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Abstract

Synchronization of power generators is important in order to have a normal operating
power grid. Synchronized generators ensure a reliable energy supply and may prevent
power outages in a stable operating power grid. In pursuance of power grid stability,
many models have been published. In this thesis two different models are discussed.
Both models focuses on the stability of the synchronous state of power-grid networks.
The results of using these different models with respect to a nine-bus test system
are presented and discussed. Moreover, information regarding the nine-bus system,
such as optimal parameters, structural properties and phase differences is provided.
This information is obtained by simulation on matlab software. Finally, this thesis
discusses a comparison between the two models with respect to a nine-bus system,
leading to quite different swing curves for both models.
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Chapter 1

Introduction

Power-grid networks have to operate all day and are under constant threat of disturbances such
as faults. These disturbances may lead to an unstable power grid in which power outages can
arise. The key problem in ensuring stability of a power grid is desynchronization. This is a
process causing an absence of synchronization, by which we mean that there is an element in
the network that doesn’t oscillate at the same frequency as the rest of the network. In order to
maintain stability it is necessary for the network to be in a synchronous state. We characterize
a synchronous state of a network with n generators by:

b1 =0p=...=0p (1.1)

where 0;(t) is the angular displacement of the i-th generators rotor from a synchronously rotating
reference frame. In this context we consider the stability of synchronous power-grid networks
which are subjected to a small disturbance. Disturbances we call small are for instance variations
in loadings and gradual changes in rotor speeds. On the other hand we have large disturbances
such as three phase faults or a loss of a large load which won’t be treated in this thesis.

In the case of a small disturbance, we consider an effective network model. The effective net-
work model reduces the network to a smaller one (the effective network) in which the non-
generator nodes are eliminated. In this effective network model, loads are respresented as con-
stant impedances. This is in contrast to the second model which will be treated, called an
oscillator model in which only the buses are eliminated and loads are represented as second-
order oscillators. Further comparisons between the two models are treated in Chapters 4 and 5.
The results attained from simulating both models are shown in tables as well as graphically.

The main focus of this research is to find and compare stability results regarding the two differ-
ent models in the case of a small disturbance. This stability study gives insight on the problem
of maintaning a stable synchronous state and can therefore be helpfull in optimizing stability in
power-grid networks.
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1.1 The Dynamics

Recall that a power grid is a network consisting of producers, distributors and consumers.
The producers are the generators which supply electricity to the consumers or distributive
components in the grid. The consumers are the loads which draw electric power from the grid.
Remark that these three components of a power grid are constantly changing due to variations
in supplies and demands, and due to disturbances that may occur. In order to describe this
behaviour of the network it is essential to have an equation of motion governing the dynamics
of the network. Such an equation which describes the dynamics of generator i in an n-generator
network is given by [2]:

2H; d*5;  D; dd; - , .
o A2 Twgdt T ;ﬁf%sm(@ —0j =) i=1...,m (1.2)
J=LJ7

and is called the Swing-equation. Here represents H; the inertia constant of the i-th machine,
wpr the reference frequency of the network, d; the angular displacement of the i-th machine’s
rotor with respect to a synchronously rotating reference frame, D, the damping of the i-th
machine accounting for mechanical friction as well as the electrical effect of the generator’s
damper windings, A; the effective power input to machine i and the summation on the right-
hand side represents the effective power output of machine i, where Kj; is a coupling term. This
equation along with closely related equations will play a central role in this study and will be
often referred to as swing equations.

1.2 Structure of this report

The thesis is organized as follows. In Chapter 2 is an effective network model (EN-model)
presented in which a bus impedance matrix is used to describe a power-grid network. Chapter
3 treats a sycnhronous motor model (SM-model) along with its dynamics and applies it to an
example. In Chapter 4 we perform a comparative analysis between the EN-model and SM-
model. In Chapter 5, we apply both models to a nine-bus test system. Chapter 6 presents and
discusses the overall results regarding the nine-bus test system. Finally, the Appendix contains
the matlab codes concerning the examples which are presented in the previous chapters.



Chapter 2

An effective network model

This chapter explains an effective network model in which the network structures is contained
in a so-called admittance matrix. For the most part we’ll follow the approach given by Adilson
E. Motter, Seth A. Myers, Marian Anghel and Takashi Nishikawa in their paper ”Spontaneous
synchrony in power-grid networks” [1]. This model concentrates primarly on the network nodes
that represent the generators (the effective network). These generators are assumed to be
represented by constant voltages behind transient reactances. In contrast to the synchronous
motor model, we assume that the loads are constant impedances. These assumptions, along
with the other assumptions of the classical model are the fundamentals of the effective network
model [4].

2.1 Admittance matrix

The structure of a network is of importance in order to deduce a stability criterium. This net-
work structure can be represented by a so called admittance matrix Yo whose elements yo ;;
are admittances between network nodes i and j. Such a nodal admittance is closely related to
a complex resistance called an impedance, in the sense that the nodal admittance is the re-
ciprocal of the impedance: yg;; = 1/z0,j, where zg;; is the impedance between nodes i and j.
This impedance zg;; has real part r;; called a resistance and an imaginairy part xg;; called a
reactance such that zg;; = ro4; + jo,;. Note that here we use the letter j as imaginary unit.
The complex form of the admittance is usually denoted by yo.:; = go,ij + 7bo,j-

Because we represent an impedance by a complex number and thus also admittances, we have
an angle corresponding to each admittance. We denote the angle of admittance matrix element
Yo,ij by a;j such that yo,; = ]yo’ij\ejaij. The fact that an admittance is represented as a com-
plex number may seem a bit ambiguous. But since we’re working with networks in which the
current I alternates we can also represent the current as complex number. The same holds for
the voltage V = [V|el*, and thus by Ohm’s law we have: V = IZ or I = YV, which makes it
probably more clear.

In this report we mention a few types of admittances corresponding to particular network com-
ponents. For example, we have line admittances corresponding to the admittances of the trans-
mission lines and equivalent shunt admittances for the loads corresponding to the admittances
of the loads. Sometimes, a particular network component has a pure imaginary number as ad-
mittance, the reciprocal of the reactance. This is for instance the case, when we are talking
about the transient reactance of a generator. In this Chapter, we won’t go into any deeper
details concerning this transient reactance. But it is helpful to keep in mind, that this transient
reactance occurs when we’re representing a generator in a certain way.
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In order to make the structure of the admittance matrix clearer, we introduce a small ex-
ample. In this example we consider a small network with only one load called load A and two
generators indicated by the numbers 1 and 2 given inside red circles. This network is illustrated
in figure 2.1: The numbers 1,2 and 3 inside the white colored circles indicate bus numbers.

@ Y23 @
@

Y12 Y13

%(D

Figure 2.1: two generator and one consumer network

The letters yi2,y13 and y23 indicate line admittances between their corresponding buses. Be-
cause we'll see a few different admittance matrices in this thesis, we start-off with the simplest
one which we call the physical admittance matrix Yg. This matrix takes only the line admit-
tances into account and is a symmetrical matrix with off-diagonal elements Y ;; the negative
of the line admittance between buses ¢ and j, where ¢ # j. The diagonal elements Ygj; are
the self-admittances which are the sum of all line admittances connected to bus i. If there is
no connection between two buses then the corresponding matrix elements takes the value zero.
Thus, the admittance matrix looks like

Y12 + Y13 —Y12 —Y13
Yo = —Y12 Y12 + Y23 —Y23
—Y13 —Y23 Y13 + Y23

2.2 The effective network

With a view to making use of the structure of a network, we represent a network by a so-called
admittance matrix as we’ve seen in the previous section. For a m-node network we define the
admittance matrix which takes only the transmission lines into account by Yg. If we add the
equivalent shunt admittances of the loads and the transient reactances of the generators to the
corresponding components we get Y, where Yy is related to the node-voltage and node-current
through I =Y -V [4]. This results in an admittance matrix Y with Yg;; the negative of the
admittances between nodes 7 and j # ¢ and Y_;; the sum of all admittances connected to node
i. In order to obtain an effective admittance matrix YEN in which all non-generator nodes are
eliminated we apply a Kron-reduction scheme. This Kron reduction scheme makes use of the
assumption that all non-generator nodes are considered to be constant impedances. This leads
to the fact that all r non-generator nodes have zero injection currents, resulting in [1]

<In) _ <Y6,n><n Y6,nxr> <Vn>
- ! /

0 YO,an YO,rXr VI‘
Eliminating V, gives the effective admittance matrix:

EN -1/
Y = Y6,n><n - Y:),nxr Y : Yé),rxn (2'1)

O,rxr
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2.3 Linearization

In the effective network model, we describe the the dynamics of the generators by the Swing
equation of the form:
2H; d*6; = D;dd
wp dt?  wrdt

Py — Pui (2.2)

This swing equation can written in the form given in 1.2 as can be seen in Chapter 4. The
equation given in 2.2 is a nonlinear second-order differential equation that can’t be solved an-
alytically. Therefore, we linearize this equation around a synchronous state with a view to
study the network under small perturbations. Let P}, Pr .. 7, w; denote the mechanical power,
electrical power, phase angle and frequency associated with the equilibrium synchronous state
respectively. Further, assume that 6; = 67 + 9}, P.; = P, + P!, and P,,; = P*.+ P/ .. Then the
left-hand side and right-hand side of 2.2 reads:

! !
2H; d%5; | D;ds _ 2H;d%6; | D, d5;
wpr dt? wr dt T wgr dt? wpr dt

Pml(wl) — P&-(él, ey (Sn) o Pml(w;‘) + %ﬁ(wz — w;‘)—

% OPei(wf 07,05 OPe; (W} 075,00
(P07, . o) + PlgfloesBi) (5, — 7). 4 SPGB (5, — o))
Thus, the linearized differential equation is:

*

AP (wr,0F ..., 5%
(s — wp) — Sy PPeslepglntad (5, — o)

/ /
2H,; d*5, | D; A5, _ OPmi(w})
wgr dt? wr dt Ow;

! !
oH, d*5; | D; dS; _ OPmi(w}),, 7 n OPei(W} 07,05 /o
on A2 T opdt = der —Wi) = 2o s (95)

’ /
QHZ' d251‘ DZ' déi _ BPmi w’ _ Z’n 8Pei 5’
wgr dt? wr dt T Ow; i 7=1 8§j 7

0P . —1
We assume that the droop equation ot = onl

holds with R; > 0 and the electrical output is
given by

n
Péz' == Z EZE] (BijCOS(dfj) - Gwsm(éfj)) 543
j=1
where 6;; = 67 — 07, 8, = 0; — J%, E; the internal-voltage magnitude, G;; the real part of Y;; and
B;; the imaginary part of Y;;. Substituting these equations gives rise to

/ / /
28, 20\ Didh 1 % n 0Py

wgr dt? wpg dt _wRRiW 7=1 65]' J
/ 1 /

d26i _ D7,+RZ, dfb‘z _ wg n AP, 5/'

dt? 2H; dt 2H; 7=1 005 "

The first term on the right-hand side forms BX3, where X3 is a n-dimensional vector with
elements ¢, and B is a diagonal matrix with elements

Di+ g
b=\ g
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The second term on the right-hand side becomes

/
WR n  OP.; ¢ _ wgp n OP, o

!

_ wp yn [Zk \ EiEy, (Bigcos(63,) — Gasin(65,)) (6; — 6,

=T |9 (2.3)

Observe that 2.3 equals to zero if j #¢and j # k orif k=7 =14. In case k = j # i:

_ wp NN {E E; <szcos(5 ) — Gijsin(05; )) (6 — 5;)] 5;‘

- 2H2‘ ] 1 85
=5H D 85 [E E; (B]cos(éj) szszn(5])> (—(5;)} (5;-

/

= 2 2j-1 (Ez‘Ej (Gwsm(‘sm) B’JCOS(%))) 0

In the case of j # i we form a matrix P with off diagonal elements given by:
P = 2“H E,E; (Gmsm(éj) wcos(é* ))

If k # j = ¢ than it follows from 2.3 that:

=3 85 {Z k=1 E;Ey (Bicos(6%,) — Gasin(6%.)) (6; — 6, )] 5

7

= o [anl a5 {E By (Bircos(63,) — Girsin(0})) (9; = 6, )H d

k#j=1
_ o [Z:,fl BBy (Bicos(85,) — Giksm(am] 5,
j=1
—3h [Z"k—l E;Ex (Gipsin(0},) — Bikcos(d3.) ] ZPk
2H, =1 = g ik g ik i
hg=t k#i
Thus, from k # j = i it follows that
Pij = - Zk# P

Hence,

b, wlsz{E <GU5m5 Bijcosdjj) als i # j (2.4)

- Zk# ik als i = j

Let X1 a vector with elements ¢;. This gives the following set of 2n first-order differential
equations:
X; = X

X, = —PX; — BX,
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2.4 Uncoupling system of ODE’s

We have the following coupled system of first-order differential equations
X; =Xz
X, = —PX; - BX,

With a view to uncoupling this system of differential equations we let H be a diagonal matrix
with elements H; so that P = H1P’. Where

P { % (Gijsinéfj — Bijcoséz‘j> als i # j
Notice that det(H~'P' — \I) = det(H_T1 PHZ - AI), which means that the eigenvalues of the

two matrices given by P = H™'P’ and P = HZ>P'H? are equal.
This results in a partially symmetrized matrix given by:

pr_ ;\’;ﬁljj <G¢jsm(5ij — Bijcoséfj) als i # j
Y — > Pl alsi=j
k#i 4 ik =J

11

We now argue that the antisymmetric part % (P” -P T) of P” is small enough to be able to

diagonalize P”. On the other hand we assume that 3; is the same for all generator nodes and
we’ll drop the subscript for readability. We diagonalize P as in P = QJQ~! with Q a matrix
of eigenvalues of P and J a matrix of eigenvalues of P. This leads to

