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Minor amendments to the Thesis

The following amendments should be read in conjunction with this thesis:

[Al] Points of clarification

A1. ltis assumed that all machine parameters are expressed in per unit system
in which synchronous speed is unity. Thus inductance and its associated
inductive reactance have the same value. It follows also that the torque of
electromagnetic origin has the same value as the internal electrical power
developed under study-stay conditions.

A2,  The data for the multi-mass generator model used on page 38 was taken
from the paper by Bowler, Ewart and Concordia (Reference 11).

A3. Comparing the graphs on pages 84 and 93, it is evident that the increase in
transformer resistance that was introduced in the series-capacitor case
(page 93) has drastically damped some of the higher-frequency oscillations
in torque response of the shaft. It is also notable that the level of high-
frequency oscillations excited by a single-phase fault for a capacitor of 0.21
per unit (page 107) is greater than for any other type of fault with the this
capacitor value, probably due to a higher 100 Hz component in the
electrical phenomena.

[B] Errata

B1. page 37: replace * |,R, “ with TR, in Equation (4.2-6);

B2. page 37: replace ‘\7|sin 5 with ‘\7 cos & in equation (4.2-7);

B3. page 82: replace ©1 = 8 with @3 = d in Equation (5.4-7);

B4. page 84: the labels T1 and T on the two graphs should be interchanged &

B5. page 114: in the coefficient of yo , remove the term (x-xo).
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ABSTRACT

in this thesis the main aim is to isolate the features of the mathematical model
of the power station generator that are critical for the accurate simulation of
specific operational conditions. The analysis is based on a real-time three-
phase model of the synchronous generator, augmented by mathematical
implementations of automatic voltage control and a generator transformer (in a
Dy5 connection).

Three-phase model variables are retained in order to obtain the model
response to unbalanced as well as balanced system disturbances and to
enable machine designers to track the transient operational conditions
associated with specific machine regions.

The studies start with a base model which makes a number of common
simplifying assumptions. A range of balanced and unbalanced close-up faults
is applied to establish base-case system responses. Successive
enhancements such as variable speed contribution to induced e.m.fs,
magnetic saturation of flux paths and multiple-mass mechanical shaft
representation are then added to test their effect over the complete
disturbance range.

The results indicate the features of the machine model which are critical in
providing an accurate response for specific purposes, and those which can be
confidently ignored in the interests of computing efficiency.



THE STATEMENT REGARDING ORIGINALITY

This work contains no material which has been accepted for the
award of any other degree or diploma in any university or other
tertiary institution and, to the best of my knowledge and belief,
contains no material previously published or written by another
person, except where due reference has been made in the text.

| give consent to this copy of my thesis, when deposited in the
University Library, being available for loan and photocopying.

Viatka Zivotic-Kukolj ¢/



Dedicated to Dr A. M. Parker for his brilliant
supervision and to my husband Radan and
daughters Dahlia and Nica for their moral
support in accomplishment of this work.



1. INTRODUCTION

In the area of electrical engineering very often we use mathematical modeling of
synchronous generators with the aim of predicting their impact on the electrical
power system. The level of detail of such modeling depends on the particular
purpose of the study, and whether steady state or dynamic information is required.
Almost always it is the impact of the generators on power system performance
which is the primary concern of the study, and the form of the generator model is
normally optimized to produce acceptable electro-mechanical behavior in a
computationally efficient form. In the case of dynamic modeling we usually study
the effect on the system stability using well-established synchronous machine
model.

In this thesis the emphasis of the model is rather different. We will study the
impact of a variety of system disturbances on the internal behavior of the
synchronous machine and investigate the level of detail needed in the machine
model to reproduce accurately the physical phenomena. Thus, as well as the long-
term electromechanical behavior of the generator, represented by variations in
rotor angle 8, which is the normal region of interest in power system stability
analysis, we will also be seeking the response of variables such as
electromagnetic torque and field current, with frequencies of interest up to tens of
Hertz.

In this thesis the main aim is to use analytical methods of examining the
performance of the synchronous machine in response to a variety of feasible
network disturbances. In practical power systems the great majority of
disturbances give rise to unbalanced three-phase conditions, and the form of the
model to be developed will be directed towards these conditions. The thesis will
initially describe well-known three-phase and d/q representations of a synchronous
generator dynamic model, and then propose an integrated generator/transformer
model which will be subjected to a number of disturbances, and to which a number
of model enhancements will be applied to test their effect on performance. In this
way, a user of the models will be provided with guidelines which will assist in
balancing the contradictory demands of model accuracy and computational
efficiency.



2. MODELING OF THE SYNCHRONOUS MACHINE

The essential features of a three phase synchronous machine are given by figure
(2.0-1):

Figure (2.0-1)

The stator contains three distributed windings a, b and ¢, one in each phase. They
are presented by the corresponding labeled concentrated coils where the
magnetic axes of the phase winding coincide with the coil axes. The dc field
winding fd is situated on the rotor. The rotor's damper bars are not shown in this
diagram.

It is noted that this is a salient pole machine. A salient pole rotor has two axes of
symmetry, the polar or DIRECT axis d and the interpolar or QUADRATURE axis
g. It is obvious that the magnetic flux paths have different permeances in the two
axes. The d- and g- axes revolve with the rotor, while the magnetic axes of the
three stator phases remain fixed. © is the angle from the axis of phase a to the d-
axis at the instant time t. The corresponding angle from the phase b axis to the
d-axis is 0-120 °, while the corresponding angle from the phase c axis to the
d-axis is ©+120°. As the rotor turns 6 varies with time. With a constant rotor
angular velocity w, 9 is given by expression (2.0-1):

0 = wxt (2.0-1)

All the circuits a, b, ¢ and fd have their own resistances and their own self and
mutual reactances with respect to every other circuit. It is important to emphasize



that the self and mutual reactances associated with the stator circuit are functions
of rotor position, varying periodically as the rotor revolves. Voltage—current
relations are given by expression (2.0-2):

v=r*i+% =r*i+py (2.0-2)

where:

... is the applied voltage,

... is the winding current,

... is the winding resistance,

... is the flux linkages with winding &

v €0 —<

.. is the differential operator % ;

if this equation is applied to each winding from the figure (2.0-1) we can write:

Wa = Xaa la + Xab ib +Xac lc +Xafd Itd (2.0-2a)
Wp = Xpa la + Xpb ib +Xbc ic +Xord i (2.0-2b)
We = Xea la + Xeb ib +Xoc Ic +Xofd itd (2.0-2c)
Wig = Xtda ia * Xtdb ib +Xtdc Ic +Xrd it (2.0-2d)

or in matrix form:

Wa Xaa Xab Xac Xafd Ia
Wo| | Xea Xob Xeo Xbfd ib (2.0-2¢)
Wo| | Xa Xb Xeo Xetd 8 ic
Weg Xida Xfdb Xfdc  Xfd i

In these equation all reactances except xiq are functions of 8 and thus time-
varying. It is desirable to examine the nature of these reactances. The nature of
the reactance terms in equations (2.0-2a) to (2.0-2e) can be determined from
inspection of the machine geometry in Figure (2.0-1). As the stator has a
cylindrical bore, the self-reactance of the field winding fd will not depend on rotor
position.



The stator-to-rotor mutual inductances will vary periodically with © . Between phase
a and the field winding the mutual-reactance will reach its own maximum x,q at
0=0° zero at ©=90°, a negative maximum - X,y at ©=180°, zero again at ©=270°.
Accordingly with space mmf and flux distribution assumed co-sinusoidal:

Xafd™Xafd COS O (2.0-3)
with similar expressions for phases b and ¢ except that © is replaced by 6-120°
and 8+120°. We will ignore higher order terms in © in this analysis, effectively
assuming a co-sinusoidal distribution of fluxes in the air gap. So we can write:
Xpfd=Xbfd COS(G-120°) (2.0-3a)
Xctd=Xctd COS(O+120°) (2.0-3b)
The self-inductance of any stator phase will always be positive, but there will be a
second harmonic variation because of the different air-gap geometries in the d-

and g-axes as the rotor body rotates relative to the stator winding axis (see Ref.
No.1). So we can write:

Xaa=Xaa0*Xaa2 COS 20 (2.0-4)
Xbb=Xaa0+Xaa2 COS(20+120°) (2.0-4a)
Xoc=Xaa0+Xaa2 COS(20-120°) (2.0-4b)

The mutual-reactance between stator phases will also exhibit a second-harmonic
variation with © because of the rotor shape but the dc component Xano will be
negative because the angle between the magnetic cores of those phases is
greater then 90° (see Ref. No.1). So we can write:

Xab=Xba=Xab0+Xa32 COS (29 '1 200) (20'5)
Xbc™Xcb=Xabo+Xaa2 COS 20 (2.0-5a)
Xac= Xca=Xabo+Xaa2 COS(20 +120°) (2.0-5b)

If we substitute all values from (2.0-3) to (2.0-5c¢) into the matrix from (2.0-2e), it is
obvious that the flux linkages with the windings are changing in time as functions
of the angle 6.



