorithm for the IEEE- 118 and
300 test cases after the disconnection of one of their transmission lines and for different
initial partitions and showed that in all the cases we were able to find a partition on finite mi-
gration steps and that respected the given bound on the Average absolute power-imbalance.

Finally, in Appendix A we briefly describe the work done related with the modelling
of the COVID-19 epidemic in Italy and the proposal of intermittent regional strategies to
alleviate its spread.
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A A network model of Italy shows
that intermittent regional strate-
gies can alleviate the COVID-19
epidemic

This chapter briefly describes the work done for a completely different topic, but one that is
of great relevance in these present-day times. The COVID-19 pandemic has considerably
changed our lifestyle and behavior since it began and has also posed a new challenge for
humankind. Although this is not the first pandemic we have faced, it has indeed been the
one that has generated one of the worst global crises of the modern era, forcing entire
countries to impose nationwide lockdown measures in order to mitigate its expansion,
resulting in worldwide economic and social decline. Understanding the underlying dynam-
ics of the COVID-19 outbreak is crucial for adequate decision making in terms of when,
where and for how long to impose lockdowns in the future, and can provide strategies for
the management of similar crises we may have yet to face. For these reasons, I decided to
participate in a joint modelling and control effort whose main product was the study in [52].

Among the countries that faced the first wave of COVID-19 cases right after China’s
first outbreak, Italy was hit particularly badly, and consequently suffered a saturated
national health service and high death toll. This forced the authorities to impose
strict national lockdown measures for mitigating the spread of the disease, despite the
pseudo-federal nature of the Italian constitution that allows each administrative region
to independently manage their own share of the national health service, so that they can
decide to strengthen or even weaken any disease spread mitigation strategy at regional level.

By the time our study was published, the absence of regional heterogeneity was
common in previous studies related with COVID-19 epidemic containment strategies
in Italy, where a classical aggregated SIR modelling approach was used. However, this
approach dismisses the spatial dynamics of the epidemic that we consider fundamental for
the proper decision making. Another essential missing element was the effect of regional
heterogeneity on the efficacy of the measures taken so far and the possibility of adopting
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differentiated and localized intervention strategies.

To fill these gaps, we propose in [52] a network model of the COVID-19 dynamics,
where each node represents the dynamics of the epidemic spread inside one of the 20
regions of Italy and the links represent fluxes of people among these regions, so that
we were able to account for new infections in a region originating from the flux of
infected commutes (See Figure A.1). The model was then parametrized based on real
data provided by Italy’s national health service, publicly available mobility data and on an
ad-hoc algorithm. All of this, with the purpose to (i) provide evidence of the effectiveness
of the nationwide lockdown at regional level, (ii) show that controlling the inter-regional
fluxes is key to avoid new epidemic waves and (iii) demonstrate that controlling social
distancing and the inflow/outflow of people in each region depending on the saturation
of the local hospital capacity, can be a more cost efficient solution for disease spread
mitigation, compared to a nationwide lockdown.

Index Region Index Region

1 Abruzzo 11 Lombardy

2 Aosta Valley 12 Marche

3 Apulia 13 Molise

4 Baslicata 14 Piedmont

5 Calabria 15 Sardinia

6 Campania 16 Sicily

7 Emilia 17 Tuscany

8 Friuli-Venezia Giulia |18 Trentino-Alto Adige

9 Lazio 19 Umbria

10 Liguria 20 Veneto
(b)

(a)

Figure A.1: (a) Schematic diagram of the network model structure proposed in [52].
Solid lines represent proximity links, dashed lines long distance transportation routes (air,
train, road), dotted lines show major ferry routes between insular regions and the Italian
mainland. (b) Table of the Italian region names and their positions in the graph.

Specifically, the COVID-19 epidemic spread dynamics was modelled, in each of
the 20 regions, by a compartmental model describing the dynamics of the amount of
susceptible, infected, quarantined, hospitalized, recovered and deceased people in an
specific region. The structure of the links among the compartments was constructed by
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testing how different configurations affected the model ability to capture the available
data. Then, we extended the modelling approach in [150] in order to interconnect all
the regional compartmental models using links modelling commuter flows and major
transportation routes among regions. The parameters of this model were then identified
with an ad-hoc algorithm designed to automatically detect the time instants where notable
parameter changes occur, This was done with the purpose of accounting for the effects of
changes to the national lockdown measures. (see the manuscript [52] and Supplementary
Information for additional details).

Based on this model, we then formulated intermittent regional strategies to contain
the impact of the COVID-19 epidemic in Italy, ranging from regional lockdown measures
to inflow and outflow modulation, all of them as function of the ICU occupancy rate in
each region.

The results confirm the efficacy of national containment measures at a regional level
and our modelling approach unveils the regional effects of the national lockdown measures
put in place by the Italian government during the time span of the data. They also suggest
that intermittent regional strategies are as effective as a national lockdown in avoiding
future waves of the epidemic, while guaranteeing that no region exceeds its own ICU
occupancy rate, at substantially lower economic cost for the country. In fact, similar
containment strategies have been adopted by the Italian government during the subsequent
waves of COVID cases.
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