X; = Xo
Q X, =-JQ'X; - Q'BX;
Take Z41 = Q_le and Zo = Q_1X2 then,
Z1=Zs
Zo = —JZ1 — BZo

As noticed earlier, the matrix J is a diagonal matrix with elements o, the eigenvalues
corresponding to P, with 1 < 5 < n. This leads to n partially decoupled 2 dimensional systems

in the form of:
le) ( 0 1 > (le)
; — 2.5
<Z2j —aj —B) \Z2j (25

In order to determine the stability of the system we compute the eigenvalues of the matrix given
in (3.2). The characteristic polynomial of the matrix given in (3.2) is:

‘—Aj 1
—aj =B =

Leading to the eigenvalues:

p(\) = = —X(=B=X)+ ;=X + B\ +q

Ajx(aj, B) = —75 + %\/ﬁz —daj

These eigenvalues are used to determine the stability of the synchronous state. The synchronous
state is stable if and only if

R(Ajx(aj, ) <0
where the algebraic multiplicity and geometric multiplicity corresponding to eigenvalue 0 are
equal.
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2.5 Improvement of synchronization stability

In the previous section we found that the stability of the synchronous state is determined by:

Ag(e) = max+R <_2/8 + %\/ﬁQ - 404]-) <0 (2.6)

Notice that in the above notation we take g fixed. In the case that o, 8 € R, we have:
1. Ag(a) = 0 correspondes to a = 0

2. Ag(a) < 0 corresponds to o > 0

3. Ag(a) = —g correspondes to a > %2

Because Ag(a) is a decreasing function for fixed 5 we see that the stability of the synchronous
state depends on the smallest nonzero eigenvalue o of P. Now, it’s easy to see that Ag(a) as
a function of § attains its minimum at

ﬁopt = 2\/ Q2

Since S, is the optimal value for achieving stability of the synchronous state, we set 8; = Bopi-
This leads to

1

Ri= -
4Hi‘/04 —Di

Di = 4Hi\/a - % (27)

Thus by adjusting the droop parameter R; and the damping coefficient D; we can improve the
stability of the synchronous state.



Chapter 3

A synchronous motor model

We have seen a model of the kind called an effective network model [1]. With this model we
can succesfully deduce the stability of a certain network based on its topology. In this chapter,
another model is presented, which we’ll refer to as synchronous motor model or SM-model. For
the most part we’ll follow the approach given by Martin Rohden, Andreas Sorge, Dirk Witthaut
and Marc Timme in their paper ”Impact of network topology on synchrony of oscillatory power
grids” [3]. The model depends on a closely related swing equation governing the dynamics of
each element in the network. The application of the model allows us to study the effect of the
network structure on the synchrony of this network.

3.1 The dynamics

In the synchronous motor model we consider a grid as a network consisting of coupled oscillators.
Every oscillator in this network represents either a load or a generator. The difference between
the modelling of a generator and a load is that the power flow of a load is in the opposite direction
to that of a generator. This means that a load convertes electrical power into mechanical power
and can therefore be seen as a motor. To make a distinction between these two network elements
we make a sign convention by denoting consumed power by P < 0 and generated power by P > 0.
In the Introduction we characterized a synchronous state of a network by means of the change
in the phase difference § from a synchronously rotating reference frame. This phase difference,
which we’ll denote with # in the context of the synchronous motor model, lies at the basis of the
synchronous motor model. Mathematically, we can relate this phase difference with the actual
phase angle ¢(t) of a generators rotor by

o(t) = Qt + 6(1) (3.1)

Where 2 denotes the frequency of the synchronously rotating reference frame and t denotes the
time variable. This relation between ¢(t) and 6(t) enables us to derive the equation of motion
for 6 by using the principle of energy conservation. This principle leads to the following formula:

h di l
Pimec _ Pz iss 4 ]jiacc + ‘Die ec (32)

where Pz-me‘:h denotes the generated power, P,f”ss the dissipated power, P*““ the accumulation

power and Pflec the electric power transmitted to the rest of the network. Recall that the

kinetic energy of a rotating body with moment of inertia I is given by Ey;, = 1 % which leads

acc __ kin,i
to P = —4

Pidiss _ E(¢)2

= %Ii%(éi)z. The power dissipated by friction of each element is given by
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Using these as well as 3.1 leads to:

poee = 5I jt (2+ 9;-)2 - %Ii (206 + 6i)

piss — B (04 gi)2 = D (92 +206; + 67)

Substituting these two equation in 3.2 and assuming slow phase changes compared to the refer-
ence frequency, that is |6;] << Q, gives

.1 . — . :
1.06; + 5 1,6; = P"*" — D; (92 +206; +62) - P

1,Q6; = Pe" — D;Q* — 2D;Q6; — Pflec (3.3)

The electric power Pielec transmitted to the neighbouring nodes of node i is given by the active
power, i.e. [4][5]

n

Pielec = R(S;) = %[Ezfz} (Z SMEk> — R Z ’EiHEk|€j(9i—9k)|Y;£M|e_j06§kM
k=1
= |EEYRM|cos(0; — 01, — o Z |EEpY M| sin(0; — 0, — o™ + g) (3.4)
k=1 k=1

Where oszM is the angle of the admitance Yy, and E; = |E;|e% the internal voltage of the i-th
machine. Substituting 3.4 in 3.3 leads to:

R (3.5)

1,Q6; = Pe" — D;Q* — 2D;Q6; — Z \EELYM |sin(0; — 0 — asM + 5

In [3] ohmic losses are neglected such that the admittance is purely imaginary, Y[EM = ngCM
This assumption simplifies 3.4 as follows:

5 > BT sin(6; — 6k) (3.6)
k=1 k=1

n
, T
pelec — g |EEpY M sin(0; — 0 — oM + 2) =

where P/'** denotes the maximum real power transferred between any two nodes, which is given
by
i = |Eil| B B

If there is no transmission line between two network elements, we have P['** = 0. Substituting
3.6 in 3.3 leads to:

I,Q6; = P"" — D;Q% — 2D;06; — Z maz gin(0; — O,) (3.7)
k=1
Defining: K;, = Im;;ac’ o= 21[;1 and P; = ngiiﬂl)ﬂ results in equation (4) of [3]:
9, =P, — azﬁz + Z Kiksin(ak — 9@) (3.8)

k=1
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3.2 Energy Conservation

Notice that the second-order differential equation given in 3.8 is closely related to the swing
equation given in the Introduction. Actually, the swing equation given in 3.8 can be written in
the form of equation 1.2. This derivation is given in Chapter 4 for equation 3.5 where ohmic
losses aren’t neglected. Besides this interesting relation there is a property which may need some
clarification. That is, in every network within a synchronous state: the sum of the consumed
power equals the sum of the generated power. We clarify this property in the following derivation:
Take o; = o Vi and rescale the time: s = at, thus ¢t = 2, this gives

do;  do;dt  do; 1 do;  do;

ds  dtds dta — @ Yds

0 _ d (db;\ _ d (dbidt\ _ d0dedr db; & &0 (1N dbid (1) 4% (1N
ds? ds\ds) ds\dtds) diZdsds dtds® dt2 \a dt ds \ o)  dt2 \«

Thus

i _p —a2d9 +kasm 0;)

752 ZR—f—Fkasm 0;)

Remark that in a synchronous steady-state: dt’ = ddtgi =0, thus

P+ kijsin (0 — 0;) =0
J

k:”sm —i-z Z kmsm 0;)

=1 j=1+1

—2151 = ZZ%szn(Q
i i
By using the fact that kj;sin (0; — 0;) = 0 and k;; = kj;. With sin(—z) = —sin(x) we obtain

the following:
—ZP kasm )+ kasm 6;) =0

1<j 1>]

n i—1
1

=1 j=
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3.3 Example

In order to get a grip on the model we introduce a small example. In this example we consider
a generator with phase angle #; connected to a consumer with phase angle f; by a transmission
line with capacity K = ki3 = k2. The network is given in figure 3.1.

01 K 92
@ @

Figure 3.1: one consumer network

For simplicity we neglect ohmic losses, which enables us to use 3.8. Using this leads to the
following system of differential equations:

d2e dé .
a2 = P — a1t + kiasin (62 — 01)

(3.9)

d?0 do .
G = Py — an G + karsin (61 — 02)

Recall that the system is synchronized if 6; = 92 Therefore, we’ll focus on the difference in
frequencies. Defining AP = P, — P; and Ay = Af where Af = 05 — 0 leads to.

d*6;  d*0, df db,
2 P — P — qo—= ) ; _ _ ; _
dt? dt2 2 1— Q2 dt +a dt + ka1 sin (91 92) k12sin (02 61)
A = AP — alAf — kyasin (0 — 01) — kiasin (§2 — 6;)

Ax = AP — aAyx — 2K sin(Af)

Rewriting this second-order differential equation to a system of first-order differential equations,
leads to:

{ Ax = AP — aAx — 2K sin(Af) (3.10)

A = Ay

Now, we calculate the equilibrium points of the system which automatically correspond to
a synchronized equilibrium of the system.

AP —2Ksin (Af) =0

AP

sin (Af) = sin (1 — Af) = K

Thus, we have equilibrium points:

_ [AXT _ 0 _ (AXTY _ 0
Th= (A@*) o <arcsm (g};)) Ty = <A9*> o <7r — arcsin (Sf;)) (3.11)

Because arcsin(x) is only defined on —1 < x <1 there doesn’t exist an equilibrium point if the
load exceeds the capacity of the line, i.e. AP > 2K. This means that the coupling strength
must be higher than the critical coupling strength K, = %. In the case that AP < 2K we
have two equilibrium points and if AP = 2K there is only one equilibrium point given by

o= (3)-0)
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In order to determine the stability of the equilibrium points we calculate the Jacobi matrix:

J— (gglx gfe) _ (—a —2Kcos(A0)>

ot Bf
oAx  OAD 1 0

Then we have the following Jacobian for equilibrium point 73

—y — _ i (AP
a=A —2Kcos (arcszn ( ZK))‘ = (—a—XA)(=\1) + 2Kcos (arcsin <A2]f>>

=1y 0—X\

AP 2
2

=M ta\ +2K/1— (=
AT+ ah (2K>

With eigenvalues given by

”ﬂ/““‘(ﬂm) -2 @) -vaie—ar

A =
! 2 2 2

Similarly, we find for equilibrium point 75:

—a—Xy —2K - in (&2 / AP\?
J(Tz)Z‘ al 2 COS(?TO_CL;’QCS’”L(QK))‘:)\%+a)\2_2K 1_<2K>

—ai\/a2—4<_2KW> :—ai\/<a>2+ 4K? — AP?

Ao =
2 2 2 2
Notice that one eigenvalue of A5 is always a positive real number while both eigenvalues of Ay
always have a negative real part. Consequently, T5 is an unstable equilibrium point and 77 a

stable equilibrium point.
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Figure 3.2: phase plane

In figure 3.2 we see the phase plane corresponding to system 3.10 with parameter values
AP = 4, =1 and K = 4. The blue colored graph represents a trajectory of the solution
for initial values (A6, Ax) = (5, —8) on time-domain [0,5]. The green graph represents another

trajectory for initial values (—10,7) on the same time-domain.
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From the above analysis we know that there is no stable equilibrium point to our system
if the load exceeds the capacity of the transmission line. In this case we have a power outage
and all trajectories converge to a limit cycle. To show this we’ll find a closed area R in which
there exists a solution that stays in this area. Let o > 0 and C be a solution of 3.10, then we
create a rectangle R of width w and height h that encloses C. Because system 3.10 is invariant
under addition of 27, we define w = 27 and observe that the phase space is a rolled up rectangle
with undefined height h. This phase space is illustrated in the figure below where the blue line
represents C.

In the figure above the trajectory C starts at (0,y) and ends at (27, P(y)) where P indicates
the Poincaré map. We observe that at Ay = 0 mod 27 the points y and P(y) don’t necessarily
coincide. In order to show that they actually do coincide, we show that there exists a fixed point
y* of P, i.e. P(y*) =y*. But before we do so, we enroll the above rectangle and we partition R
in two regions partitioned by the nullcline Ax = a~! (AP — 2K sin(A#)) as shown in the figure
below.

Y2
2
Ay a ' (AP — 2K sin(A9))
1
Y
0 27
Af

In region 1 we have Ay < a™! (AP — 2K sin(A#)), which leads to:
Ax = AP — aAx — 2Ksin(Af) > AP — AP + 2K sin(Af) — 2K sin(Af) > 0
In region 2 we have Ay > a™! (AP — 2K sin(Af)) leading to:
Ax = AP — aAy — 2Ksin(Af) <0

Let y; and yo fixed such that 0 < y1 < a~' (AP —2K) and y2 > a~' (AP + 2K). Let C be in
the rectangle with height h = y3 — 41 and width w = 27.
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Now it still remains to be shown that there exists a fixed point y* such that P(y*) = y*.
To show that such a fixed point exists we need to know a little bit more about the graph P(y).
Notice that if we start at the point (A, Ax) = (0,y1) we have a strictly upward flow that
won’t return back to Ay = y; which means that P(y;) > y;. The same argument holds for
(A, Ax) = (0,y2) where we have a strictly downward flow leading to P(y2) < y2. Further,
we have that P(y) is continuous by the theorem that solutions of differential equations depend
continuously on the values of the initial conditions. Because in addition P(y) is monotonic
(otherwise trajectories would cross each other) we have by the intermediate value theorem that
there must exist a fixed point as illustrated in the figure below. The intersection of the purple
line with the red graph represents our fixed point.