2.1 Transformation to Direct- and Quadrature-axis Variables

The general idea underlying the transformation is to resolve the mmf's provided
by the three stator phases into two axes (d,q) rotating with the rotor. This well
known procedure is justified in a number of texts (See: Ref. No. 1,2) and the
essential features are summarised below. Now ig, iq and i are given by:

= % [ ia COSO + ip COS(O-120°) + i coS(©+120°) ] (2.1-1a)
i = % [ -ia SINO - ip SIN(©-120°) - ix SIN(O+120°) ] (2.1-1b)
io = % [+ ib+ ic] (2.1-1¢)

or in matrix form:

id cos® cos(0-120°) cos(0+120°) ia
iq| = % |-sin® -sin(0—-120°) -sin(0@+120°)| X |ib (2.1-2)
iU 1/2 % Vz ic

In these equations the zero sequence component ip is included to allow for any
residual unbalance in the original phase currents. If we wish to calculate the
values of i», i, and ic then the following matrix will gave us the answer on that:

Ia cos 0 -sin® 1 i
ib| _ [cos(0—-120°) —sin(6-120°) 1[X |iq (2.1-2a)
ic cos(6+120°) -sin(0+120°) 1 io

Voltage-current expressions in d- and g- axes are:

Vig = Fig ifa + PWrd (2.1-3)
V4 = Fa ig + pWq +wWq (2.1-3a)
Vq =TIa iq + pl‘Pq - wwd (21"3b)

Vo =Taio + pWo (2.1-3c)



When the machine speed w is constant the differational equations from (2.1-3) to
(2.1-3c) are linear with constant coefficients. This model is very widely used in
dynamic studies of power systems. It has major advantage of time-invariant
reactances, and so allows the use of longer time-steps in solution and hence more
efficient use of computer time.

However, the model variables representing stator quantities are no longer direct
analogues of physical variables, and unbalanced operation (representing the vast
majority of power system fault conditions) is not easyily accommodated.

Thus in this work the full three-phase stator representation is retained, with the
physical response of the machine individual windings directly traceable from the
computer results.



2.2 Three phase model of the synchronous generator

The form of representation of the synchronous generator chosen for this work
three-phase model that would be the best described as a real-time model of 6"
order. In this case synchronous generator is represented through 6 coupled
electro-magnetic circuits and those are:

1- winding of the phase a on the stator,

2- winding of the phase b on the stator,

3- winding of the phase c on the stator,

4- field winding on the rotor,

5- damper winding of the direct-axis amortisseur &

6- damper winding of the quadrature-axis amortisseur
( 5 & 6 are situated on the rotor);

This assumes that the effects of damping of rotor oscillations can be represented
by two equivalent concentrated rotor windings, one on the direct and one on the
quadrature axis, denoted by 14 and 1q subscripts in the analysis which follows.

By the figure (2.2-1) it has been given electro-magnetic description of those
relations:



€14

1d 14

€114 =0

X1 dig/dt

X1 dia/dt

o} o

r1q |1q

X1qa digfat

Xago dip/dt

Xige diefdt

Xiara dire/dt

X1a dise/dt

Xiaiq ditgfdt

Xiqe digfat

X1qra dins/cit

Xiqua disg/dt

X1q dirg/dt

frd if

Xiea dig/dit

Xsap div/dt

Xrge dic/dt

X dirg/dt

XKsa disa/dt

Xsrq disgfait

Xan dig/dt Xae difdt Xasa dige/dt

Figure 2.2-1

faia
——1 e,
X dip/dt Kt digg/at Xaiq ditgfdt
iy Xediddt  Xecdidt Xora digdt
| e | eb
Xon din/dt Ko dirg/dit Xotq disg/at
fa ic Xea dis/dt Xe diddt Xerd disg/dt
0 ec
Xep dip/dt X dirg/dt Xetq disg/dt



The matrix form of the electro-magnetic flux equations has been represented by
expression (2.2-1):

[Wol=[xg] *[ig] (2.2-1)
where: [Wy] ... isvector of the electro-magnetic fluxes of the generator;
[xg] ... is the matrix of the generator's reactances;
[ig] ... is vector of the generator’s currents;

or it could be written:

[ Wabe]1=-[ Xane ] * [liabc ]+ [ Xaber] * [ir] (2.2-1a)
[Wi1=- 2 [XaborI' * [lavc]*+ 24 [x] % [ir] (2.2-1b)
where: [Wabe] ... is vector of the flux linkages with the stator;

[W:] ... is vector of the flux linkages with the rotor;

[Xae] ... is the matrix of the reactance for the stator;

[ Xaber] ... is the matrix of the mutual-reactance between rotor

and stator;

[xr] ... is the matrix of the reactance for the rotor;

[lac] ... is vector of the stator’s currents;

[ir] ... is vector of the rotor’s currents;

Vector [ Wanc ] is described by equation (2.2-2):

Ya
[Wac]= |Wo (2.2-2)
We
where: ¥, ... is the total flux linkage of the phase a;
¥, ... is the total flux linkage of the phase b;

Y. ... is the total flux linkage of the phase c;
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Vector [ W, ]is described by equation (2.2-3):

WYy
[W]= (Wi (2.2-3)
"p 1q
where: Y ... is the total flux linkage of the field winding;
Y ... is the total flux linkage of the direct-axis amortisseur;
Wi ... is the total flux linkage of the quadrature-axis amortisseur,

Vector [ i ] is described by equation (2.2-4):

[labc]= |ib (2.2-4)
ic
where: ia ... is the current of the phase a;
ib ... is the current of the phase b;
ic ... is the current of the phase c;

Vector [i]is described by equation (2.2-5):

itd
[ir]= [iw (2.2-5)
i1q
where: g ... is the current of the field current;

i14 ... is the current of the direct-axis amortisseur;

iq ... is the current of the quadrature-axis amortisseur;
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Matrix [Xanc] is described by equation (2.2-6):

Xaa Xab Xac
[ Xabc ] = Xba Xbb  Xbe (2.2-6)
Xca Xcb  Xec

where: Xaa , Xbb & Xec ... are self-reactances of the each phase (on the stator);

Xab = Xba, Xac = Xca & Xbc = Xcb ... are mutual-reactances between any
two phases (on the stator);

Expressions for Xaa , Xob & Xcc are given by equations from (2.2-6a) to (2.2-6c):
Xaa = Xaa0 + Xaaz COS(20) (2.2-63)

Xbb = Xaa0 * Xaa2 COS(E +§“) (2.2-6b)

Xcc = Xaa0 *+ Xaa2 COS(20 -—§1T) (2.2-6¢)

where: Xaa0 ... is a constant component of the self-reactance of a winding;
Xaa2 ... is an amplitude of the second harmonic component of the
reactances;

Expressions for Xapb = Xoa, Xac = Xca & Xoc = Xcb are given by equations from (2.2-6d)
to (2.2-6f):

Xab = Xba = Xabo + Xaaz COS(20 -%n) (2.2-6d)
Xac = Xca = Xabo *+ Xaa2 COS(20 +—§1T) (2.2-6€)
Xbc = Xcb = Xabo + Xaa2 COS (20) (2.2-6f)
where: Xao ... IS @ constant component of the mutual-reactance between

two windings (and is negative);
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Xaa2 ... is an amplitude of the second harmonic component of the
reactances;

Matrix [Xabe] is described by equation (2.2-7):

Xafd Xald Xaiq
[ Xaber ] = Xofd  Xbtd  Xbig (2.2-7)

Xcfd  Xctd  Xeig

where: Xafd , Xbfd & Xcfd ... are mutual-reactances between each of the
phases and the field (exited winding);

Xatd » Xbid & Xcid ... are mutual-reactances between each of the
phases and the direct-axis amortisseur
winding;

Xa1q , Xb1q & Xc1q ... are mutual-reactances between each of the
phases and the quadrature-axis amortisseur
winding;

Expressions for Xafg, Xofd, Xcfd, Xatd , Xbid , Xcid Xalq , Xp1q & Xciq are given by
equations from (2.2-7a) to (2.2-7i):

Xafd = Xad COS(20) (2.2-7a)
2
Xbfd = Xad COS(29 -5“) (2.2-7b)
2
Xefd = Xad COS(29+§TT) (2.2-7¢)
Xa1d = Xad COS(20) (2.2-7d)
2
Xb1d = Xad COS(29-§ 1) (2.2-7¢)
2
Xc1d = Xad COS(29+§T|') (2.2-71)
Xat1q = - Xaq COS(20) (2.2-79)

Xb1q =- Xaq COS(2 9 -%TI’) (22'7h)
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2
Xc1q == XQq COS(29+§1T) (22'7')

where: Xad & Xaq ... are amplitudes of the mutual-reactances between
winding;

[ Xaber I' ... is the transpose matrix of the matrix [ Xaber J;
Matrix [x,] is described by equation (2.2-8):

Xid  Xfdtd  Xfdiq
[x]= Xidd  X1d  Xidig (2.2-8)
Xigd  Xigld  X1q

where: Xid ... is the reactance of the field (excited) winding;
X14 ... is the reactance of the direct-axis amortisseur winding;

X1q --. is the reactance of the quadrature-axis amortisseur
winding; '

Expressions for Xi1d = X1did, Xid1q = X1qid & X1d1q = X1q1d ... &re given by equations
from(2.2-8a) to (2.2-89):

Xtd = Xsdfd (2.2-8a)
X11d = X1d1d (2.2-8b)
X11q = X1q1q (2.2-8¢c)
X11d = X1dfd = Xrd1d = Xad (2.2-8d)

In the equation (2.2-8d) it was assumed that the mutual-reactance between all pairs
of coils on the direct axis had the same magnitude.

Xid1q = X1gfd = 0 (2.2-89)
X1d1q = X1q1d = 0 (2.2-8f)
where: X114 ... is the self-reactance of the direct-axis amortisseur winding;

X11q ... is the self-reactance of the quadrature-axis amortisseur
winding;
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It is assumed that all quantities are expressed in per unit with the exception of
angle 6 that has been given in radians. It is necessary to emphasise the list of
constants and their calculations needed for the mathematical modeling of the
synchronous generator although some of them will be changed to real time

functions

in some of the later modifications. At this stage they all represent what is

called the BASE MODEL of the synchronous machine. List of constants contains:

Id

M1d
Mg
Xaa0
Xabo
Xaa2
Xtd

X11d
X11q

Xad & Xaq
w

... is working resistance of the field (excited) winding;

.. is working resistance of the direct-axis amortisseur winding;

... is working resistance of the quadrature-axis amortisseur winding;

... is constant component of the self-reactance of a winding;

... is constant component of the mutual-reactance between two windings;
... is an amplitude of the second harmonic component of the reactances;
... is an amplitude of the reactance of the field (excited) winding;

... is an amplitude of the reactance of the direct-axis amortisseur winding;
.. is an amplitude of the reactance of the quadrature-axis amortisseur

winding;
... are constants of reactances between windings;

.. the angular velocity of the rotor,;

For the calculation of the constants the following list of generator entry data is

required:

Xd
Xdc
Xdcc
Xq
Xqce
Xo
X
fa
tdOc

tdOoc

thcc
f

... is the direct axis synchronous reactance;

... is the direct axis transient reactance;

... is the direct axis subtransient reactance,

... is the quadrature axis synchronous reactance;

... is the quadrature axis subtransient reactance;

... is the zero seqgence reactance;

... is the leakage reactance of the stator,;

... is the working resistance of the phase winding;

.. is the transient time constant of the direct-axis with open armature

terminal;

.. is the subtransient time constant of the direct-axis with open armature

terminal;

.. is the subtransient time constant of the quadrature-axis with open

armature terminal;

.. is the system frequency in hertz (Hz),

Calculations of constants is finally given by equations from (2.2-9) to (2.2-24):

T =4 *arctg (1) = 3.141592 (2.2-9)
w=2mf (2.2-10)
Xad = Xd — X (2.2-11)

Xaq = Xq .

X (2.2-12)



Xdec — Xi
Xidl = Xad *

X4 — Xdc
Xtd = Xad = X

(Xde = X1)*(Xdee — Xi )

Xq1 =
(Xde — Xdec)

X11d = Xad + X1di

(%q — % )*(Xgec — 1)

Xigl =

(Xq — Xqec )
X11q = Xaq * Xigq

Xid

I'a =
W * tgoc

(Xde — X1 )*(Xdee — Xi)

Mid =
W*tdoce

X11q

M1 =
w * tqoce

Xaa2z = 2/3 * (Xa — Xo)

Xabo = - ((1/6 *(Xa+Xq)) -1/3 * Xo)

Xaa0 = Xo —2 * Xabo

15

(2.2-13)

(2.2-14)

(2.2-15)

(2.2-16)

(2.2-17)

(2.2-18)

(2.2-19)

(2.2-20)

(2.2-21)

(2.2-22)
(2.2-23)

(2.2-24)

The equation that describes instantaneous rotor position 6 given in radians is

expressed as:

6=w*t+9q

(2.2-25)

where: e ... is measured between the axis of the stator phase a (rad);

w ... is the angular velocity of the rotor (rad/s);
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t ... is time (s);
Q ... is the offset of position at t=0s (rad);

The final form of the electromagnetic flux linkages, given generically in equation
(2.2-1), can now be evaluated as:



T

Ye
Wig
Wig

_Lp1q_.

— (Xaa0 + Xaa2 COS (20))

— (Xabo + Xaa2 COS (20 — 211/3))
— (Xabo + Xaa2 €OS (20 + 211/3))
~(2/3) *(Xad cOs(@))
—(2/3)*(xad cOS(O))
(2/3) * (xaq Sin(©))

(2/3) * (xad cOS(©))
(2/3)*(xad cOS (© — 211/3))
(2/3)*(Xad cOS (O — 211/3))

(2/3)*
(2/3) * Xad
0

— (Xab0 + Xaa2 COS (20 — 211/3)) — (Xabo + Xaa2 COS (20 + 211/3))
— (Xaa0 + Xaa2 COS (20 + 211/3)) ~ (Xabo + Xaa2 COS (20))
— (Xaa0 + X=a2COS (20 — 211/3))

~ (Xabo + Xaa2 COS (20))

—(2/3)* (xad COS(O — 211/3))
—(2/3)* (xas COS(O — 211/3))

(2/3)* (Xaq SIN(O — 217/3))

(2/3)* (xad cOS(O))
(2/3)*(xad cos (© — 211/3))
(2/3)*(xad cOS (O — 211/3))

(2/3)* Xad
(2/3)* x114
0

—(2/3)* (Xaa COS(O + 2T7/3))
—(2/3)* (Xaa COS(O + 2T1/3))

—(2/3)* (Xad €OS(O + 277/3))

—(2/3) *(Xaq SiN(O))
—(2/3)*(Xaq SiN (© — 211/3))
- (2/3)*(Xaq Sin (© + 211/3))

0
0
(2/3)* X11q

(2.2-26)

Ll
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This version of the generator model is basically that of Subramaniam and Malik
(ref. 3) and Rafian and Laughton (ref. 4) with scaling factors (such as 2/3) for the
per unit system here included explicitly rather than implied by the adapting the input
data from standard generator parameters.

In addition to the existing generator model it is desirable to introduce equation of
relative change of the angular velocity with respect to synchronous speed:

w =dd/dt=w— ws (2.2-27)
where: w’ .. is relative change of the angular velocity;

dd/dt ... is derivative of rotor angle with respect to time;

w ... is instantaneous angular velocity of the rotor;

Ws ... is synchronous speed [rad/s];

and equation of motion is given by:

dw/dt = (Tm —Te)/2h (2.2-28)
where: dw’/dt ... is derivative of relative change of angular frequency with
time, or simply rotor acceleration;
h ... is the inertia constant;
Tm ... is the mechanical torque on the shaft [per unit];
Tm = Pm/(1+ W) (2.2-29)
Te ...Is a calculated value of the electrical torque of the
synchronous generator [per unit];
Te = f(ia, ib, ic, Wi, Yu1, W) (2.2-30)
P, ... is mechanical power on the shaft of the synchronous

generator delivered by the turbine;

For the definition of the flux linkages y,, yu, Yu see chépter 3.1;
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3.1 Test system
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The test system is not confined to the generator model alone. To analyse transients in
a practical system context it will be necessary to extend the existing generator model
in such a way that it will include block generator-transformer and an automatic voltage
regulator (AVR). The first step in this is to mathematically describe generator-
transformer block. The system is shown in Figure (3.1-1) where:

€a

€p

€c

...is the terminal voltage of the phase a of the generator stator;
...is the terminal voltage of the phase b of the generator stator;
...is the terminal voltage of the phase c of the generator stator;
...is a current of the phase a;
...is a current of the phase b;

...is a current of the phase c;

(®

e B
x1t f ch i x2t; ch ia’
| — o
i .
b I Xat, Xme i
X1t , X
@ wme | o
ic
X2t, Xmc
< O
X1t, Xme
i2
(o) .
oS E

Figure 3.1-1
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iq ...is a current of the primary winding of the transformer connected
between generator phases a and b;

i2 ...is a current of the primary winding of the transformer connected
between generator phases b and c;

i3 ...is a current of the primary winding of the transformer connected
between generator phases ¢ and a;

ia ...is a current of the phase a of the secondary side of the transformer;

ib ...is a current of the phase b of the secondary side of the transformer;

ic ...is a current of the phase c¢ of the secondary side of the transformer,

Xt1 ... is a self-reactance of the primary side of the transformer and is

the same for all three phases;

X2 ... is a self-reactance of the secondary side of the transformer and
is the same for all three phases;

Xme ...is @ mutual-reactance between primary and secondary windings
and it is the same for all three phases;

It is important to emphasise that the transformer consists of three single phase
transformers that are on the primary side connected in A connection, while their
secondaries are connected in star forming Dy5 transformer. This type of connection is
widely used because if any of single phase transformers fail in it's function it is
cheaper to replace it then in a case of three-phase transformer with common magnetic
core and in a same time this is the simplest case of a three phase transformer
because mutual reactances between phases are treated as zero.



From the Figure (3.1-2) it is possible to analyze three separate loops:

Loop I:

Xt1, Xme
ib
Loop I
. X2, Xme )
77N Ib b
(o)—> . e o
i2
i
Xt1, Xmc
i

Loop il
-®

ic
c = 1
i3
]|
Xt1, Xmc
ia

@

Figure 3.1-2
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If we return to Figure 3.1-1 we could write according to Kirchoff's current law that:

i +i3-11=0 (3.1-1)
ip + i1 —i2= 0 (3.1-2)
ic+ip—i3=0 (3.1-3)

From this expressions follow:

ia =i - i3 (3.1-1a)
ib =i — i (3.1-2b)
ic = i3 - i (3.1-30)

To extend the existing generator model by adding the three-phase transformer to its
stator the expression (2.2-1) needs to be expressed as:

M RN

where: [Wq] ... is vector of the electromagnetic flux linkages of the generator,
[We] ... is vector of the electromagnetic flux linkages of the
transformer;
[xg] ... is matrix of the generator reactances;
[ %] ... is matrix of the transformer reactances;
[xg:] - ... is matrix of the mutual reactances between generator and

transformer (observe from the generator side) ;

[ xtg] ... is matrix of the mutual reactances between transformer and
generator (observe from the transformer side) ;

[Wa], [ Xg] and [ ig ] are fully defined in Chapter (2.2). If the equations from (3.1-1a) to
(3.1-2¢) are substituted in (2.2-26) then the following set of equations describes the
electro-magnetic fluxes of the generator:

Wa = X141 la + X12 ib + X13 Ic + X14 itd + X15 I1g + X146 I1q =

= (X191 = X12)i1 + (X12— X13)i2 + (X13— X11)i3 + Xqaitd + X15 i1d + X16 I1q (3.1-5)



23

Wb = X21 fa + X22 b + X23 Ic + X24 g + Xo5 i1 + X26 i1q =

= (X21— X22)i1 + (X22— X23)i2 + (X23 — X21)i3 + X24itq + X25 I1q + X26 i1q (3.1-6)
We = Xa1 Ia + Xa2 i + Xa3 Ic + Xaa ifg + X35 I1d + Xz i1q =

= (X31— X32)i1 + (Xa2 — Xas)iz2 + (X33 — X31)i3 + Xagitd + X35 I1d + X36 i1q (3.1-7)
Wrd = Xa1 fa + Xa2 Ip + Xa3 ic + Xa4 ira + Xa5 I1a + Xag iaq =