Ax(2)
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Chapter 4

Comparative analysis of the
EN-model and the SM-model

Both models can succesfully be applied to power-grids as we shall see later on in Chapter 5. But,
before we apply both models to a test system we first need to perform a comparative analysis
of both models. This will enable us to compare the results obtained by using these two models.
This comparison is already done by Takashi Nishikawa and Adilson E. Motter in their paper
”Comparative analysis of existing models for power-grid synchronization” [2]. Therefore, we’ll
follow their approach in comparing the EN-model with the SM-model. Because the effective
network model and the synchronous motor model have their own kind of swing equation, it is
a necessity to know how these two equations are related. From [2] it is known that these two
swing equations are related to each other in the sense that they can be written in the form:
2H; - D;

(51‘ + 7(5 = Ai — Z Kijsin(éi — 5j — 'Yij) (4.1)
YRoWE =1

where K;; > 0 represents the strength of the dynamical coupling between nodes i and j, 7;; the
phase shift in the coupling between nodes i and j and A;; along with D; determine the inherent
frequency.
The below derivation of the relation between the equation given in 4.1 and the equation used in
the effective network model starts off with the general swing equation of the ith generator in a
network with n-genarators:

2H; . D;

i + —0; = Py — Py (4.2)
WR WR

Because the frequency of a generator is under active control, we assume that all generators are
initially synchronized at the reference frequency in a steady state [2]. This leads to b;=0; =0
and P,,; = P.;. From now on we’ll denote the mechanical power input of a generator in a steady
state power-grid by Py;, thus Py = P,; = P,; in a steady-state. This value P,; is then held
constant in studying stability under the assumptions of the classical model [4] and leads to the

similar swing equation:

2H; . D, .
“0; + —0; = Pyi — Pei
WR

WR

17
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Recall, that the electrical power output is given by P; = Re (EZTZ) and notice that the
effective admittance can be written as V;EN = GEN + jBEN | which leads to [4]:

n
Pt jQi= Bl = B (Z YiENEk> A ST AR
k=1,k#i

= |E;*GEN + Z |E;EpYEN [cos(8y, — 8; + abN)

k=1,k#i
Consequently,
2H; s . D -
— 5 =Py — |EPGEY — > |EBiEY N cos(6i — 6 — oY)
R k=1 ki
or
2H; . D; . - , ™
L0y + —0; = Py — |ELGEN — Y |BEY N |sin(6; — 6 — oY + )
“R WR k=1 ki 2
Defining AFN = — |Ei*?GEN, KEN |E;E; YEN] and 75» = agN % leads to the swing

equation given in 4 1
In the SM-model we introduced the swing equation with respect to the j-th generator in a
network with n-generators by:

0; = P; — a0 + Z jksin(0 — 6;) (4.3)
or if we don’t neglect ohmic losses (see 3.5):

3) (4.4)

n
190; = Pe" — D0 — 2Di00; = Y | BiERYRM [sin(0; — 0 — oM +
We’'ll write equation 4.4 in the form given in 4.1. Remark, that the reference frequency in the
SM-model is given by €2 which is equivalent to the reference frequency of the EN-model which
is given by wg. As in the case of the EN-model, we assume that the power-grid is initially
synchronized at the reference frequency wg in a steady-state. This gives, § = 6 = 0 and

)

n
Py = Pt - DiQ* = PR = N B E Y M sin(0; — 0 — afM + g)

Now we rewrite 4.4:

T (4.5)

n
Liwgl; + 2Diwrl; = Pyi — Y |EiER Y |sin(0; — 0p — i + 5

k=1

The inertia constant H is defined as the stored kinetic energy in megajoules at synchronous
speed divided by the machine rating in mega-volt ampere (ref). Mathematically, this reads:

H =2 "R
Smach
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Doiy2
Where Syqch is the rating of the machine in MVA (ref). Defining D; = ZD;WIS as damping term

we obtain:
2H; . D; . 1 1

b+ =6, = — Py, —
WR Z_'_WR ‘ Smach o

™

2

) (4.6)

n
T > IEEYM [sin(6; — 6, — agi +
k=1
This last equation is normalized to a common MVA base which is commonly used in power
systems studies and doesn’t modify the structure of the equation [2]. This simply means that
both terms on the right-hand side are in per unit (p.u) quantities and we can just write the
equation as

n

2H;

. D, . ] T
0; + —0; = P,; — Z |Ei B Y M | sin(0; — 0, — oM + =) (pu) (4.7)
WR WR 1 2
or
2H; . Dy . - , T
wRZ 0; + @9 =Py — |EPGM = Y |BEYRM|sin(0; — 0 — o + 3) (4.8)

k=1,k+i

Defining APM = Py, — |E;2?GiM, KM = |E;E Y3 M| and v5M = ™ — T leads to the swing
equation given in 4.1.
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Chapter 5

The nine-bus test system

In this chapter we apply both the synchronous motor model as well as the effective network
model to a nine-bus test system. The physical network representation of the nine-bus test
system along with its bus voltages and voltage angles is given in figure 5.1.

1.02643.7 — 1.03242

0 o

®

1.02549.3 1.0164£0.7 1.02544.7
0.9964 — 4 i*
Load A
1.0264£—2.2
v A

1.04040 | ®
()

Figure 5.1: nine-bus test system

This network contains 3 generators indicated by red dots, 3 loads represented by colored
arrows, 9 buses indicated by lines with numbers aside and 3 transformers indicated by wavy
lines. The data concerning the three generators is given in table 5.1 and is taken from [4]. In
this table, H denotes the stored energy at rated speed in MW-s and ac/d the transient reactance
in p.u. on a 100-MVA base. This transient reactance could be used to estimate the electrical
current during a fault condition when the circuit breaker interrupts this fault current. However,
we shall only see this term reappear in the admittance matrices and the representation of the
network machines.

parameters | Generator 1 Generator 2 Generator 3
type hydro steam steam
m/d 0.0608 0.1198 0.1813
H 2364 640 301

Table 5.1: Generator Data

21
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The initial conditions concerning the load-flow and impedances are given in the tables below
and are also taken from [4]. Notice that the impedances are given by Z;; = R, + j X, where
R is the resistance and X, the reactance between elements ¢ and k. The admittance can then
be deduced from the impedance by Yjx = Gix + jBix = 1/Zi;. On the other hand we have
shunt admittances denoted by B/2 which is a result of transmission line modelling and will be
treated in the section about transmission lines below. The power is given in complex form by
S = P+ j@Q where P denotes the Active/Real power and @ the reactive power.

] Gen.No. ‘ Pyen, ‘ Qgen ‘ ’ Load No. ‘ Pioad ‘ Qload ‘

1 71.6 | 27 A 125 | 50

2 163 | 6.7 B 90 | 30

3 85 |-10.9 C 100 | 35

FromBus [ToBus | R | X | B/2 [[FromBus [ ToBus | R X [ B2 |

1 4 0 00576 [ 0 2 7 0 [00625| 0
4 5 [0.010 | 0.085 | 0.088 3 9 0 0058 | 0
4 6 |0.017 | 0.092 | 0.079 7 8 [0.0085 | 0.072 | 0.0745
5 7 10.032] 0.161 | 0.153 9 8 ]0.0119 | 0.1008 | 0.1045
6 9 [0.039] 0.170 | 0.179

Table 5.2: Impedance and load-flow data

5.0.1 Transmission lines

The links in a network represent transmission lines. For the network in figure 5.1 we use a
so-called 7m-model [6]. In this m-model, two nodes are connected by an impedance. Each end of
this impedance is then connected to the ground by a capacitor, both of equal capacitance. This
m-model is illustrated in figure 5.2.

.
:

<
f=al

<
S

T T

Figure 5.2: m-model

The equivalent admittance of the impedance and the shunt capacitors are given by

yzmp:g_'_]b:ﬁ yshunt:%

S

respectively. Notice that the values of the shunt capacitors for the nine bus system are given in
table 5.2. Putting this all together, we have the following admittance matrix representation of
a transmission line:

1 + 7b —1

Y L. . _ | r+jz 2 r+jx
transmission line — —1 1 b
r+jx r+jx + 2
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In the following two sections we will deduce some matrices by applying both models to their
corresponding network structures. This will enable us to model the generators and will lead to
some results with respect to the phase coherence which can then be compared and analysed.

5.1 The effective network model applied

In both models we make use of a matrix to represent the network. Recall that the matrix used
to represent the network in an effective network model is an effective admittance matrix. Before
we’ll derive this matrix we first need a matrix representing the physical network which we’ll
denote by Yg. In order to get this matrix we need a model for both the transmission lines and
the loads. For the transmission lines we take the m-model which was treated on the previous

page.

5.1.1 Loads

Recall that in the effective network model, the loads are represented by constant impedances.
This means that the admittances of the loads are given by [5]:

Pr—jQr
VGt 2
e

Where Py, is the active power of the load, Q1 the reactive power of the load and |V | the magni-
tude of the corresponding bus voltage. These admittances are then added to the corresponding
bus admittances in the admittance matrix Yo of the network.

5.1.2 Admittance matrix of the nine-bus system

We are now able to compute the admittance matrix of the physical network Yo and the adjusted
admittance matrix Yy which takes the equivalent shunt admittances of the loads and the direct
axis transient reactances of the generators into account. Here, we denote with y;; the line
admittance connecting bus i with bus j, B;;/2 the pure imaginairy shunt capacitor admittance
corresponding to the transmission line between buses i and k and we’ll denote with Y7, ;. the
equivalent load admittance conected with bus k. Notice that some of the diagonal elements are
denoted by captial letters Y, with a value given below the matrix. The admittance matrix of
the physical network is then given by:

yia 0 0 —ya O 0 0 0 0
0 yr O 0 0 0 —yor O 0
0 0 wy39 O 0 0 0 0 —ys39
—yan 0 0 Yau —yss—yss 0 0 O
Yo=| 0 0 0 —ysa Ys50 0 —ys7 O O
0 0 0 —ysu 0 Ye6 O 0 —ys
0 —y2 0 0 —ys 0 Yz —yms O
0 0 0 0 0 0 —ysr Yss —ysg
L 0 0 —yo3 0 0 —yos6 O —yos Yoo |
Yig = y1a + ysa + yea + 5542 + jBae Yo7 = yor + ys7 + ysy + 5 57 + 5B
Va5 = yas + yr5 + jBsy + j 242 Yas = yrs + yos + j 258 + j 2

Yo6 = ya6 + Yoo + jBas + 522 Yoo = Y30 + yso + yeo + J 252 + j 552
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5.1.3 Adjusted admittance matrix in the EN-model

The admittance matrix Yo only includes the transmission lines. It measures how easy the
network allows a current to flow from one bus to another as can be seen by Kirchoff’s current
law. Using the values given in table 5.2 leads to the physical admittance matrix given in the
Appendix. The physical admittance matrix Yo can also be abstractly denoted by [2]:

Y88 Ygl
Yo = ‘1’ 0 (5.1)
YE vy

where the matrix is seperated in four blocks with Y§® corresponding to a block with dimensions
ng X ng where ny is the number of generator nodes in the system. This representation will help
us to denote the adjusted matrix in terms of the physical admittance matrix along with the
transient reactances and the equivalent impedances.

Before we compute the adjusted admittance matrix Yy, we give a new representation of the nine
bus system. Recall that in the effective network model, a generator is represented by a constant
voltage source behind transient reactance. This means that the voltage source is of constant
magnitude with variable phae § which is connected to a terminal through a transient reactance
55:1 ;- With this representation in mind we view the new nine bus network as in figure 5.3, where
we renumbered the nodes.

Load C
>

x:i,g @ ‘r;l,?)
- IO 4 D NI-®-®

_® |

Load A

Figure 5.3: nine-bus test system regarding the EN-model

Observe that nodes 1a, 2a and 3a denote the internal nodes of the corresponding generators
at which we have a constant voltage magnitude |E;| and variable phase d;. Nodes 1b, 2b and
3b denote terminal nodes with voltage magnitude |V;| and phase p;. The internal nodes are
connected by a coil representing the transient reactances x; ; corresponding to each generator.
The representation of the nine bus system gven in figure 5.3 allows us to derive the adjusted
admittance matrix Yg as in [2].
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The adjusted admittance matrix has dimensions N x N where N is the sum of the internal
nodes, terminal nodes and the number of buses N = njnt + Nterm + Npus. In case there’s a load
connected to a bus we count only the bus in np,s. This means that Y( has dimensions 12 x 12.
Where we define the adjusted admittance matrix Yé) in abstract manner by [2]:

e o)
~YqfYS8+Yq YT
o | Y& Yi+Y
The matrix in the lower right corner denoted by ?; is a diagonal matrix with equivalent

load admittances Y7 ; at element Y, if there is a load connected to bus 4, otherwise Y1, = 0.
The matrix Yq is a ngy X ng diagonal matrix with transient reactance x:i ; at element Ygq ;.