= (Xa1— Xq2)i1 + (a2 — Xa3)i2 + (X43 — X41)i3 + Xasitd + X5 11q + Xse i1q (3.1-8)
W1d = X51 la + X52 ib + X53 Ic + Xs4 itd + Xs5 i1d + Xs6 i1q =

= (X51 — Xs2)i1 *+ (X52— Xs3)i2 + (X53— X51)i3 + Xs4itd + X5 I1d + Xs6 h1q (3.1-9)
Wiq = Xe1 ia + Xe2 ib + Xe3 ic + Xe4 Ira + Xe5 i1d + Xes I1q =

= (Xe1— X62)i1 + (X62— Xe3)iz + (X63 — Xe1)iz + Xeaitd + Xes I1d + Xes i1q (3.1-10)
It is obvious that the current i4, i and iz are nothing else than transformer’s currents
of the primary side. Now to describe the transformer model it is necessary to observe

each loop of the Figure (3.1-2). For transformer primary side we can write the
following set of equations:

Wy = -3 X1 it + V3 Xme i’ (3.1-11)
W, =-3 X1 2+ V3 Xmo b (3.1-12)
Ws = -3 X1 iz + V3 Xme ic’ (3.1-13)

(where the factors 3 and /3 arise from the A connection of the primary winding and
the per unit system used in the study);

For transformer secondary side we can write the following set of equations:

Wi = X ia’ - V3 X 4 (3.1-14)
Wy = Xe ib' - V3 Xme i2 (3.1-15)
Wa' = Xg ic' - V3 Xme i (3.1-16)
Where: Y. W & Ws ... are the electro-magnetic flux linkages of the secondary

side of the transformer;

ia', ib’ & i’ ... are currents of the secondary side of the transformer;
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If loop | in Figure (3.1-2) is observed it could be written:

Wo— Wp— Wy =Y, (3.1-17)
Same follows for loop 1l & loop lil:

WYp—We—-Wo =W (3.1-18)
Ye—-Wa-W3 =1 (3.1-19)
The flux linkages W, W, & W, defined by equations (3.1-17), (3.1-18) and (3.1-19)

together with secondary flux linkages from expressions (3.1-14) to (3.1-16) will be the
principle variables defining the generator-transformer assembly.
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3.2 Automatic Voltage Regulator (AVR)

A basic automatic voltage regulator (AVR) model is included in the test system to
provide realistic variations in field current in response to specific system faults.
Variations in field current are major contributors to electromagnetic torque variations
which impact on the electromechanical performance of the generator. Figure (3.2-1)
shows the general arrangement of the AVR modeled:

Vidmax
3 phase _,| 3 phase V= Vi vair| transfer Vavr Vid
input diode > :Iltr:rt oTr1der —> —»| function p K>
voltage Lljr[z\év:ve i - A+ ka/(1+ 12)
i
Vref
Vidin

Figure 3.2-1

The generator's 3-phase terminal voltage is applied to a 3-phase full-wave bridge
rectifier after which the signal enters a first order filter to reduce the phase ripple.
After the filter the signal enters a summing junction where it is compared to a
reference voltage vier. The difference between these two voltages is then applied to a
first order transfer function. The output from this stage is then limited by +Vigmax and —
Viumin . before being scaled to the correct per-unit value for application to the
generator’s field winding. The generator terminal phase voltages are obtained from: -

dwa. .
Vg = p -ig la (3.2-1)
d¥e .
V = _| r 32‘2
b g bl ( )
dw. .
Ve = el ic Ta (3.2-1)
where: Va ... is stator terminal voltage of the phase a;

Vb ... is stator terminal voltage of the phase b;



av
dt

dw.
dt

ia la
ib ra

icla
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.. is stator terminal voltage of the phase c;
.. is the current of the phase a;
.. is the current of the phase b;

.. is the current of the phase c;

.. is induced emf of the phase a;

.. is induced emf of the phase b;

.. is induced emf of the phase c;

...is a voltage drop across the working resistance of the phase a;
...is a voltage drop across the working resistance of the phase b;

...is a voltage drop across the working resistance of the phase ¢;

These simple equations contain the basic principle of the work of any synchronous
machine where direct application of Faraday's Law is obvious. The action of the
rectifier could be represented by equation (3.2-4):

0= [max(Va, Vb, Vc) —min(va, Vb, Ve)] * 11
¢ =

where:

— 3.34
3./34/2 (3.3-4)
max(Va, Vb, Vc) ...is the function that chooses the maximum
instantaneous value between three stator
terminal voltages;
min(Va, Vb, Vc) ...is the function that chooses the minimum

instantaneous value between three stator
terminal voltages;



After that the equation for the voltage of the filter is given by expression (3.2-5):

dvs 1
W - (v~ 3.2-5
ety (Ve —vr) ( )
where: Vi ... is the voltage after the rectifier;
Vi ... is the voltage after the filter;
T ... is the time constant of the filter,
Now:
Vdiff = Vref -Vf (3.2-6)
dv. 1
AR = L (ke Vit — VAVR) (3.2-7)
dt 12
where: var ... is the difference between v and vy
Vet ... is the voltage set by the operator in the power plant for this
particular generator,
d\:tVR .. is derivative of the voltage after AVR in time;
T2 ... is the time constant of the transfer function;
ka2 ... is the gain of the transfer function;
vavr ... is the voltage after the transfer function block;

The scaling block k in Figure (3.2-1) is to convert the AVR (per unit) output voltage,
which is normally expressed in terms of excitation for rated stator voltage on open
circuit, into the appropriate (per unit) value of vy for the generator model. The scale

factor is T Asan example of this model in action, the following graphs show the

Xad
model variables for a steady-state condition.
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Since the focus in this work is on short-term transient behavior within the generator
and not the long-term electro-mechanical behavior of the power system, no dynamic
model of the speed governing system is provided and the mechanical power
delivered by the turbine will be assumed constant over the relatively short simulation
periods.
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3.3 Types of faults

For the given test system in the chapters (3.1) and (3.2) the following set of faults will
be considered:

a) 1-phase short circuit;
b) 2-phase short circuit;
c) 2-phase short circuit with ground;
d) 3-phase short circuit with ground,

Ali will be applied directly to the secondary terminal of the generator transformer, thus
applying severe disturbances to the model. A full description for each of these set of
faults is given in Figure (3.3-1):

phase c ’ phase c
phase b phase b
phase a ia = -ib phasea &
€.=0 €t
isc = 1a 2
' a) 1-phase short circuit b) 2-phase short circuit
phase b phase b
ia + ib = isc phase a phase a
et eioi
e.=e,=0 la 1o ¥ lo = lso €a=€ep=6=0

d) 3-phase short circuit

¢) 2-phase short circuit
) 2P with ground

with ground
Figure (3.3-1)
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4. MATHEMATICAL MODELING OF THE SYSTEM

4.1 First-order differential equations

The test system proposed in Chapter 3 can be described by set of simultaneous
first-order differential equations. This approach leads naturally to state-space
analysis for which an extensive body of literature exists (see for example refs 5 and
6). The general mathematical form of such a system is given by equation (4.1-1):

- o] ]+ 8] ] 1-1
where: [X] ... is a vector of N state variables (for a N™ order system);
[u] ... is a vector of M external inputs to the system;
[A] ... is the N-square system matrix;
[B] ...is the NxM input matrix;

In order to get a time response of this system we use step-by-step numerical
integration of this set of equations where for the j" time step it is given expression
(4.1-2);

%= [A}-1 * [X}-1 + [B] * U] (<)

The right hand side of the equations are known, the values of the state variables
[X] at the fast time-step are known, the present values of the external inputs [U]
are known (because the study is done for a specific set of external events) and the
values of the non-linear matrixes [A] and [B] evaluated at the last-known state and
input values are also known.

We thus evaluate the right-hand sides and obtain estimates of % the rate of

change of the state variables. These rates of change, together with the previous
state values are then fed into standard NUMERICAL INTEGRATION ROUTINE (in
this case RUNGE-KUTTA — see ref. 7) resulting in estimates of the new state vector
[X]. The whole solution advances by one time step and expression (4.1-2) is re-
computed. This process is repeated, feeding in the sequence of inputs [U] at
appropriate times until the simulation period is completed. A flow chart of the fourth-
order Runge Kutta algorithm used is shown in Figure (4.1-1):



[ START J

v

INPUT DATA:
[Wlt=0sec

[X]t=0sec
[€)i=0sec
{r

m

At

h

T

T2

k

Vref

.. is a vector of the electro-magnetic fluxes for the initial moment

(t=0sec);

... is a matrix of the reactances for the initial moment (t=0sec);

... is a matrix of the voltages for the initial moment (=0sec);

... is a matrix of the resistances (that is CONSTANT);

... Is a total time in that the whole system has been observed;

... is the time increment in seconds,

... is a constant of inertia;

... is the time constant of the AVR filter;

... is the time constant of the AVR transfer function;

... is a gain of the AVR transfer function;

.. is the reference voltage set by the operator in the power plant;
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v

n=0

®—

[iden =[XT een *[ W J=n

[e]en ...is given for the first step and then calculated for
the particular moment t;
%ﬂ_‘w[elhn*’[r]*[i]hn
dt
te, tn & vt ... are calculated for the particular moment;
dw [(tm)t = n - (te)t = n] dve)  _ [ve-(vi)e=n]
dt ) 2*h at )" T
dd
[a) t=n = 2T * W= Vaiff = Vref —(V)t=n

[dVAVR] _ [k2* v - (vavR)t = n]
t=n —
dt T2




&)

dt dt dt dt

(V) t=n+at &
(VAVR) t=n+at;