Now it’s time to compute this adjusted admittance matrix YE, for the nine bus system. This
leads to the matrix:

® O© 0 0 O 6 ®
! o o0 0 0 0 0

—— 0 0 1 0 0
JTg 1 JTg
0 =4 0 0 —! 0 0 0 0 0 0 0
JTg.0 JTg o
0 0 ——| 0 0 ! 0 0 0 0 0 0
\ JZq 3/ JTq .3 )
e N 3 )
=L 0 0 L+ 0 0 L 0 0 0 0 0
ITq,1 S C R 4
-1 —j 1 g
ja;; . 0 0 o == jz; . 0 0 0 0 o 0 0
=il —j 1 g
0 0 jz; : 0 0 Zao aF ja::i ; 0 0 0 0 0 T30
g —1 —1
0 0 0 14 0 0 Yoz T45+JT45 T46+]T46 0 0 0
-1 —1
0 0 0 0 0 0 r45+jT45 Yss 0 r57+JT57 0 0
-1 =l
0 0 0 0 0 0 T46+]T46 0 Yoo 0 0 T69+JT69
g =1 _ -1
0 0 0 0 Za7 0 0 r75+jTTS 0 Yio r78+JT78 0
—1 —1
0 0 0 0 0 0 0 0 0 r78+jrrs Y11 r89+7T89
2 _ =1 —1
L 0 0 0 0 0 39 0 0 r69+J 269 0 r89-+jT89 Yio A
_ Bas | Bas 1 1 _J — Bst | Brs 1 1 _J
Y7 = 32 + B2 + 7“45+1jx45 + r46+7T46 T14 Yio = 32 + B2 + T75+1j9075 + r78+JjT78 To7
— D57 D45 — D78 D89
Y88 o B2 + B2 + 7’45"'1‘7‘7345 + r57+jT57 + YL75 Y11 - B2 + B2 + T78—"—1j:v78 + ng—"—ljajgg + YL78
— Da6 Deg — D89 Deg _ 2
Yo9 = 2 + 2 + r46+7jT46 + r69+JT69 + YL76 Yio 2 + 2 + r69+jTe9 + rg9+jTsg 39

Notice, that the node numbers of the nine bus system given figure 5.3 are shown above the
adjusted admittance matrix Yé,. These node numbers correspond to the columns underneath
them and can be computed in the same order for the rows. By indexing the adjusted admittance
matrix in this way we can easily compute his elements. For example, the admittance between
terminal node 1b and bus 4 is given by Y;,,le = Y67471b = ﬁ, that is the admittance of the
transformator. On the other hand there is no direct connection between 1b and bus 5, thus

/

!
Yo,lb,s = Y0,5,1b =0
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In order to compute the matrix Y6 we first need to compute the equivalent admittances of the
loads. These can be calculated using the bus voltages given in figure 5.1 and the load-flow data
from table 5.2. The bus voltages in figure 5.1 are stated as a magnitude |V| with corresponding
phase i in degrees aside them. We'll define them as V = |V|e/* with u in radians. These
equivalent admittances of the loads take the values:

Y15 = 1.2601 — 0.50405 Y16 = 0.8770 — 0.2923; Y8 = 0.9688 — 0.3391j

Using this information we compute the matrix Y6 which is given in the Appendix. Now we use
a Kron reduction in order to eliminate all non-generator nodes. For this procedure we partition
the adjusted admittance matrix Yé) in four blocks as can be seen in the matrices on the previous
page. Let the green block be denoted by Y 3,3, the blue block by Y 3.9, the yellow block by
Y9x5 and the red block by Yo gx9. Then, the effective admittance matrix is computed with
the formula:

YEN = Y6,3x3 - Y6,3><9 ’ Ya,gxg ’ 6,9x3

This effective network admittance matrix is also given in the Appendix and will be used to obtain
the matrix P given in 2.4. Before we’re able to compute the P matrix we need to calculate the
internal voltages of the generators, that is F; = |F;|e’%. These are the voltages whose phase
angle coincides with the rotor angle of the corresponding generator by assumption of the classical
model. These internal voltages change over time, but since we know the initial conditions of the
nine-bus system we’re able to calculate the initial internal voltages with the formulas [5]:

E;=Vi+jxq; I (5.2)
L] (5.3)
Vi
This leads to:
FEy = 1.0558 4+ 0.04195 FEo = 0.9885 4+ 0.3549;5 FE3 =0.9900 4 0.23225

Now, we’re able to compute the P matrix and thus its eigenvalues, where the smallest nonzero
eigenvalue is given by:
ag = 75.5117

From which we obtain £,,; = 17.3795. Using this, we can specify optimal droop parameters R;
and damping coefficients D; for each generator if one of those are already given. In the case of
no damping we have optimal droop parameters:

Ry =0.0012 Ry = 0.0045 R3 = 0.0096

Some other parameters concerning the nine-bus system are given in the table below. Notice that
the 2-norm of the symmetric and antisymmetric parts justify our reasoning in the diagonalizing
part of the P” matrix.

phase difference effective network physical network
mean |d;;|/7 | mean |Gyj| mean |Bjj| mean|G;| mean |B;j|
0.0647 0.2365 1.2756 0.9499 11.9540
2-norm P’

Symmetric | Antisymmetric
125.1476 | 2.0741

Table 5.3: Network data
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5.2 The Synchronous motor model applied

In the synchronous motor model we represent the nine-bus system in the same manner as in the
effective network model. Thus, we still represent the physical network of the nine-bus system
by the physical admittance matrix Yo. However, the adjusted matrix Y;) will change since
the loads are modelled as synchronous motors rather than constant impedances. This means
that the loads are modelled by the same equation of motion as that used for generators, that is
equation 3.5 or 3.8. The complication that arises by choosing this modelling method is that we
don’t exactly know the values of certain parameters as the inertia constants H; and the transient
reactances l‘/d ;, of the motors. But before we dive in to some of the specifics of this modelling
problem, we start with giving an alternative representation of the nine-bus system in which the
loads are replaced by synchronous motors:

Figure 5.4: nine-bus test system regarding the SM-model

Notice, that we’ve added some nodes and numbered them. This way of representing the
nine-bus system leads to a model with six internal nodes and transient reactances. In addition
we’ve three machines who are already synchronized. These are the machines representing the
loads. This isn’t necessarily the case but for the sake of simplicity we take this as an assumption.
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5.2.1 Adjusted admittance matrix in the SM-model

The above representation allows us to derive an adjusted admittance matrix of the nine-bus
system with respect to the synchronous motor model. This adjusted matrix that will be denoted
by Yg will be a N' x N' matrix where N = n;nt —}—n;erm + Npyus With n;nt the number of internal
nodes, n;erm the number of terminal nodes an ny,s the number of buses. This means that the
nine-bus system has dimensions 15 x 15 corresponding to all network nodes given in figure 5.4.

Abstractly, we can denote this adjusted admittance matrix by:

"Yq O ~Yq 0
0 Y, 0 ~Yq
Y, = ; (5.4)
-Yq 0 —Ty +Yq To
o -YI TF  Ylivg

where Y:j is defined as diagonal matrix with the transient reactances of motors on its diag-
onal. Because of the size of the adjusted matrix, we’ll just compute clored blocks used in the
abstract notation of Yg along with corresponding column and row indexing. Notice that the

matrix Yg is the transpose of 3?;.

@@@@g@

0 0 0

7

T4 . Zas
To—| 0 00 L 0 0 (@) - oio
000 0 0 ;L |Gy 0 0?1,8

- o o O O@
o o o o O O@

W ®
, ® L0
Yr = ’ I @ Ty =| 0 9%27
0 0 Q) 0 0 -
0 0 1 39
JTg 8
Lo 0 0 0 09
00 POO®
0 7= 0 0 0 0
Ya=|0 0 ZF-0 0 0
00 0 0 30
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Since the matrix Yg is part of the physical admittance matrix given in 5.1, we’re able
to compute the adjusted admittance matrix if we know the values of the transient reactances

/ /

Ty L6 Lag However, from [2] we know that the transient reactances are estimated by the
formula :c;“ = (92.8) - P13, Thus:

,5 = 0.2914 = 0.2098 ,s = 0.2331

Using these values allows us to compute the adjusted admttance matrix Yg which is given in
the Appendix. Now, we use a Kron reduction in order to eliminate all nodes except the six
internal nodes corresponding to the generators and loads. This means that we use formula 2.1
by partitioning the matrix given in 5.4 as illustrated in the matrix below:

Yq O Yy 0

’

0o Y, 0 Y4
-Yyq4 0 —Tlo +Yy To (55)
0o -YI TF  Ylivg

The resulting effective admittance matrix will be denoted by YSM and is given in the Ap-
pendix. Notice that this effective admittance matrix isn’t enough for modelling the swing equa-
tion, because we’re still missing the values of the inertia constants H; and the internal voltage
magnitudes with corresponding angles of the synchronous motors. However, the inertia constants
can be determined by the formula H; = 0.04 - P; from [2]. This leads to

Hs = 0.0500 Hg = 0.0360 Hg = 0.0400

Now, by using formulas 5.2 and 5.3 we’re able to compute the internal voltages corresponding
to the synchronous motors:

Es =1.1650 + 0.2851¢ Eg =1.0849 4 0.1166¢ Ly =1.0934 + 0.2428¢

At this moment we have computed all parameters which are needed in order to model the
nine-bus system. The modeling of the nine bus system will be discussed in the next section.
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5.3 Modeling of the nine-bus system

In this section we’ll model the nine-bus system with both the EN-model as well as the SM-
model. Recall that the network is represented differently in both models. In the case of the
effective network model we have an effective network with 3 oscillators. And in the case of the
sychronous motor model we have a network consisting of 6 oscillators. The red nodes in figure
5.5 indicate the generators and the black nodes the loads. Because all transient reactances wim
are positive, we have a complete graph in both models. This is a result which follows from a
property of Kron reduction and can be found in [2].

2a 5a 2a

8a la la

3a 6a 3a

Figure 5.5: network in case of the SM model (left) and the EN model (right)

In Chapter 4 we showed that the swing equations of both models can be rewritten in a general

form given by [2]:

2H; - D
0i + —
WR WR

5 = A,‘ — Z K@'Siﬂ(éi — (Sj — ”yij)
j=1j#i
We'll use this swing equation under the assumption of no-damping in order to model the nine-bus
system, that is
2H;

WR

5@ = Az - Z Kijsin(éi - (5]‘ - ’Yij) (56)
j=1,5#i

From Chapter 4 we know that the parameters A;, K;;,Y;; and v;; are different in both models
as can also be seen in the table below:

Parameters. EN-model SM-model
Kij KEN = |EE;YFN| KM = |BE;Y M|
o | dV=eB-g | M-edi-g
Yi; YEN = [V PN |exp(jalN) | VM = |V M |exp(jaiM)
A; generators AfN =P — |Ei|2G5N AfM =P - |E¢\2G5M
A; loads - ASM = _p, — |E;|PGM

Notice that there is no value given in the EN-model for the loads A; since they are modeled
as equivalent impedances. The parameters as stated in the table above are determined with
matlab and given in the Appendix.
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Using the parameters of the Swing equation as stated in the Appendix, we're able to solve
the Swing equation given in 5.6 numerically. Before doing this, we rewrite 5.6 as a system of
two first-order differential equations:

2H; . .
w Zwi = Az — Z Kijsm(éi — (Sj — ’yij)
f j=Lii

(5i:wi—wR

With wg the reference frequency of the network. This system is solved in matlab with ode4b
which is based on the Runge-Kutta method. The initial angles are the angles corresponding to
the internal voltages F1, Fo and Ej3, i.e. the angles in degrees:

£F1 =22704 £FE2 =19.7510 £FE3 =13.2023

The initial frequency is taken equal to the reference frequency of the network, which is 60H z or
in radians per second 60 - 27.

The graphs of the angles corresponding to the generators are shown in figures 5.6 and 5.7 below.
These graphs are called Swing curves and show how the angles measured from a synchronously
rotating reference frame behave over time. The time interval chosen is [0, 2] as shown on the
x-axis of the plots. The angles are measured in degrees and are shown on the y-axis.

generator angles generator angles
T T T T T T
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Figure 5.6: EN-model Figure 5.7: SM-model

From the figures above we see that the angles in the EN-model follow an slightly upward trend
while the angles in the SM model follow a downward trend. This trend can also be observed
when we extend the time interval. These differences in trends can be a consequence of the
difference in modeling of the loads. We know that in the EN-model the loads are considered to
be constant impedances. Thus the demand of electrical power in the network doesn’t change.
On the other hand, the loads in the SM-model are considered to be synchronous motors which
means that the demand is changing over time.
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Because the loads are modeled as synchronous motors in the SM-model we’re able to com-
pute their angles. The figure below shows the Swing curves for the synchronous motors. We

maotor angles

matar &
motor &
matar &

observe that the angles of the motors changes almost the same over time. Thus the motors
are indeed synchronized. We can also observe that the phase difference is sometimes positive
and sometimes negative. This behavior corresponds to an acceleration of the rotor if the phase
difference increases or a deceleration of the rotor if the phase difference decreases.
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5.4 Comparison between the EN-model and SM-model

In order to compare both models we introduce the concept of the order parameter. The order
parameter is defined by [3]:

r(t) = % 3 et (5.7)
k

With 60 (t) the phase difference of oscillator k at time t and N the number of oscillators in
the network. The phase of the order parameter is the average phase of all oscillators in the
network. Hence, the order parameter r gives an indication on the phase cohesiveness. If the
order parameter takes on the value 0 than we have an incoherent network and if » = 1 than the
network is said to be coherent. We can illustrate this order parameter by a unit circle in which a
line takes the angle of r with respect to the positive x-axis and the length of the line represents
the modulus of r. Because the order parameter depends on the time we will just show it for
particular times. Figures 5.8 and 5.9 give the order parameter at ¢ = 1 for both models.