With values of 4! -1, (dw]Fn. (‘dﬂ]t:n, (E}:ﬂ and

(d\g’:m]t:n we are entering RUNGE-KUTTA method and as a
result there are calculated values of: [W] t=n+at,

W t=n+at ,

0 t=n+at ,

n =n+ At

yes

Figure 4.1-1
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The equations in chapters 2 and 3 give rise to the following vectors for the system

model. State vector [ X ] is given by:
[X1'=[ W, Wi, Wi, Wi, Wag, Waq, W1, W2, W5', 0, B, v, Vawr];
while input vector [ U ] is given by :

[U ]t = [ ea, €b, €c,Vref, Pmech I;
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4.2 Set up the initial conditions for the synchronous generator

A portion of the phasor diagram for a salient-pole synchronous machine acting as a
generator is given in Figure (4.2-1) (ref. 8):

g-axis

OA= |\7|+ |T Racosa + |T|Xq sina

AB = (-|T| Rasina + |T‘Xq ) cosa

AB
=ta'1 i
0 n(OA)

d-axis

Figure (4.2-1)

where: v ... is the vector of the terminal voltage of the synchronous
generator,
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-

.. is the vector of the stator current of the synchronous

- generator;
a ... is the angle between V and [ in radians;
Ra ... is the working resistance in each of the 3-phases of the

synchronous generator;

Xq ... is the quadrature-axis synchronous reactance;

From the Figure (4.2-1) follows the expressions (4.2-1), (4.2-2) and (4.2-3):

OA = |\7| + |T| Racosa + lTlxq sind (4.2-1)
AB = (- |T' Rasina + |T|xq )cos a (4.2-2)

(-|T|Rasina+|T|Xq)cosa

l S |+| - (4.2-3)

6=tan‘1(§)==tan'1(

Racosa+|T|quina

This procedure establishes the rotor angle 8 . From Figure (4.2-1) also follows:

d+a+B = g (4.2-4)
where: 0 ... is the rotor angle (angle between Vand g-axis) in
radians;
a ... is the phase angle between V and [ in radians;
B ... is the angle between | and d-axis in radians;

As a is known for a given load and  is calculated, the value of B is calculated from
(4.2-4) and given by expression (4.2-5):

B = g -5 -a (4.2-5)
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From Figure (4.2-2) now is easy to determine Eo.
i

. g-axis

i ]quq
A

—

Eo

Bo= V+ TqRa+jTaXg +jlaXq

|Eo| = |\7| sind + ‘Tl ( Ra SinB + Xg cOSB)

Figure (4.2-2)

As it could be obvious the following set of equations could be written:

Bo= V+ TqRy+jTaXa+jTaXq (4.2-6)
Eo = |Eo|= \\7| sind + [i|( Ra sinB + Xq cosB) (4.2-7)
where: Eo ... is the emf induced in the stator on the open circuit test;

Eo =f(lig )

By knowing Eg from (4.2-7) and X.q4 from (2.2-11) it is simple to determine iso:

) 3. Eo
g0 = 2 *—2 4.2-8
™2 Xa (4.2-6)
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To determine voltage supplied on the rotor winding ero we use Ohm’s law:
€rg0 = Mra * irdo (4.2-9)

By knowing P, Q and V,, of the generator it is very easy to determine:

iphase = T3S\z (4.2-10)
S=(P*+ Q)" (4.2-10a)
where: iphase ... iS the current in each stator phase;

P ... is the real power;

Q ... is the reactive power;

S ... is the apparent power;

Vn ... is a terminal voltage (for A connection);
And the voitage in each of the transformer phases is:
€phase = V3 Vh (4.2-10b)

By using the equivalent circuit in Figure (4.2-3) of the transformer per phase it is
easy to calculate the initial conditions on the secondary side of the transformer:

PR Ft1 X1 . X7 Xr
1= Iphase I

Figure (4.2-3)



i1 = iphase = lphase £ (atan ((ﬁ) +%))

m
V1 = Vphase = Vphase £ (E)
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(4.2-11)

(4.2-12)

In each case, the % phase shift is caused by delta connection on the primary side

of transformer.
AV1= i1 Zt (4.2-13)
X1 = Xt1 — Xmc (4.2-14)
zu= (8 + xe)* £ (atan(>)) (4.2-15)
Vm = V1 - Avy (4.2-16)
= (for A connection) (4.2-17)
3 Xme
i2 =im — i (4.2-18)
AV2 = i2 Zot (4.2-1 9)
2 2% Xi2
Za= (ro” +X2°)"° L (atan(r—)) (4.2-20)
2
V2 = Vm—Avz (4.2-16)
where: Av, ... is the voltage drop across the zy+ on the primary side of the
transformer;
Zt ... is the impedance of the primary side of the transformer;
Vm ...Iis the voltage drop caused by magnetizing current in,;
im ... is the magnetizing current;
Av, ... is the voltage drop across the zx on the secondary side of

the transformer,

Zn ... is the impedance of the secondary side of the transformer;



X1

X2

Xm

... is the leakage reactance of the primary side of
the transformer,

... is the leakage reactance of the secondary side of
the transformer;

.. is mutual-reactance between the primary and secondary

windings;

40
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5. TEST OF GENERATOR MODELS

The sequence of faults described in Section (3.3) will be applied to the test system at
the location shown in Figure (5.1). For the first test runs a basic form of the generator
model will be used, in which a number of simplifying assumptions are made:

- the stator induced emf’s assume a constant rotational speed,
- there is no saturation of the generator's magnetic circuits &
- the generator/turbine rotors act as a single inertial mass.

This will be referred to as the ‘base model’ whose performance will be compared in
later runs to that of models with specific enhancement. The data for the base model
are typical for a salient-pole machine in the range 200-300 MW, and are given in
Section (8) [Appendix].

POINT OF FAULT

APPLICATION
"1
.
— — E o—1
| |
|
I 1 | Electrical
————o—{ Power
I : System
| i
' :
|
. —-—1—0——E—
|
I
rotor stator transformer S—
<+ > < B

Figure (5.1)
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5.1 Short circuit test performed on the base model

The time period for which the behavior of the synchronous generator has been
observed is 0.5 seconds. Short circuit tests have been applied between 0.1 and 0.3
seconds and then each of them has been removed. The analysis gave us the
following set of graphical results in which the variables plotted are:

- 3-phase stator currents (ia, ib ,ic),
- electromagnetic torque (te),

- air gap flux magnitude (flux),

- rotor angle (delta),

- field voltage (vf) &

- field current (if).
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As the nature of the 3-phase short circuit is such that is known as a ‘balanced fault’
the presence of 50Hz oscillations on the graph of t. (electrical torque) is what was
expected. The same phenomena reflects on graphs i = fi(t) (field current as a
function of time) and W = f(t) (total air-gap flux as a function of time), while in all
other cases the presence of 100 Hz oscillations during the short-circuit for t. , iy and
Y was caused by negative sequence components of the fault currents in these
unbalanced cases. These components convert to double frequency terms for rotor-
based phenomena. These results clearly show the amount of detail given by this form
of the generator model, allowing direct comparison with site measurements.
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5.2 Variable speed model

In the base model, it was assumed that the rotor speed was constant when computing
induced emf’s. In this section, we investigate the change in response due to an
accurate calculation of the rotor speed at all times. To implement this change it is
necessary to implement the following equation at the very beginning of the Runge-
Kutta loop:

w=27f(1+w) (5.2-1)
where: w ... is angular frequency [rad/s];

f ... is the supply frequency [1/sec or Hz];

._Ad

At ... is deviation in rotor speed,

The rotor acceleration is already described in chapter (2.2) with expression (2.2-28). it
is also important to mention that before we start to calculate matrix of reactances for
each step of Runge-Kutta the following equation (5.2-2) describes the instantaneous
value of the angle O:

O=2mwf*t+d (56.2-2)

If we compare this equation with the similar one (2.2-25) it is obvious that the angular
frequency of the rotor is no longer a constant. Instead of that it becomes the function
of the time. The relative change of the angle d in time is also been considered:

® _ (5.2-3)

The time period in that the behavior of synchronous generator has been observed is
again 0.5 sec as well as the applied short circuit test were observed again between
0.1 and 0.3 seconds. The analysis gave us the following set of graphical results that
had been compared to base model (graphs for the base model have been
represented with dark blue, while graphs for the variable speed model have been
represented with green):
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From the given graphs it is obvious that the difference between the resuits driven by
base model and with speed variation model is practically indistinguishable, with
insignificant differences in graphs for v and 8 (for each separate case of specific kind
of short circuit). The slight differences were observable only after removing the faults.
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5.3 Saturation model

There are two basic cases that will be considered in this chapter:

1- saturation of the synchronous generator in d-axis only &
2- saturation of the synchronous generator in both d- and g-axes;

All previous results were obtained assuming the machine operated in a linear part of
the B-H characteristic. Now our consideration will be directed to observe the
synchronous machine in saturation, using similar methods to those of Harley et al
(ref. 9).
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5.3.1 Saturation of the synchronous generator in d-axis only

The starting point for this procedure is the calculation of the total electro-magnetic
flux linkage of the machine for the initial operating condition (this absolute value of
the total electro-magnetic flux linkage was calculated and located relative to the
position of the phase a of the stator of the synchronous generator). By assuming the
B-H characteristic (represented by the OPEN CIRCUIT CHARACTERISTIC of the
synchronous generator) and by knowing the absolute value of the total electro-
magnetlc flux linkage, we use a LAGRANGE INTERPOLATION POLYNOMIAL of
the 6™ level to determine the coefficient of saturation kO for the starting point (see
Appendix for details). In order to give a valid comparison with the previous
(unsaturated) results, it was decided to set the initial value of Xag(saturated) in this case
to that used in those studies. Hence a new “unsaturated” value must be defined.
Unsaturated value for the Xag(unsaturated) NOW Will be given by equation (5.3-1):

Xad(unsaturated) = Xad/Ko (5.3-1)
where: Xad ... is the dataset value used previously;

On entering the RUNGE-KUTTA method for each step of the calculation it will be
necessary to calculate total electro-magnetic flux linkage before and after that
particular step, as well as the value of Xagsaturated) that was given by expression (5.3-
2):

Xad(saturated) = Xad(unsaturated) ~ K (5.3-2)

The value of coefficient of saturation k is assigned from the previously known value
of the total electro-magnetic¢ flux for that particular step. One of the major changes
in this model is calculation of the matrix of reactances for the given system where
Xad, Xtdl, Xid» X1d, Xaa2, Xabo @nd Xaao are no more constants. By recalculating these
values we are implementing the saturation of the synchronous machine in the d-
axis. Expression for x4 is given by (5.3-3):

Xd = Xad(saturated) * X (5.3-3)

(we assume here that the leakage paths never saturate); By knowing the electro-
magnetic flux for each of the stator windings before and after that particular step we
are able to determine the change of each of these electro-magnetic flux linkages in

dya/ dyp/ o dyc
time At' At At' We have already estimated instantaneous stator

voltages Va, Vb and v. and flux linkages W, W, and Y. (see section 3.2).
Comparison and discussion of given results will follow in section 5.3.3.
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5.3.2 Saturation of the synchronous generator in both d- and g-
axes

The case for the direct axis is now extended to the quadrature axis. As well as the
change of the Xad(unsaturated), Xad(saturatedy @nd Xq now follows the change of
Xaq(unsaturated), Xaq(saturated) aNd Xq @s well. Equations that describe that change are
given by expressions (5.3-4) to (5.3-6):

Xagq(unsaturated) = Xag/Ko (5.3-4)
Xagq(saturated) = Xaq(unsaturated) *k (5.3-5)
Xq = Xaq(saturated) + Xi (5.3-6)

The assumption here is that the same saturation factor applies on both axes. This
almost certainly exaggerates the degree of saturation on the g-axis, but will provide
a useful comparative result. List of variable that will recalculate before calculation of
the matrix of reluctances now containNs Xag, Xaq, Xdl, Xfd, X1dl, X11d, X1ql, X11q, Xaa2, Xab0
and Xaa0. The same principle from section (3.3-1) applies for the recalculation of
voltages v,, vp and ve.
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5.3.3 Comparison of the results between base model, saturation in
d-axis & saturation in d- and gq-axes

In all four cases there is a noticeable change in the field current iy immediately after
applying the fault. This does not appear to have affected the torque te significantly,
and so has little effect on the rotor angle 6. The stator currents are not affected at
all, while certain differences of the v; are noticeable after removing the faults.

It is clear that the approximation made in assuming equal saturation factors on
each axis is not critical in generator response. From this point on all results
presented by the following set of graphs will be just ones that show differences
between base model, saturation in d-axis only and saturation in both d- and g- axes.

Color chart: - blue represents base model;
- green represents saturation in d-axis only;
- red represents saturation in both d- and q- axes;



70

e W

FPTETTATTT
'
‘
'
-

o

05

0.45

0.2

0.15

0.1

S Y |V SYSpEY: P! pp——

| R ——

|

02

0.15

0.1

t (sar.:unds) ‘

3-phase short circuit

P R b e s el L LR R R R et
JEassesraneesyresagtlee p s e g eSS e .
i
i
L
2!
1 (seconds)

B N T
Hesemwheaswhces=dicseslen
B L L e e

i
Memes=priel

Ammm

IR R L B ) | M

2 b
1
D S

1p==--

1.3
1.2f----
R =
09f-=-=-
0Bf----
0.7 f----
1] -
05

4

| Sty

(pes) exep (nd) 2y



71

(nda

T T
_ . 24 "
" 1]

L] L] n\_- Ll
aaaaaaa [ Ry ) B A PR
1 L] 1 .

L] " 1
1 (] 1
L] 1 1] a
1 1] 1
llllllll jrracsssmsfecsnnnnaimesses e

1 (] i
1] 1] 1) t
1] 1] » 1]

1] 1] 1] 1]
IIIIIIII U .
L] 1] n 1]

1 L] L} [}

] ] 1 1
] ] ' )

1 L] i 1
IIIIIIII N T e T T
1 L] 1) 1
] ] 1 1
] 1] L] 1
L] 1] (] 1]
|||||||| decccccashbescmcacfocrr o~k —a——o =
L ] 1] 1] [}

1] 1] L] [}

i " 1} 1
1 " v L}

1 1 i 1
IIIIIIII | iy i) I Nt
1] L] " 1]

L] ] 1 1
] L] i 1
i 1 1] 1]
|||||||| -
[} 1] ] 1]

. 1] 1} ]

1] 1 " 1]

i i L} 1]

IIIIIIII 4
" i
1 1
1 1]
1 1
13 1
........ : v
1] 1] + 1]
] T 1 1
1 1 1 1]
1 1 1 1]
1 1 L 1
- (%) ™ n o~ 0
™ ] -

1 (seconds)

045 05

[ i ] L]

1] i 1] L]

1] ] L] L]

" L] 1] L]
nnnnnnnnnnnnnnn ossseteaass o watanos sl

1 1] " 1

] ] . 1]

1 1] 1] 1]

1] 1] 1] 1t

" 1] 1] 1]
........... [T | P SO

1 L] 1] 1] 1l

1 1] [} " 1]

1 1 ] i L)

1 1] L] 1] 1]
|||||| N it il s e i i s e
1 1] 1] 1]

] 1] L)
" ] 1 1
L] L) 1 ]
1 L] 1 1
ey T P ¥ Yemnmes
L] 1] 1] 1 1
1 ] I ] I 1)
1] 1 1] 1 1)
1 [ L} 1 ] L}
Rk T ——--—— b= b L A=
1 1 1} 1] 1
1 ] 1 L] L] L)
] L] L] 1] "
1 1 1] 13 1]
L} 1 1 i 1
|||||||| " A I £ e At Sy T LI Fd T,
1 L} 1 L] ]
1 1] L] 1] 1
L L] ] ] ]
1] 1 1 1]
IR R s $ s y <mwid fueas R
] 1] L] []
1] L] 1] ]
1] 1] ]
- T 1] 1] L]
~ e L -
1 1] 1] 1 L] ]
1 . 13 1 L] L]
] ] ] ) » ]
1 t L] L} L] 1
1 1 1 ) 1 ]
...... (I LS WU | SN S
1 1 1] 1 L] 1
1 ] ] 1 ) )
1] L] 1] L} L] 1
1] 3 1] 1 I 1
A L A 1 1 ¥
[ w wn =t m ™ - a
(nd)ypu

t (seconds)

3-phase short circuit



72

R R R R e N et

Jumm=—

R ey R RS S P g

N=—m=m

dm bbb - —

0.85
08 f~-nn

075 f----

0.7}----

045 05

0.4

t (seconds)

1 . T T I T T H
] ' L} ] L] L} 1 L}
L} i ) 1) T t L} 1
(] ] ) L] ) 1 ) 1
beeetanemtomaabdiaciocadaaa L o]
L} [ ] ] 3 ) L]
. 1 L} L] 1 L]
1] ] 13 1 1 L]
] 1 ] L] 1 1]
L] L} L] L] »
et L L El Cloo oo oo [l bt t
] ] ] 1 )
] L} [} 1 1
. L} 13 ] 1
L} ] 1 ] 1]
SOy - AP (S (L.
i 1} L} ’
L3 ] 1]
Ll ] L}
1 [}
1 L}
e b b e
Ll I [}
1 1} 1
] " []

1 1} [}
A - i
i ) ]

1 1} L
1 " Ll
1 L) L
1 1 U
] T i r i
' L} L ] "

! i [ ' "

] i [ '

k] 1 1 13
] + = -
] L} i 1l
il 1 L L}

[ T i 1] i L]

L] 1 1 i 1 4,

b I i B e T T
1] 1 L} L} ] 1 L Al
L] ] il 1] 1 " Ll 1
L] 1 13 L 1 " L] )

] 1 ] 1] 1 L ] L}

L] L} L] i 1 i 1 1
..---._--‘n..---u_.::1.*::4--:1-:1:-.. .....
L} i ] ] ] 1 ] L}

T ] 1 L] ) 1 ] L)

1 1} 1 " 1 L} 1 L)

1 ] i 1 ) 1 ' 1
1 L ' i i WAl W — s
o o~ w = L\ o 0 L w
. - S o -

D5

035 04 045

025 03
1 (saconds)

02

0.16

2-phase short circuit with ground



73

T T i I 1

" ' i ] "

" ' i ' i

[ [ 1 ' "

|||||| T L T T iy PRy / A 2

¥ [] 0 i i

" ) 1 ' 1 ¥

" ] i ' i &

" " 1 '

[ [ 1 ' 1 '
llllll o e
1 ] L) 1 1
i [ ] 1 '

1 1 1 1 1

] ' ' ] '
R e e Lemean L . dere Ao e

[ ' 1 T i '

[ 1 1 [l 1 '

" ] 1 ' | '

1 ) 1 1 L] ¥

1 [ 1 ] ' '
|||||| Tl Sl St A hiac by [ty

il T ) ] ] '

1 ] ! ) ] 1

1 1 ' L} ' 1

1 ] ' ] 1 1
|||||| [ R ik daie it

] ] 1 ] . 1

' ' ] ' [ 1

1 v 1 3 1 '

v . ' ' * [

1 [ t 1 ' 1
|||||| [25uiuteintid St S
1 1 ' ] [l i
v ' 1 i . i
] 1 1 ] ’ [

' ¥ " " ] [
|||||| el e e s
] 1 ' 1 " L)

' ' 1) ' ] ]

' ' ' ] ] ]

] [ ] [
IIIIII { B R R pp—— N I Y Yeye—
. 1 i + L L
" ' " ) ] "
' ' " 1 ] [
' L] ] ) ] ]