1

1

0gr ner

06 06 -
04r 0.4r
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Ruik:] 3 D&

Figure 5.8: EN-model Figure 5.9: SM-model

It is probably more interesting to see the modulus of the order parameter against the time. This
is illustrated in the figure below for both models.

0.99215 T T T T T T T T T 0.995

059214} 09945

(0.994 -
099213 1
0.9936 -
099212
0993 -

099211 1
0.9926 +

09921 0092

0.99209 L 1 1 1 1 L L L L 0.9915 . L L L L L . . L
1} oz 04 06 08 1 12 14 16 18 2 0 0z 04 06 08 1 12 14 16 18 2

Figure 5.10: EN-model Figure 5.11: SM-model

Notice that figures 5.8 and 5.9 are almost the same. Figures 5.10 and 5.11 give a better view
on the order parameter and we see that the phase coherence doesn’t change much in the time
interval [0, 2]. In both models are the generators coherent since the modulus is near 1.



34

CHAPTER 5. THE NINE-BUS TEST SYSTEM



Chapter 6

Concluding remarks

The results of this study show that the droop parameter and the damping coefficient can be
adjusted so that the stability of the synchronous state can be improved. On the other hand,
we’ve shown that the governing equation of motion for both models can be rewritten in a general
form. The parameters for this general second-order differential equation are determined with
Matlab for both models and stated in the Appendix. The effects of modeling the loads as
synchronous motors and as constant impedances were shown in the Swing curves obtained by
solving both swing equations. Because of the differences between the swing curves of the EN-
model and SM-model we can conclude that the modeling of the loads has a substantial impact on
the behavior of the generators in the nine-bus system. At the end of the thesis we considered the
order parameter and evaluated it at different times. By programming the order parameter for
the nine-bus system in Matlab it could be seen that the oscillators in both models are coherent
during the time interval [0, 2].
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Chapter 7

Appendix A

7.1 Computations regarding the nine bus system

In chapter 4 we saw a few matrices with respect to the nine bus test system. The matrices
regarding the physical network, the adjusted network, the matrix P and the effective network

are given below and are computed with Matlab.

The physical network is given by Yo and reads:

—17.36115 0 0 17.36115 0 0 0
0 —16 0 0 0 0 165
0 0 —17.06485 0 0 0 0
1736115 0 0 3.3074—39.3089; —1.3652+11.60415 —1.9422+10.5107; 0
0 0 0 —1.3652+11.60415 2.5528—17.3382; 0 —1.1876+5.9751;
0 0 0 —1.9422+10.5107; 0 3.2242—15.8409; 0
0 165 0 0 —1.1876+5.9751; 0 2.8047—35.4456,
0 0 0 0 0 0 —1.6171+13.6980;
0 0  17.06485 0 0 —1.282045.5882; 0

o o o o

0
0

—1.6171+13.6980;
2.7722-23.3032;

—1.1551+9.7843;

The adjusted admittance matrix YB regarding the effective network model is given by:

~16.44745 0 0 1644745 0 0 0 0 0
0 834725 0 0 8.3472; 0 0 0 0
0 0 —55157j 0 0 5.5157j 0 0 0
16.44745 0 0 —338085 0 0 17.36115 0 0
0 83472 0 0 —243472f 0 0 0 0
0 0 55157j 0 0 —22.58065 0 0 0

0 0 0 17.36115 0 0 3.3074-39.3089j —1.3652+11.60415 —1.9422+10.5107]
0 0 0 0 0 0 —1.3652+11.60415 3.8129—17.8423; 0

0 0 0 0 0 0 —1.9422+10.5107j 0 4.1012—16.13335
0 0 0 0 165 0 0 —1.1876+5.97515 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 17.0648j 0 0 —1.2820+5.5882;

The effective admittance matrix YEN:

0.8452—2.98805 0.2869+1.5131j 0.2095+1.2257j
0.2869+1.51315 0.4199—2.7238; 0.2132+1.0880]
0.2095+1.2257j  0.2132+1.0880j 0.2769—2.3681;

39

0
0
17.0648;

0
0
—1.2820+5.5882;
0
—1.1551+9.7843;
2.4371-32.15395

0 0 0
0 0 0
0 0 0
0 0 0
165 0 0
0 0 17.0648
0 0 0
—1.1876+5.97515 0 0
0 0 —1.2820+5.5882)
2.8047—35.44565 —1.6171+13.6980; 0

—1.6171+13.69805 3.7410—23.64235 —1.15514-9.7843;5
—1.15514+9.7843;5 2.4371-32.1539;

0
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The matrix P: .
241842  —13.5330 —10.6512

—44.3533  77.5886  —33.2353
—78.3067 —73.9188 152.2254

The adjusted admittance matrix YS regarding the synchronous motor model is given by:

1644745 0 0 0 0 0 16.4474j 0 0 0 0 0 0 0 0
0 -83472j 0 0 0 0 0 8.3472j 0 0 0 0 0 0 0
0 0 —55157j 0 0 0 0 0 5.51575 0 0 0 0 0 0
0 0 0 -34320f 0 0 0 0 0 0 3.43205 0 0 0 0
0 0 0 0 —47666j 0 0 0 0 0 0 4.7666, 0 0 0
0 0 0 0 0 —4.2809; 0 0 0 0 0 0 0 4.2809j 0
1644745 0 0 0 0 0 —33.80855 0 0 17.36115 0 0 0 0 0
0 8.3472) 0 0 0 0 0 —2434725 0 0 0 0 165 0 0
0 0 55157j 0 0 0 0 0 —22.5806; 0 0 ~1.9422+410.5107j 0 0 17.0648;
0 0 0 0 0 0 1736115 0 0 3.3074—39.3089) —1.3652+11.60415 0 0 0 0
0 0 0 343205 0 0 0 0 0 —1.3652+11.6041j 2.5528—20.7702; 0 —1.1876+5.9751; 0 0
0 0 0 0 47666j 0 0 0 0 —1.9422410.5107j 0 3.2242-20.6075 0 0 ~1.2820+5.5882;
0 0 0 0 0 0 0 165 0 0 —1.187645.97515 0 2.8047—35.4456] —1.6171413.69805 0
0 0 0 0 0 4.2899j 0 0 0 0 0 0 —1.6171+13.6980j 2.7722—27.5932j —1.1551+9.7843;
0 0 0 0 0 0 0 0 17.0648; 0 0 —1.2820+5.5882; 0 —1.155149.7843; 2.4371—32.15395

The effective admittance matrix YSM:

0.1914-4.20145  —0.07384-0.81625 —0.06954+0.63775  0.02404+1.11005  —0.0143+1.4270; —0.0637+40.5496;
—0.07384-0.81625  0.1202—3.30675  —0.0052+0.64605 —0.0233+0.58265 —0.0437+0.43785  0.0260+1.08435
—0.06954-0.63775 —0.005240.64605  0.1042—2.73515  —0.0246+0.26205 —0.0241+0.63555  0.0226+0.77585
0.0240+1.11005  —0.023340.58265 —0.0246+0.26205  0.0634—2.51605  —0.0154+0.4027j —0/0237+40.3221;
—0.0143+41.42705 —0.0437+0.43785 —0.0241+0.63555 —0.0154+0.40275  0.1313—3.07935  —0.0328+0.40215
—0.0637+40.54965  0.0260+1.0843; 0.0226+0.77585  —0.0237+0.3221 —0.0328+0.40215  0.0725—2.92405
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The parameters of the Swing equation for both the EN-model as well as the SM-model are
given in the table below:

Parameters.

EN-model

SM-model

Yij

KN, =1.7091
KN, =1.3361

K3, =1.1841

vEN, = —0.1874
Vo, = —0.1693

vi%, = —0.1935

AEN = —0.2276
AEN =1.1669

AEN — (.5636

KM, =0.9095
KM, = 0.6893
K5M, =0.69
KM, =0.3210
KM, = 0.5274
V54 e = 0.0902
i, = 0.1085
Yok, = 0.0080
V305, = 0.0937
V5, = 0.0382
ATM = 0.5023

ASM = —1.3411

KM, =1.4071
KM, =0.6548
KM, =1.6454
KM, = 0.8840
KM, =0.4338
Vig, = —0.0217
Vinge = 0.1153
Vi, = 0.0100
Virka = —0.0291
54, = 0.0733
ASM = 1.4974

ASM = —1.0563

KsM, =0.7345
K5, = 0.5042
KM, =1.2759
KM, =0.7057
KgM, = 0.5420
V54, = 0.0399
Vot = 0.0995
Vorb, = —0.0240
Vina = 0.0380
York, = 0.0814
ASM = 0.7422

ASM = —1.0909
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7.2 Appendix B

The first code is used to model the nine-bus system with the EN-model

%EN-model
clear all; clc;

hgenerator data

base=100;
x_dacc1=0.0608; x_dacc2=0.1198; x_dacc3=0.1813; %in pu
H1=2364/base; H2=640/base; H3=301/base;

%Line and transformer data, all values in pu on 220kV, 100MVA base

X14=0.0576; Jtransformer reactance without transient reactance x_dacc
X27=0.0625; Ytransformer reactance without transient reactance x_dacc
X39=0.0586; Ytransformer reactance without transient reactance x_dacc
X45=0.0850; R45=0.01; halfYB45=0.088;
X46=0.092; R46=0.0170; halfYB46=0.079;
X57=0.161; R57=0.032; halfYB57=0.153;
X69=0.17; R69=0.039; halfYB69=0.179;
X78=0.072; R78=0.0085; halfYB78=0.0745;
X89=0.1008; R89=0.0119; halfYB89=0.1045;

%Active power P and Reactive power Q

Plgen=71.6/base; Qlgen=27/base; P1load=0; Q1load=0;
P2gen=163/base; Q2gen=6.7/base; P2load=0; Q2load=0;
P3gen=85/base; Q3gen=-10.9/base; P3load=0; Q3load=0;
Pb5gen=0; Q5gen=0; P5load=125/base; Q5load=50/base;
P6gen=0; Q6gen=0; P6load=90/base; Q6load=30/base;
P8gen=0; Q8gen=0; P8load=100/base; Q8load=35/base;

%Bus voltages and angles(degrees)

E1=1.040; angleE1=0; Y%slack bus

E2=1.025; angleE2=9.3; E22=E2*exp(li*angleE2*(pi/180));
E3=1.025; angleE3=4.7; E33=E3*exp(li*angleE3*(pi/180));
E4=1.026; angleE4=-2.2; E44=E4xexp(li*angleE4*(pi/180));
E5=0.996; angleE5=-4; E55=E5*exp(li*angleE5*(pi/180)) ;
E6=1.013; angleE6=-3.7; E66=E6*exp(li*xangleE6*(pi/180));
E7=1.026; angleE7=3.7; E77=E7*exp(li*angleE7*(pi/180));
E8=1.016; angleE8=0.7; E88=E8*exp(1li*angleE8*(pi/180));
E9=1.032; angleE9=2.0; E99=E9*exp(li*xangleE9* (pi/180));

%Current into the network at buses 1,2 & 3; transient internal voltages,
%and equivalent shunt admittances are given for the loads at buses 5,6 & 8.
I1=(Plgen-1i*Qigen)/(E1);

I2=(P2gen-1i*Q2gen)/(conj(E22));

I3=(P3gen-1i*Q3gen) /(conj(E33));

Elacc=El1+1i*x_dacclx*I1;

E2acc=E22+1i*xx_dacc2*I2;

E3acc=E33+1i*xx_dacc3%*I3;
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Y_L5=((P5load-1i*Q5load)/(E5°2));
Y_L6=((P6load-1i*Q6load)/(E6°2));
Y_L8=((P8load-1i*Q8load)/(E8°2));

%Impedance matrix elements

Z14=X14x%1i; 211=714;

Z27=X27*11i; 222=727,;

Z239=X39%11; Z33=739;

Z41=X14x%11i; Z45=R45+1i%X45; ZA46=R46+1i*X46; Z44=741+745+746;
754=R45+11i%X45; Z57=R57+11i*X57; Z55=7Z54+757;

Z64=R46+11*X46; Z69=R69+11*X69; Z66=764+7Z69;

Z75=R57+11*X57; Z272=X27*11; Z278=R78+X78%1i; ZT7T7=Z75+2Z72+778;
Z87=R78+X78%11i; Z89=R89+X89x*1i; Z88=Z87+Z89;

293=X39%11; Z98=R89+X89*11i; Z96=R69+X69*1i; Z99=793+7298+796;

%admittance matrix

Y14=1/(Z14); Y41=Y14; Y11=Y14;
Y27=1/(227) ; Y72=Y27; Y22=Y27;
Y39=1/(Z39); Y93=Y39; Y33=Y39;
Y45=1/745; Y54=Y45; Y46=1/746; Y64=Y46;
Y57=1/Z57; Y75=Y57; Y69=1/7269; Y96=Y69;
Y78=1/7Z78; Y87=Y78; Y98=1/798; Y89=Y98;

Y44=Y14+Y54+Y64+halfYB45*1i+halfYB46*11];
Y55=Y45+Y75+halfYB57*1i+halfYB45x%1i;
Y66=Y46+Y96+halfYB46*1i+halfYB69*11i;
Y77=Y27+Y57+Y87+halfYB57*1i+halfYB78*11;
Y88=Y78+Y98+halfYB78%1i+halfYB89*11i;
Y99=Y39+Y89+Y69+halfYB89*1i+halfYB69*11;

y=[v11,0,0,-Y14,0,0,0,0,0; 0,Y22,0,0,0,0,-Y27,0,0; 0,0,Y33,0,0,0,0,0,-Y39;...
-Y41,0,0,Y44,-Y45,-Y46,0,0,0; 0,0,0,-Y54,Y55,0,-Y57,0,0;...
0,0,0,-Y64,0,Y66,0,0,-Y69; 0,-Y72,0,0,-Y75,0,Y77,-Y78,0; ...
0,0,0,0,0,0,-Y87,Y88,-Y89;0,0,-Y93,0,0,-Y96,0,-Y98,Y99] ;

Yd = [1/(x_dacc1*1i),0,0; 0,1/(x_dacc2*1i),0; 0,0,1/(x_dacc3*1i)];
YOaccent ([1:3],[1:3]) = Yd;

YOaccent([1:3],[4:6]) = -Yd;

YOaccent([1:3],[7:12]) = zeros(3,6);

YOaccent([4:6],[1:3]) = -Yd;

YOaccent([4:6],[4:6]) = Y([1:3],[1:3])+Yd;

YOaccent ([4:6],[7:12]) = Y([1:3],[4:9]1);

YOaccent ([7:12],[1:3]) zeros(6,3);

YOaccent ([7:12],[4:6]) transpose (YOaccent ([4:6],[7:12]));
YOaccent ([7:12],[7:12]) =Y([4:9],[4:9]);

YOaccent (8,8)=Y0accent(8,8)+Y_L5;
YOaccent(9,9)=Y0accent(9,9)+Y_L6;
YOaccent(11,11)=YOaccent(11,11)+Y_LS8;
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%Applying Kron reduction as in the nature physics paper

Ylinksboven

Yrechtsboven

Ylinksonder

= YOaccent([1:3],[1:3]);
= YOaccent([1:3],[4:12]);
= YOaccent([4:12],[1:3]);

Yrechtsonder = YOaccent([4:12],[4:12]);
Ynieuw = Ylinksboven-Yrechtsboven*inv(Yrechtsonder)*Ylinksonder; %or Y"EN

hi

T ol dotoh ot ththhAlso computes Ynieuw/Y EN

Yd = [1/(x_dacc1%*1i),0,0; 0,1/(x_dacc2*1i),0; 0,0,1/(x_dacc3*1i)];

Yt = [(-1/(X14))*1i,0,0; 0,(-1/(X27))*1i,0; 0,0,(-1/(X39))*1i];

Ygl = zeros(3,6); Ygl(1,1)=(1/X14)*1i; Ygl(2,4)=(1/X27)*1i; Ygl(3,6)=(1/X39)*1i;

YOaccent ([1:
YOaccent ([1:
YOaccent ([1:
YOaccent ([4:
YOaccent ([4:
YOaccent ([4:
YOaccent ([7:
YOaccent ([7:
YOaccent ([7:

31,[1:3]1) = Yd4;
3]1,[4:6]) = -Yd;
31,[7:12]) = zeros(3,6);
6],[1:3]) = -Yd;
6],[4:6]) = Yt+Yd;

6],[7:12]) = Ygl;
12],[1:3]) = zeros(6,3);
12],[4:6]) = transpose(Ygl);

12]1,[7:12]1) = [halfVB45x1i+halfYB46%1i+Y45+Y46+Y14, -Y45, -Y46,0,0,0;...
-Y45,halfYB57*1i+halfYBA5%1i+Y45+Y57+Y_L5,0,-Y57,0,0;. ..
-Y46,0,halfYB46%1i+hal fYB69*1i+Y46+Y69+Y_L6,0,0,-Y69;. ..
0,-Y57,0,halfYB57*1i+halfYB78*1i+Y57+Y78+Y27,-Y78,0;. ..
0,0,0,-Y78,halfYB78%1i+halfYB89*1i+Y78+Y89+Y_L8,-Y89;. ..
0,0,-Y69,0,-Y89,halfYB89*1i+halfYB69*1i+Y69+Y89+Y39] ;

%Applying Kron reduction as in the nature physics paper

Ylinksboven

Yrechtsboven

Ylinksonder

= YOaccent([1:3],[1:3]);

= YOaccent([1:3],[4:12]);

= YOaccent([4:12],[1:3]);

Yrechtsonder = YOaccent([4:12],[4:12]);
Ynieuw = Ylinksboven-Yrechtsboven*inv(Yrechtsonder)*Ylinksonder;

h}

Jiparameters

Kla2a=abs(Elacc*E2acc*Ynieuw(1,2))
Kla3a=abs(Elacc*E3acc*Ynieuw(1,3))
K2a3a=abs(E2acc*E3acc*Ynieuw(2,3))
gammala2a=angle(Ynieuw(1,2))-(pi/2)
gammala3a=angle(Ynieuw(1,3))-(pi/2)
gamma2a3a=angle (Ynieuw(2,3))-(pi/2)
Ala=Pigen-(abs(Elacc) "2)*real(Ynieuw(1,1))
A2a=P2gen-(abs(E2acc) "2) *real (Ynieuw(2,2))
A3a=P3gen-(abs(E3acc) "2) *real (Ynieuw(3,3))
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%Power angle equations
Pelc=0@(deltal,delta2,delta3d) (abs(Elacc)) 2*real(Ynieuw(1,1))+...
abs(Elacc)*abs(E2acc)*abs(Ynieuw(1,2))*cos(deltal-delta2-angle(Ynieuw(1,2)))+. ..
abs(Elacc)*abs(E2acc) *abs(Ynieuw(1,3))*cos(deltal-delta3-angle(Ynieuw(1,3)));
Pe2c=0(deltal,delta2,deltal3) (abs(E2acc)) 2*real(Ynieuw(2,2))+...
abs (E2acc) *abs (Elacc) *abs(Ynieuw(2,1) ) *cos(delta2-deltal-angle(Ynieuw(2,1))). ..
+abs (E2acc) *abs (E3acc) *abs (Ynieuw(2,3) ) *cos(delta2-delta3-angle(Ynieuw(2,3)));
Pe3c=0(deltal,delta2,delta3d) (abs(E3acc)) 2*real(Ynieuw(3,3))...
+abs (E3acc) *abs (Elacc) *abs (Ynieuw(3,1) ) *cos(delta3-deltal-angle(Ynieuw(3,1)))...
+abs (E3acc) *abs (E2acc) *abs (Ynieuw(3,2) ) *cos(delta3-delta2-angle(Ynieuw(3,2)));

omegaR=60*2*pi ;
ff =@(tt,deltaa) [deltaa(4)-omegaR; deltaa(5)-omegaR; deltaa(6)-omegaR;. ..
(omegaR/ (2*H1) ) * (P1gen-Pelc(deltaa(l) ,deltaa(2) ,deltaa(3)));...
(omegaR/ (2*H2) ) * (P2gen-Pe2c(deltaa(l) ,deltaa(2) ,deltaa(3)));. ..
(omegaR/ (2xH3) ) * (P3gen-Pe3c(deltaa(l) ,deltaa(2),deltaa(3))) 1;
[tt,xaal = ode45(ff,[0 2], [angle(Elacc) angle(E2acc) angle(E3acc) omegaR omegaR omegaR]) ;

figure ¥ create new figure
subplot(2,1,1) % first subplot

plot (tt,xaa(:,1)*(180/pi),’b’)

hold on
plot(tt,xaa(:,2)*(180/pi),’g’)

hold on
plot(tt,xaa(:,3)*(180/pi), ’m’)
title(’generator angles’)
subplot(2,1,2) % second subplot

plot (tt, (xaa(:,4)));

hold on

plot(tt, (xaa(:,5)));

hold on

plot(tt, (xaa(:,6)));
title(’frequencies’)

figure ¥ create new figure

plot(tt, (xaa(:,2)-xaa(:,1))*(180/pi))
hold on

plot(tt, (xaa(:,3)-xaa(:,1))*(180/pi),’c’)
title(’Angle differences’)

hi

%order parameter with unit circle

xy = linspace(0,2*pi,120);

magn = 21;%length(xaa);

%order parameter with unit circle
r=(1/3)*(exp(li*xaa(magn,1))+exp(lixxaa(magn,2))+exp(li*xaa(magn,3)))
rl =real(r); r2 =imag(r);

figure

plot([0,r1],[0,r2])

hold on
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scatter(0,0)

hold on

scatter(rl,r2,’filled’)

hold on

plot(cos(xy), sin(xy))

hY
r=(1/3)*(exp(li*xaa(:,1))+exp(li*xaa(:,2))+exp(li*xaa(:,3)))
modulus=abs(r) ;

xy = linspace(0,2,45);

figure

plot (xy,modulus)

set(gca, ’YTickLabel’, get(gca,’YTick’))

oo 1ooTo o JoTo o o o ToTo o o o ToTo o o o ToTo o o o ToToTo o o ToTo o o o ToTo o o o ToTo o o o To T o o o To o o o o To o o o o To o o o To T o o o To T o o o

JNature Physics; Spontaneous Synchrony in power-grid networks

%Values given in Supplementary Table S1

%Physical network values

meanabsGphysical=sum(sum(abs(real (triu(¥,1)))))/9
meanabsBphysical=sum(sum(abs (imag(triu(Y,1)))))/9

heffective network values

meanabsGeffective=sum(sum(abs(real (triu(Ynieuw,1)))))/3
meanabsBeffective=sum(sum(abs(imag(triu(Y¥nieuw,1)))))/3

Jmean absolute value angles divided by pi
meanphasedifferences=(abs(angle(Elacc)-angle(E2acc))...

+abs (angle (E2acc)-angle(Elacc))+abs(angle(Elacc)-angle(E3acc)). ..
+abs (angle (E3acc)-angle(Elacc))+abs (angle(E2acc)-angle(E3acc)). ..
+abs (angle (E3acc) -angle (E2acc)))/ (6*pi)

%Values given in Table 1:Structural properties and synchronization
%Stability of the Systems considered.
P= zeros(3,3);
P(1,2)= (omegaR*abs(Elacc)*abs(E2acc))/(2*H1)*(real(Ynieuw(1,2))...
*sin(angle(Elacc)-angle(E2acc))-imag(Ynieuw(1,2))*cos(angle(Elacc)-angle(E2acc)));
P(1,3)= (omegaR*abs(Elacc)*abs(E3acc))/(2*H1)*(real(Ynieuw(1,3))...
*sin(angle(Elacc)-angle(E3acc))-imag(Ynieuw(1,3))*cos(angle(Elacc)-angle(E3acc)));
P(1,1)=-P(1,2)-P(1,3);
P(2,1)= (omegaR*abs(E2acc)*abs(Elacc))/(2*H2)*(real(Ynieuw(2,1))...
*sin(angle (E2acc)-angle(Elacc))-imag(Ynieuw(2,1))*cos(angle(E2acc)-angle(Elacc)));
P(2,3)= (omegaR*abs(E2acc)*abs(E3acc))/(2*H2)*(real(Ynieuw(2,3))...
*sin(angle(E2acc)-angle(E3acc))-imag(Ynieuw(2,3))*cos(angle(E2acc)-angle(E3acc)));
P(2,2)=-P(2,1)-P(2,3);
P(3,1)= (omegaR*abs(E3acc)*abs(Elacc))/(2+H3)*(real(Ynieuw(3,1))...
*sin(angle(E3acc)-angle(Elacc))-imag(Ynieuw(3,1))*cos(angle(E3acc)-angle(Elacc)));
P(3,2)= (omegaR*abs(E3acc)*abs(E2acc))/(2+H3)*(real(Ynieuw(3,2))...
*sin(angle (E3acc)-angle(E2acc))-imag(Ynieuw(3,2))*cos(angle(E3acc)-angle(E2acc)));
P(3,3)=-P(3,1)-P(3,2);
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eigenvaluesP=eig(P)

%We see that all eigenvalues of P are positive real numbers.