' ' ' + 1 [
|||||| R et ettt Dl E ST PR
. 1 ' ’ (] '

] ' i [ L] ]

' 1 1 i ' ]

1 1 i 1 1 13
I ' i 1 i '

- n 4] wn o~ w3 - w

m o~ - =

1 (seconds)

i T i I
' ] [ "
] [ [ b
" [ [ '
|||||| e e S N L
v [ i
L} L] '
i ' '
[ ] v
[} " '
|||||||||||||||||| g P R
[ 1 v
[} i "
L] L] '
] ] '
IIIIIIIIIIIIIIII T Do r oy R —
' [ '
i L} '
L] 1 '
[} ' .
1 [
qe=———- T======
) "
] )
1 '
1 i
e b=
[l i
" "
' "
' "
Byt i
1 Fee==
" "
] "
’ b
" [
m————— A
' [l
' ]
0 "
' '
L dommmm S
] d i [ t i
" ] " ¥ ' '
] ' 0 0 ' '
i ' i ' 1 1
(] U 1 v i '
llllll e el e | L P DR PR
" ' (] I ' [l
] ' 1 i 1 ]
] ' L} ¥ 1 1
1 [} 1 [} ] ]
i i i ' H H
~ w wn -t m ~N -~ ==

t (seconds)

2-phase short circuit with ground



74

w

I o T i H i H i

1 " L} 1] ) L) . L) L)

L} i ] Ll ) Ll il " )

) ) ' 1 i L} " ]
I P S S S b o ) € T S, PSS S VAP I S

[ L] Ll L) [ L} 1 L

v o " [ ' ) [ '

) ] 1] 1 1 1} L}

) 1 ' () L] 1 )

' i i ] i i ]

-

||||||||||||||||| B T e ) e Hmm e m e

{ i =] I ] 1 [ 1 i

Ll 1 1 L] ) ) L]

3 i " ' ' ' |

' 1 ] ' ¥ ' i
IIIIIIIII L L g —— |||I|$ llluu.l!l.— L_ulll_—llll.llllvlil...

» . L v L}

1 o 1 (] i i t [}

1 i " ' ' ] i

' ] ] i ¥ 1 |

\ 1 m 1 i J \ [}
lllllllll 1 L et e | e |I|I|D. [rEsmp—y s T T TEymesy

) ) 1} " i 1 ]

1 w ] i ] ] i

1 ] a 1 ] 1 ]

i i = i i ' ) ]
......... - U SH,., WS S S | S =GR LS

i 1 ' o 2 ' ' ] 1 '

' ' ' o ' ' —— i ’ '

L} L} 1] Nt 1] ) T ] L}

] L bl Rl 1] ) 1] 1 ]

i 1 3 o™ () 1 T [ i
L e s e e Rt - i llttﬁciu.“iiihtli I||»||||_|||\.":.ala

L] ) L) L] L] T .

L] L] L] L) ] L) ) A ' . ]

" ' " ' ' " i T i '

[ ' 1 ] i wn ] [ X " ] ]
e e LT R Saepaa ——— =t Rt T A -

i | ' i i 1 ' o ] i 1 ] "

L] [} 1} L) L} 1 3 ] L i 1

L} ) 1 L] ] [} ] 1) MI Ll 1] ' bl

1 1 1} L] L} 1 1} d L] L 1) A A L
||||| gy Ay |y gy [ Ol f = -t ks e T T T T S

i [ ] ] " [l 1 [ ) [ 0 ' " [ [} V i

) 1} ' ¥ 1 ) 1 " " L} T L L} L} L) 1)

L} 1 L] L} 1 1 1 L} . L} 1 1 L) ] L] L]

+ i ] i ] 1 ' ' ¥ & 1 ] 1 i i i

' ' i ' ' 1 ' m i [ 1 ] i ] i i i
nnnnn e L T L T . Ry PPN .. ] R L, B O L DN S

1 0 [ [ i ' . (=] 1 ] ] ] ' ' ‘ [} i

] ' ¥ ' | 1 i ' ' t ' i ] i i '

L} . . ] L} L} " 1 1] L] L] ] ] L} L] L)

[} ' (] [ 1 1 t [ ] ] ] ] ] ] L] '

i} i 1 e —m—— ' i o ] 1 L L i} i1 L Il

w - =1 : ] w td o o - a [=] -

o (=] (=] o =] (=] o ' L

(ped) eyap (n'd) a1

0.5

0.45

03 03 04

0.25

1 (seconds)

015 0.2

2-phase short circuit

005 01

a



75

t (seconds)

2-phase short circuit

s
i } i T 1 I o I i 1 I 1
] 1} L} [ 1} 1} ] [} Ll L .
L} 1} 1 L} . ) 1 L} " ' "
' ' ' ' i ' i ' ' ' '
..... Y SR SRR SR TSR S 1 (N & [ S PRI W W (. Py [Py
b i ' ¥ : v 1 0 V i
' ' ' ' o ' ' ' ' '
' V ' ' ' ' ' '
' 1 ' d ' ' T, ' '
' v ' i ' 1 ' ' i
-
‘‘‘‘‘ g JRCRE J I - R R R R L S - S s S g aprpu e
' ' 1 | (=]} ] i i i
L} ] ] ) 1 ] L}
0 i i ' i ' 1 ' '
i 1} ] L} ] 1] Ll ¥ )
iiiiiiiiiii .“..llll.mlllllnlllllunlllll $ lllllluulllilu.i.!‘ I(I“.!llll et $
Ll . ¥
' 1 I 1 ' o ¥ ) i ' L
1 ' ' ' v ' i T i '
i ' i ' ' 1 1 '
T v 1 : r o : : ¥ 1 @
nnnnnnnnnnnnn jremmepamaaad M T, g . 4
| | | 1 1 e " i o
] ) [ [ ] w0 [ '
1] 1 L} L] ] - L ]
1 T [} 1 t = ) 3 3
» cesebs—amdaaaan ———m - [Ap——— % S pFe----z 5 = ——h ————agmmeaad N
3 " 1 1 [} ' ] }
1 . L} 1 1 = “ L L} ) o
[ 1] L] 1 ] — T 1 '
[} Ll L} L} 1 o~ £ L} L} " .
i ' ' ' ' '
T e S RN S g e R S S
L} L} L) L] L 1 ¥
1 ' i ' v ] ——y—— "
] L} L} L} L] 4 - Al 1
] ] [ i ] wn ' [ ] n
+ o e A o i P e ———. - fkesasmla_ e = - = —
] 1 i i 1 [ o 1 ] " o
13 L} 13 . 1 1 1 L)
L} [} L) L} 1 L} 1
] L} 1 L} 1 ] L
L dessmslemens [ p—— I Lo = pke=a=z Ce=s== 4 D Depepp A ]
b [ [ 1 [l ’ o ' ' 1 [ i o
' ' 1 | ) 1 1 ] ] L] L} 1
L} ) [l 4 1 ) 1 L} “ L] [} "
' 1 ' ] ' ) ' ' [
' ' t i ' 1 i i i | i
s i — R CIRRR R g Lo - — | R S - 18
" ] 1 [ (] 1 * [ ‘ I [} i (] ] (=]
' ' ) ' 1 v ' ' 1 i [ 1 i
] L) 1 T L} 1] L) ] ] ] L} L) ]
' ' 1 1 ' 1 i 1 ' ] | 1l '
L '3 i ' L L1 i o 1 L 1 L (] 1 [
ik o - e (nd) py

3
2
s



76

-

e e e m e m e e .o e - =

¥
1
1
i
[
]
[
-
1
]
[
1
Il

4

1

-

057

0.86 f-- ==

0,85 -~

054 ----

(pe)) eyap

0.53f--~-

0.51 ----

05f----

t (saénnds)

et
I I i | | I (=]
] 1 | ' V i
] 1 i ' i [
1 1 i i ' P
[$2]
||||| tommedeens |||l¢|llllhlllai"!atttm.ltln... ~
] 1 | ' ) =
[ v ' [ v
i ' [ i '
' v ] ' r
3 -
||||| === o = B e el T
l l i 1 t (=)
i ' i ] ]
“ ' 1 ' 1
i i .
lllll Lowad !l#lllln._lllll-lllllrllll.l %
" ¥ ] 4
1 v | | 1 <
i ' ' 1
] i 1 L
) 1 m
lllll r st o= 5
[) ¥ N o
[ ' 1
" ' ]
] ' '
..... . SR S |
i ¢ [=]
' 1
' ]
' : ¢
1 [ o
ttttt H | P D]
: =St i S
' ' [ '
] ] T
' " " ] wn
||||| - Fm—me —
) 1 ! ' (=]
' ' p i ]
T T [ 3 i 1
' ] .MI.I L3 X T 4
e T — 1 B o D el o e=a ol
i ] [0 [ " i ' ]
' ] [ i ' [ "
i i ' ' " ' '
] ) 1 1 L] 1 1
i ' i i i [ s
..... PR SRR 1 9 SO RO [AOU S &~
' ] ] ' ] ] H o
' 1 ] ] 1 1 1
' ' i [ " ' '
i ' 1 ' ] i ]
1 L s . h H o=
wn ~N w & o] o = bt] hg w
o~ - o = -

t (seconds)

1-phase short circuit



77

4
35 |----

ey e

e L e i

deommabdecsdossasdensscboncedena=

| —

[ Beabeiesey o ety |

i e e ]

T e

e e

)

fommm-

) e

H i e

o B e

N i A

1fene-

25)----

el
&
=

D5 f=---

045 05

0.4

t (seconds)

jard
=

&3

045 05

I I I
i [ '
i ] i
(] [ [
||||||| R ., T} PR SRR ettty
[ ] ] ¥ 0
. ‘ ] ' i
) [ [ ' '
[ ' ] ] '

" | " ' '
uuuuuuu Fm——————r R L & T e
1 ¥ ] I ]

i " ' '