%So the real part of lambda attains its minimum at -beta/2

%The eigenvalues for the optimal system are given in lambdal=lambda2

betal=2*sqrt(eigenvaluesP(1));

beta2=2*sqrt (eigenvaluesP(2));

beta3=2*sqrt(eigenvaluesP(3));

lambdal=real (-(beta2/2)+(1/2)*sqrt(beta2~2-4xeigenvaluesP(2)))

lambda2=real (- (beta2/2)-(1/2) *sqrt(beta2"2-4xeigenvaluesP(2)))

%deduce optimal droop parameters in the case of no damping D=0;

R1 = (1)/(4*Hixsqrt(eigenvaluesP(2)))

R2 = (1)/(4*H2*xsqrt(eigenvaluesP(2)))

R3 = (1)/(4*H3xsqrt(eigenvaluesP(2)))
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%system heterogeneity

B=angle(Ynieuw(:))*(180/pi);

C=[B(4),B(7),B(8)];

c1=[B(1),B(4),B(5),B(7),B(8),B(9)];

SystemhetrY=std(C) /mean(C)

D=angle (Y (:))*(180/pi);

E=[D(10),D(19),D(20),D(28),D(29),D(30),D(37),D(38),D(39),D(40),
D(46),D(47),D(48),D(49),D(50),D(55),D(56),D(57),D(58),D(59),D(60),
D(64),D(65),D(66),D(67),D(68),D(69),D(70),D(73),D(74),D(75),D(76),
D(77),D(78),D(79),D(80)1];

F=[E(4) ,E(10) ,E(14) ,E(17) ,E(20) ,E(28) ,E(31) ,E(34) ,E(36)];

SystemhetrYO=std (E) /mean (F)

%two norm P’

Paccacc= zeros(3,3);

Paccacc(1,2)= (omegaR*abs(Elacc)*abs(E2acc))/(2*sqrt(H1*H2))*(real(Ynieuw(1,2))..
xsin(angle(Elacc)-angle(E2acc))-imag(Ynieuw(1,2))*cos(angle(Elacc)- angle(EQacc)))

Paccacc(1,3)= (omegaR*abs(Elacc)*abs(E3acc))/(2*sqrt (H1*H3))*(real(Ynieuw(1,3))...
*xsin(angle(Elacc)-angle(E3acc))-imag(Ynieuw(1,3))*cos(angle(Elacc)-angle(E3acc)));

Paccacc(1l,1)=-Paccacc(1,2)-Paccacc(1,3);

Paccacc(2,1)= (omegaR*abs(E2acc)*abs(Elacc))/(2*sqrt (H2+H1))*(real(Ynieuw(2,1))...
*sin(angle (E2acc)-angle(Elacc))-imag(Ynieuw(2,1))*cos (angle(E2acc)-angle(Elacc)));

Paccacc(2,3)= (omegaR*abs(E2acc)*abs(E3acc))/(2*sqrt (H2+H3))*(real(Ynieuw(2,3))...
*sin(angle (E2acc)-angle (E3acc))-imag(Ynieuw(2,3))*cos (angle(E2acc)-angle(E3acc)));

Paccacc(2,2)=-Paccacc(2,1)-Paccacc(2,3);

Paccacc(3,1)= (omegaR*abs(E3acc)*abs(Elacc))/(2xsqrt (H3*H1))*(real(Ynieuw(3,1))...
*sin(angle(E3acc)-angle(Elacc))-imag(Ynieuw(3,1))*cos(angle(E3acc)-angle(Elacc)));

Paccacc(3,2)= (omegaR*abs(E3acc)*abs(E2acc))/(2*sqrt (H3*xH2))*(real(Ynieuw(3,2))...
*sin(angle(E3acc)-angle(E2acc))-imag(Ynieuw(3,2))*cos(angle(E3acc)-angle(E2acc)));

Paccacc(3,3)=-Paccacc(3,1)-Paccacc(3,2);

symmpart=0.5% (Paccacc+transpose(Paccacc))

antisymmpart=0.5%(Paccacc-transpose(Paccacc))

norm(symmpart)

norm(antisymmpart)
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The code given below is used to model the nine-bus system with the SM-model

clear all; clc;
%generator data

base=100;
x_dacc1=0.0608; x_dacc2=0.1198; x_dacc3=0.1813; %in pu
H1=2364/base; H2=640/base; H3=301/base;

%Line and transformer data, all values in pu on 220kV, 100MVA base
X14=0.0576;

X27=0.0625;

X39=0.0586;

X45=0.0850; R45=0.01; halfYB45=0.088;

X46=0.092; R46=0.0170; halfYB46=0.079;

X57=0.161; R57=0.032; halfYB57=0.153;

X69=0.17; R69=0.039; halfYB69=0.179;

X78=0.072; R78=0.0085; halfYB78=0.0745;
X89=0.1008; R89=0.0119; halfYB89=0.1045;

%hActive power P and Reactive power Q

Plgen=71.6/base; Qlgen=27/base; P1load=0; Q1load=0;
P2gen=163/base; Q2gen=6.7/base; P2load=0; Q2load=0;
P3gen=85/base; Q3gen=-10.9/base; P3load=0; Q3load=0;
P5gen=0; Q5gen=0; P5load=125/base; Q5load=50/base;
P6gen=0; Q6gen=0; P6load=90/base; Q6load=30/base;
P8gen=0; Q8gen=0; P8load=100/base; Q8load=35/base;

hinertia constants of synchronous motors
H5=0.04*P5load;
H6=0.04*P6load;
H8=0.04*P8load;

%transient reactances of synchronous motors
x_dacch=min(92.8*P5load*100.7(-1.3), 1);
x_dacc6=min(92.8%P6load*100.~(-1.3), 1);
x_dacc8=min(92.8*P8load*100.~(-1.3), 1);

%Bus voltages and angles(degrees)

E1=1.040; angleE1=0; %slack bus

E2=1.025; angleE2=9.3; E22=E2x*exp(li*angleE2*(pi/180));
E3=1.025; angleE3=4.7; E33=E3*exp(li*xangleE3*(pi/180));
E4=1.026; angleE4=-2.2; E44=E4xexp(li*angleE4*(pi/180));
E5=0.996; angleE5=-4; E55=Eb*exp (li*angleE5*(pi/180)) ;
E6=1.013; angleE6=-3.7; E66=E6*exp(li*xangleE6*(pi/180));
E7=1.026; angleE7=3.7; E77=E7xexp(li*angleE7*(pi/180));
E8=1.016; angleE8=0.7; E88=E8xexp(li*angleE8*(pi/180));
E9=1.032; angleE9=2.0; E99=E9*exp(li*xangleE9* (pi/180));

%Current into the network at buses 1,2,3,5,6 & 8; transient internal voltages,
I1=(P1gen-1i*Qigen)/(E1);



7.2. APPENDIX B

I2=(P2gen-1i*Q2gen)/(conj(E22));
I3=(P3gen-1i*Q3gen)/(conj(E33));
I5=(P5load-1i*Q5load)/(conj(E55)) ;
16=(P6load-1i*Q6load)/(conj(E66)) ;
I8=(P8load-1i*Q8load)/(conj(E88));
Elacc=El1+1i*x_daccl1*I1;
E2acc=E22+1i*x_dacc2*I2;
E3acc=E33+1i*x_dacc3*I13;
ESacc=E55+1i*x_daccb*I5;
E6acc=E66+1i*xx_dacc6*16;
E8acc=E88+1i*x_dacc8%I18;

%Impedance matrix elements

Z14=X14%11i; zZ11=714;

Z27=X27*11; 222=72T7;

Z39=X39%11; 233=7Z39;

Z41=X14%11; Z45=R45+11i*X45; Z46=R46+1i*X46; Z44=741+745+746;
Z54=R45+11%X45; Z57=Rb7+11i*X57; Z55=754+Z57;

Z64=R46+1i%*X46; 269=R69+11*X69; Z66=7264+7Z69;

Z75=R57+1i*X57; Z72=X27%*11; Z78=R78+X78%x1i; Z7T7=ZT75+272+7Z78;
Z8T7=R78+X78%11i; 289=R89+X89%1i; Z88=Z87+Z89;

Z93=X39%11i; Z98=R89+X89*1i; Z96=R69+X69*1i; Z99=7Z93+Z98+796;

%admittance matrix

Y14=1/(Z14); Y41=Y14; Y11=Y14;
Y27=1/(Z27); Y72=Y27; Y22=Y27;
Y39=1/(Z39) ; Y93=Y39; Y33=Y39;
Y45=1/745; Y54=Y45; Y46=1/746; Y64=Y46;
Y57=1/757; Y75=Y57; Y69=1/769; Y96=Y69;
Y78=1/778; Y87=Y78; Y98=1/798; Y89=Y98;

Y44=Y14+Y54+Y64+halfYB45*1i+halfYB46%*11i;
Y55=Y45+Y75+halfYB57*1i+halfYB45*11i;
Y66=Y46+Y96+halfYB46*1i+halfYB69*11i;
Y77=Y27+Y57+Y87+halfYB57*1i+halfYB78%11;
Y88=Y78+Y98+halfYB78%1i+halfYB89x*11i;
Y99=Y39+Y89+Y69+halfYB89*1i+halfYB69*11;

Tl hhhhhhhequivalent shunt admittances for the loads
Y_L5=((P5load-1i*Q5load)/(E572));
Y_L6=((P6load-1i*Q6load)/(E672));
Y_L8=((P8load-1i*Q8load)/(E8"2));

Y=[Y11,0,0,-Y14,0,0,0,0,0; 0,Y22,0,0,0,0,-Y27,0,0; 0,0,Y33,0,0,0,0,0,-Y39;...
-Y41,0,0,Y44,-Y45,-Y46,0,0,0; 0,0,0,-Y54,Y55,0,-Y57,0,0;...
0,0,0,-Y64,0,Y66,0,0,-Y69; 0,-Y72,0,0,-Y75,0,Y77,-Y78,0;...
0,0,0,0,0,0,-Y87,Y88,-Y89;0,0,-Y93,0,0,-Y96,0,-Y98,Y99] ;

Yd = [1/(x_dacc1%*1i),0,0; 0,1/(x_dacc2*1i),0; 0,0,1/(x_dacc3*1i)];
Ydaccent = [1/(x_dacc5*1i),0,0; 0,1/(x_dacc6x1i),0; 0,0,1/(x_dacc8*1i)];
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Ydwiggle = [0, ((1)/(1i*x_dacc5)),0,0,0,0;...
0,0, ((1)/(1i*x_dacc6)),0,0,0;...
0,0,0,0,((1)/(1i*x_dacc8)),0];

TO = [(1i/X14),0,0,0,0,0;...

0,0,0,(11/X27),0,0; ...
0,0,0,0,0,(1i/X39)];
TOaccent = [(1i/X14),0,0; 0,(1i/X27),0; 0,0, (1i/X39)];
YT = [0,0,0,0,0,0; 0,((1)/(1i*xx_dacc5)),0,0,0,0;...
0,0, ((1)/(1i*x_dacc6)),0,0,0; 0,0,0,0,0,0;...
0,0,0,0,((1)/(1i*x_dacc8)),0; 0,0,0,0,0,0];

Ydoubleaccent([1:3],[1:3]) = Yd;
Ydoubleaccent([1:3],[4:6]) = zeros(3,3);
Ydoubleaccent ([1:3],[7:9]) = -Yd;

Ydoubleaccent([1:3],[10:15]) = zeros(3,6);
Ydoubleaccent ([4:6],[1:3]) = zeros(3,3);
Ydoubleaccent([4:6],[4:6]) = Ydaccent;¥%
Ydoubleaccent ([4:6],[7:9]) = zeros(3,3);
Ydoubleaccent ([4:6],[10:15]) = -Ydwiggle;%
Ydoubleaccent ([7:9],[1:3]) -Y4;

Ydoubleaccent ([7:9],[4:6]) = zeros(3,3);
Ydoubleaccent ([7:9],[7:9]) = -TOaccent+Yd;
Ydoubleaccent ([7:9],[10:15]) = TO;

Ydoubleaccent ([10:15], [1:3]) zeros(6,3);
Ydoubleaccent([10:15],[4:6]) = -transpose(Ydwiggle) ;%
Ydoubleaccent ([10:15],[7:9]) = transpose(TO);
Ydoubleaccent ([10:15],[10:15]) = Y([4:9],[4:9])+YT;

%Inspect if YOaccent is symmetric
issym = @(xy) isequal(xy,xy.’)
symmetricisone=issym(Ydoubleaccent)

%Applying Kron reduction as in the nature physics paper

Ylinksboven = Ydoubleaccent([1:6],[1:6]);

Yrechtsboven = Ydoubleaccent([1:6],[7:15]);

Ylinksonder = Ydoubleaccent([7:15],[1:6]);

Yrechtsonder = Ydoubleaccent([7:15],[7:15]);

Ynieuw = Ylinksboven-Yrechtsboven*inv(Yrechtsonder)*Ylinksonder; %or Y~SM

%Parameters

Kla2a =abs(Elacc*E2acc*Ynieuw(1,2))
Klaba =abs(Elacc*Ebacc*Ynieuw(1,4))
K2aba =abs(E2acc*Ebacc*Ynieuw(2,4))
Kla3a =abs(Elacc*E3acc*Ynieuw(1,3))
Kla8a =abs(Elacc*E8acc*Ynieuw(1,6))
K2a6a =abs(E2acc*E6acc*Ynieuw(2,5))
K2a3a =abs(E2acc*E3acc*Ynieuw(2,3))
Kla6a =abs(Elacc*E6acc*Ynieuw(1,5))
K2a8a =abs(E2acc*E8acc*Ynieuw(2,6))
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K3aba =abs(E3acc*Ebacc*xYnieuw(3,4))

K3a8a =abs(E3acc*E8acc*Ynieuw(3,6))

K3a6a =abs(E3acc*E6acc*Ynieuw(3,5))

K5a6a =abs(Ebacc*E6acc*Ynieuw(4,5))

K5a8a =abs(ESacc*E8acc*Ynieuw(4,6))

K6a8a =abs(E5acc*E8acc*Ynieuw(5,6))

gammala2a = angle(Ynieuw(1,2))-(pi/2)
gammalaba = angle(Ynieuw(1,4))-(pi/2)
gamma2aba = angle(Ynieuw(2,4))-(pi/2)
gammala3a = angle(Ynieuw(1,3))-(pi/2)
gammalaB8a = angle(Ynieuw(1,6))-(pi/2)
gamma2aba = angle(Ynieuw(2,5))-(pi/2)
gamma2a3a = angle(Ynieuw(2,3))-(pi/2)
gammala6a = angle(Ynieuw(1,5))-(pi/2)
gamma2a8a = angle(Ynieuw(2,6))-(pi/2)
gamma3aba = angle(Ynieuw(3,4))-(pi/2)
gamma3a8a = angle(Ynieuw(3,6))-(pi/2)
gamma3a6a = angle(Ynieuw(3,5))-(pi/2)
gammababa = angle(Ynieuw(4,5))-(pi/2)
gammaba8a = angle(Ynieuw(4,6))-(pi/2)
gamma6a8a = angle(Ynieuw(5,6))-(pi/2)

A1=Pigen-(abs(Elacc) " (2))*(real(Ynieuw(1,1)))
A2=P2gen-(abs (E2acc) " (2))*(real(Ynieuw(2,2)))
A3=P3gen-(abs(E3acc) " (2))*(real(Ynieuw(3,3)))
A5=-P5load-(abs(Ebacc) " (2))*(real (Ynieuw(4,4)))
A6=-P6load- (abs(E6acc) " (2))*(real (Ynieuw(5,5)))
A8=-P8load-(abs(E8acc) " (2))*(real(Ynieuw(6,6)))

Tl ot htots ottt The code below isn’t necessaryhhhlelllslslolslslslolslotetststelotstatslotstotstotatols
TototoToto oo to Fo oo oo To o Fo oo oo To Foto oo o Fota o oo Fo o Fo oo Fo o o Fo o Fo oo Yoo Fo oo Vo o T fo o Fo o o Fo o Fo oo Fo o Fo oo oo o o ta o oo
Tl tlhlhthRewriting Ydoubleaccent to YOaccent from EN-MODELY%%%%ksteletstoletetstsls
TototoToto oo to To oo oo To o Fo oo To o To oo oo o fo o o oo Voo Fo oo Voo To Fo o Fo oo Yoo Fo oo Vo o o oo Fo oo Yoo Fo oo Fo o Fo oo oo o o ta o oo
Yaccent([1:3],[1:3]) = Ydoubleaccent([1:3],[1:3]);

Yaccent([1:3],[4:6]) Ydoubleaccent([1:3],[7:9]);

Yaccent([1:3],[7:12])= Ydoubleaccent([1:3],[10:15]);

Yaccent([4:6],[1:3]) Ydoubleaccent ([7:9],[1:3]1);

Yaccent([4:6],[4:6]) = Ydoubleaccent([7:9],[7:9]);

Yaccent([4:6],[7:12]) = Ydoubleaccent([7:9],[10:15]);

Yaccent ([7:12],[1:3]) = Ydoubleaccent([10:15],[1:3]);

Yaccent ([7:12],[4:6]) = Ydoubleaccent([10:15],[7:9]);

Yaccent ([7:12],[7:12]) = Y([4:9],[4:9]);

Yaccent (8,8)=Yaccent (8,8)+Y_L5;

Yaccent (9,9)=Yaccent(9,9)+Y_L6;

Yaccent(11,11)=Yaccent(11,11)+Y_LS;

%Applying Kron reduction as in the nature physics paper
Ylinksboven2 = Yaccent([1:3],[1:3]);
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Yrechtsboven2 = Yaccent([1:3],[4:12]);

Ylinksonder2 = Yaccent([4:12],[1:3]);

Yrechtsonder2 = Yaccent([4:12],[4:12]);

Ynieuw2 = Ylinksboven2-Yrechtsboven2*inv(Yrechtsonder2)*Ylinksonder2; Y%or Y EN

%Yd = [1/(x_daccl1%1i),0,0; 0,1/(x_dacc2*1i),0; 0,0,1/(x_dacc3*1i)];
YOaccent([1:3],[1:3]) = Yd;

YOaccent([1:3],[4:6]) = -Yd;

YOaccent([1:3],[7:12]) = zeros(3,6);

YOaccent([4:6],[1:3]) -Yd;

YOaccent([4:6],[4:6]) Y([1:3],[1:3])+Y4;

YOaccent ([4:6],[7:12]) = Y([1:3],[4:91);

YOaccent ([7:12],[1:3]) zeros(6,3);

YOaccent ([7:12],[4:6]) = transpose(YOaccent([4:6],[7:12]));
YOaccent ([7:12],[7:12]) =Y([4:9],[4:9]);

YOaccent (8,8)=Y0accent (8,8)+Y_L5;
YOaccent(9,9)=Y0accent(9,9)+Y_L6;
YOaccent(11,11)=YOaccent(11,11)+Y_L8;

%Applying Kron reduction as in the nature physics paper

Ylinksboven3 = YOaccent([1:3],[1:3]);

Yrechtsboven3 = YOaccent([1:3],[4:12]);

Ylinksonder3 = YOaccent([4:12],[1:3]);

Yrechtsonder3 = YOaccent([4:12],[4:12]);

Ynieuw3 = Ylinksboven3-Yrechtsboven3*inv(Yrechtsonder3)*Ylinksonder3; Y%or Y EN
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Pel=@(thetal,theta2,theta3,thetab,theta6,theta8) (abs(Elacc)) 2*real(Ynieuw(1,1))+...

abs(Elacc*E2acc*Ynieuw(1,2))*sin(thetal-theta2-angle(Ynieuw(1,2))+(pi/2))+...
abs(Elacc*E3acc*Ynieuw(1,3))*sin(thetal-theta3-angle(Ynieuw(1,3))+(pi/2))+...
abs(ElaccxEbacc*Ynieuw(1,4))*sin(thetal-thetab-angle(Ynieuw(1,4))+(pi/2))+...
abs(Elacc*E6acc*Ynieuw(1,5))*sin(thetal-theta6-angle(Ynieuw(1,5))+(pi/2))+...
abs(Elacc*E8acc*Ynieuw(1,6))*sin(thetal-theta8-angle(Ynieuw(1,6))+(pi/2));

Pe2=0@(thetal,theta2,theta3,thetab,theta6,theta8) (abs(E2acc)) 2*real(Ynieuw(2,2))+...

abs(E2acc*Elacc*Ynieuw(2,1))*sin(theta2-thetal-angle(Ynieuw(2,1))+(pi/2))+...
abs (E2acc*E3acc*Ynieuw(2,3) ) *sin(theta2-theta3-angle (Ynieuw(2,3) )+ (pi/2))+. ..
abs (E2acc*Ebacc*Ynieuw(2,4))*sin(theta2-thetab-angle(Ynieuw(2,4))+(pi/2))+...
abs (E2acc*E6acc*Ynieuw(2,5) ) *sin(theta2-theta6-angle (Ynieuw(2,5) )+ (pi/2))+. ..
abs (E2acc*E8acc*Ynieuw(2,6))*sin(theta2-theta8-angle(Ynieuw(2,6))+(pi/2));

Pe3=0@(thetal,theta2,theta3,thetab,theta6,theta8) (abs(E3acc)) 2*real(Ynieuw(3,3))+...

abs (E3acc*Elacc*Ynieuw(3,1))*sin(theta3-thetal-angle(Ynieuw(3,1))+(pi/2))+. ..
abs(E3acc*E2acc*Ynieuw(3,2))*sin(theta3-theta2-angle(Ynieuw(3,2))+(pi/2))+...
abs (E3acc*Ebacc*Ynieuw(3,4) ) *sin(theta3-thetab-angle(Ynieuw(3,4))+(pi/2))+. ..
abs (E3acc*E6acc*Ynieuw(3,5))*sin(theta3-thetab-angle(Ynieuw(3,5))+(pi/2))+...
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abs (E3acc*E8acc*Ynieuw(3,6))*sin(theta3-theta8-angle(Ynieuw(3,6))+(pi/2));
Pe5=@(thetal,theta2,theta3,theta5,theta6,theta8) (abs(Ebacc)) 2*real(Ynieuw(4,4))+...

abs(Ebacc*Elacc*Ynieuw(4,1))*sin(thetab-thetal-angle(Ynieuw(4,1))+(pi/2))+...

abs (Ebacc*E2acc*Ynieuw(4,2))*sin(thetab-theta2-angle (Ynieuw(4,2))+(pi/2))+. ..

abs (Ebacc*E3acc*Ynieuw(4,3))*sin(thetab-theta3-angle(Ynieuw(4,3))+(pi/2))+. ..

abs (Ebacc*E6accxYnieuw(4,5))*sin(thetab-theta6-angle (Ynieuw(4,5))+(pi/2))+. ..

abs (Ebacc*E8acc*Ynieuw(4,6))*sin(thetab-theta8-angle(Ynieuw(4,6))+(pi/2));
Pe6=0(thetal,theta2,theta3,thetab,theta6,theta8) (abs(E6acc)) 2*real(Ynieuw(5,5))+...

abs(E6acc*Elacc*Ynieuw(5,1))*sin(theta6-thetal-angle(Ynieuw(5,1))+(pi/2))+...

abs (E6accxE2acc*Ynieuw(5,2))*sin(theta6-theta2-angle(Ynieuw(5,2))+(pi/2))+...

abs (E6acc*E3acc*Ynieuw(5,3) ) *sin(theta6-theta3-angle (Ynieuw(5,3) )+ (pi/2))+. ..

abs (E6acc*Ebacc*Ynieuw(5,4))*sin(theta6-thetab-angle(Ynieuw(5,4))+(pi/2))+...

abs (E6acc*E8acc*Ynieuw(5,6))*sin(theta6-theta8-angle(Ynieuw(5,6))+(pi/2));
Pe8=0@(thetal,theta2,theta3,theta5,theta6,theta8) (abs(E8acc)) 2*real(Ynieuw(6,6))+...

abs (E8acc*Elacc*Ynieuw(6,1))*sin(theta8-thetal-angle(Ynieuw(6,1))+(pi/2))+. ..

abs (E8acc*E2acc*Ynieuw(6,2))*sin(theta8-theta2-angle(Ynieuw(6,2))+(pi/2))+...

abs (E8acc*E3acc*Ynieuw(6,3))*sin(theta8-theta3-angle (Ynieuw(6,3))+(pi/2))+. ..

abs (E8acc*Ebacc*Ynieuw(6,4))*sin(theta8-thetab-angle(Ynieuw(6,4))+(pi/2))+...

abs (E8acc*E6acc*Ynieuw(6,5))*sin(theta8-thetab-angle(Ynieuw(6,5))+(pi/2));

thetab =angle(Ebacc);
theta6= angle(E6acc);
theta8= angle(E8acc);
omegaR=60%*2%*pi;
f =0(t,theta) [theta(7)-omegaR; theta(8)-omegaR; theta(9)-omegaR;...
theta(10)-omegaR;theta(11)-omegaR;theta(12)-omegaR;. ..
(omegaR/ (2*H1) ) * (P1gen-Pel (theta(1) ,theta(2),theta(3),theta(4),theta(5),theta(6)));..
(omegaR/ (2%H2) ) * (P2gen-Pe2(theta(1) ,theta(2) ,theta(3) ,theta(4),theta(5),theta(6)));..
(omegaR/ (2*H3) ) * (P3gen-Pe3(theta(1l) ,theta(2),theta(3) ,theta(4),theta(b) ,theta(6)));..
(omegaR/ (2xH5) ) * (-P51load-Pe5(theta(1l) ,theta(2) ,theta(3),theta(4) ,theta(b),theta(6)));
(omegaR/ (2*H6) ) * (-P6load-Pe6 (theta(l) ,theta(2) ,theta(3) ,theta(4) ,theta(b),theta(6)));
(omegaR/ (2xH8) ) * (-P8load-Pe8(theta(l) ,theta(2) ,theta(3),theta(4),theta(5),theta(6)))]
[t,xa]l = oded4b(f,[0 2], [angle(Elacc) angle(E2acc) angle(E3acc) angle(Ebacc)...
angle(E6acc) angle(E8acc) omegaR omegaR omegaR omegaR omegaR omegaR]);

figure % create new figure
subplot(3,1,1) % first subplot
plot(t,xa(:,1)*(180/pi))

hold on
plot(t,xa(:,2)*(180/pi),’g’)
hold on
plot(t,xa(:,3)*(180/pi), ’m’)
title(’generator angles’)
subplot(3,1,2) % second subplot
plot(t, (xa(:,4)),’b’);

hold on

plot(t,(xa(:,5)),’r’);

hold on

plot(t, (xa(:,6)),’g’);
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title(’motor angles’)

subplot(3,1,3) % third subplot

plot(t, (xa(:,2)-xa(:,1))*(180/pi),’g’);
hold on

plot(t, (xa(:,3)-xa(:,1))*(180/pi),’m’);
title(’Angle differences’)

hi

%order parameter with unit circle

xy = linspace(0,2%pi,120);

magn = 528;%length(xa);

horder parameter with unit circle
r=(1/3)*(exp(li*xa(magn,1))+exp(li*xa(magn,2))+exp(li*xa(magn,3)))
%r=(1/6)* (exp(li*xa(magn,1))+exp(li*xa(magn,2))+exp(li*xa(magn,3))...
%texp(li*xa(magn,4))+exp(lixxa(magn,5))+exp(li*xa(magn,6)))

rl =real(r); r2 =imag(r);

figure

plot([0,r1],[0,r2])

hold on

scatter(0,0)

hold on

scatter(rl,r2,’filled’)

hold on

plot(cos(xy), sin(xy))

hY

r=(1/3)*(exp(li*xa(:,1))+exp(li*xa(:,2))+exp(li*xa(:,3)))
modulus=abs(r) ;

xy = linspace(0,2,1057);

figure

plot(xy,modulus)