' ) ) )

' 0 ' b
||||||| Lonau=™ R T & T T e
v ¥ [

i ' '

' ' (]

I L ]

1 1 ]

lllll oo e =

" i
] i
" i
" i
llllllllllllll bemmemmganaa e
' '
i '
[ '
L] [}
|||||||||||| t i
r i B Femm——=
i ¥
i i
' i
' '
e e —— e T T e - e 4
' '
' '
' 1
i i ' '
R o e R, bmmme s A
L] 1 L} ' '
) 1 [ ' [
' 1 " i i
] 1 ] ] ]

' s 1 ' [
nnnnnnn e et { i T T PP
1 . [ f '

i ' 1 i '

] ) ] " '

' ' [ ] [

H H H H i
w w -T 3] - ==

t (saconds)

1-phase short circuit



78

5.4 Multiple rotor masses

There are two basic cases that will be considered in this chapter:

1- multiple rotor masses on the shaft of the synchronous generator &

2- multiple rotor masses on the shaft of the synchronous generator with
capacitor C connected in series with the generator-transformer block,
located between the observed generator-transformer system and electrical
power system to form a SERIES RESONANT CIRCUIT to excite sub-
synchronous resonant frequencies;
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5.4.1 Multiple rotor masses on the shaft of the synchronous
generator

The variable speed model described in section (5.2) will now be modified by treating
the mechanical system as three lumped inertias connected by a common shaft. To
illustrate such a modification we use Figure (5.4-1):

~_ N7 /"
7N ./

~§—
high-pressure low-pressure rotor of the
turbine turbine synchronous
generator
including
exciter

Figure (5.4-1)

where: H4 ... is inertia of the high-pressure turbine;
H2 ... is inertia of the low-pressure turbine;
Hs ... is inertia of the rotor of the synchronous generator including

the mass of the exciter;

This figure could be simplified to Figure (5.4-2) in which each.of the given masses are
represented by a disks on the same shaft and where the angular displacement
between disks gives the measure of torsional forces that could in extreme conditions
damage the shaft of the synchronous generator.

Tm2=Pm/2  H, Ha

\ k12\ ka3 Te

— —1
di2 d23

Figure (5.4-2)



where: H4
H>
Hs

K12

k23

d12

d23
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.. is inertia constant of the disk 1,
.. is inertia constant of the disk 2;
.. is inertia constant of the disk 3;

.. is the coefficient of the torsional stiffness between low-pressure

and high-pressure turbine;

.. is the coefficient of the torsional stiffness between high-

pressure turbine and rotor exciter mass;

.. is the damping coefficient between low-pressure

and high-pressure turbine;

.. is the damping coefficient between low-pressure

and rotor-exciter mass;

We will assume that the total torque T, delivered by the steam entering the turbine is
constant, and is distributed equally between the high-pressure and low-pressure
turbines. The model analysis of the shaft assembly could be represented by the
equation (5.4-1) (ref. 10):

%[H]dz[e]ldtz+[D]d[O]/dt+[K][@]=[T] (5.4-1)

where: [H] ..

is the diagonal matrix whose elements are the inertia constants
of the disks [p.u.];

Wo ... is the synchronous speed [rad/sec];

d’[@]/df? ... is the vector of angular acceleration for each of the shaft
masses [rad/sec?];

[D] ...isthe damping matrix;

d[ © J/dt ... is the vector of angular speed for each of shaft masses;

[K] ... is the matrix of torsional stiffness;

[©] ...isthe vector of angles for each of the shaft masses;

[T]

.. is vector of externally applied torques on the disks;

¢
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H 0 O ©1 O O
[H]=|0 Hz 0; d[©)d=d%dt? |0:|; d[O)dt=d/dt|Oz|; [O]=|Oz;
0 0 Hs O3 Os Os
[ di2 — 21 0
[D]=]| —d2t di2+ds —d= where: d12=d21 & d23=da2,
| 0 —dzs da2
[ ka2 — k21 0
[K]=]| —-k2t  Kki2+kz —kaa where: ki2=k21 & k2z=kaz;
| 0 ~k2s ka2
[T Tm/2
[T]=|Tme|= [Ta/2|;
|- Te -Te

From the equation (5.4-1) it is easy to develop the following set of equations (5.4-13)
to (5.4-1c¢):

2 Tm

w— H4 d291/dt2 + d4 dO¢/dt — d2q dO,/dt + K12 ©1 - k2 0, = ? (5.4-13)
0
% Ho d20,/dt - di2 dO4/dt + (d12+d23) dO2/dt - doz dOs/dt - k2 ©1 +
T
+ (k12+k23)92 - k23 92 = —5— (5.4-1 b)
wi Hs d?04/df? — dys dO-/dt + dos dOa/dt — koz O + kos @3 = - Te (5.4-1¢c)
0

From the equations (5.4-1a%, (5.4-1b) and (5.4-1c) we could express values for
d%0,/dt?, d’0,/dt and d*O,/dt’:

d204/d = ;’—H° [ - diz dO4/dt + dzq dOdt - kep O + K1z O +%] (5.4-2)
1
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d20,/dt = % [ di2 dO4/dt - (d12+023) dO,/dt + dzs dOs/dt + iz O -
2

Tm
- (k12+k23)O2 + k23 ©2 + > ] (5.4-3)
d’@ydt’ = —;: [ d23 d©2/dt - d2s dOs/dt + k23 ©2 - k23 O3 - Te ] (5.4-4)
3

From the variable speed model we know:

@3 =0

dOs/dt ... is rotational speed of the generator w;
2 . . dw

d?0yd? ... is rotor acceleration or o

Our system now consists of four new additional stator variables: ©.,d©./dt, ©, &
do.,/dt;
From the initial step we can determine ©, ©,, ©3, d°04/dt, d°0,/df & d°O4/dt:

Pm Pm Pm

©1=—+02= + — +0 5.4-

' 2k = 2ki2 ks (5:4-5)

0=Prio= Pmus (5.4-6)
k= K23 .

©,=58 (5.4-7)

By using system from the equation (5.4-1) we could easily calculate values of d©4/dt,
dO,/dt and dOs/dt for the first step of the RUNGE-KUTTA method. For the next
following step we can calculate:

d%0,/df ... from the equation (5.4-4);

dOs/dt = 21f d°04/dt?

d%0,/dt? ... from the equation (5.4-3);

de,/dt = 2nf d°0,/dt?

d’e4/df ... from the equation (5.4-2);

dO./dt = 2wf d°04/dt?

to determine values of ©4, O, & Os.
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We take as our reference mass the rotor-exciter and to measure the torsional effect
between the masses on the shaft we simply need to determine angles ©1, & O by
expressions (5.4-8) and (5.4-9):

©12=0,- 04 (5.4-8)
Oxp=0;-0, (5.4-9)

The values of the inertias of the three masses were taken from typical generators of
rating approximately 300 MW. The undamped torsional frequencies with these inertias
are approximately 22 and 13.5 Hz. When the test was run on the model itself without
any short-circuit condition on the secondary of the transformer, angles ©12 and Oz
were constant. This actually confirmed the viability of the model itself. After that the set
of short circuit tests were performed between 0.1 and 0.3 seconds. The effects of
these disturbances will be expressed by shaft torques T, (between disk 1and disk 2)
and T (between disk 2 and disk 3) that are directly proportional to angles ©2 and Oa3.
The following set of graphs show the results:
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From all fault cases, the part of the shaft between rotor and the low-pressure turbine
shows a clear oscillation frequency of approximately 22 Hz, while the other section of
the shaft shows the interaction of the different modes of oscillation.
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5.4.2 Multiple rotor masses on the shaft of the synchronous
generator with series system capacitance

On the existing model described in section (5.4.1) we will implement capacitor C
between the generator-transformer block on one side and electrical power system
on the other. The Figure (5.4-4) best describes that condition.

Dy5 Cc
Electrical
O—@*
System
generator transfomer capacitor

Figure (5.4-4)

In systems involving series capacitance there is always a risk of resonance with the
inductive reactances of lines, transformers and generators. This will normally give
rise to oscillations on system and machine quantities which are damped mainly by
system resistance. In order to give a realistic amount of damping the transformer
secondary resistance is increased from 0.01 to 0.04 p.u. for these tests only.

In our case two values of x. have been chosen and that were 0.21p.u. and 0.035
p.u.. These values were chosen so as to produce resonant frequencies close to the
torsional frequencies of shaft oscillation. In the case when the test was run on the
model itself without any short-circuit condition on the secondary side of the
transformer angles ©1, and ©,3 were constant. This confirmed the viability of the
model itself. After that the set of short circuit test were performed between 0.1 and
0.3 seconds between the secondary side of transformer and capacitor C.

If the electrical resonances in the power system occur at frequencies less than the
fundamental system frequency (so-called “sub-synchronous resonance”) then
special problems may occur. The current components at the resonant frequency
give rise to mmf's rotating in the air gaps of generators at less than synchronous
speed. Closed current paths on the generator rotor (such as damper windings) act
as induction generators at this frequency and the energy thus injected into the
system may exceed that removed by resistive damping. Under these circumstances
the resonant component will be sustained or even increased.
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If these components coincide with one of the natural torsional modes of the multi-
mass shaft system, then the potential exists for excessive torsional oscillations of
the shaft masses and consequent fatigue damage to the shaft (ref. 11).

Between the x.¢ = 0.21 p.u. and x.1 = 0.035 p.u. the worst possible case is the
balanced fault (three phase short-circuit) with value of x¢1 = 0.21 p.u.. The torques
T, and T» (that are proportional to ©1, and ©23) are oscillating in phase with
increasing amplitude such that the shaft of synchronous generator could be easily
damaged, which is very obvious from graph & = 6(t). If we compare these results
with these given by xc1 = 0.035 p.u., the higher frequency resonance excites a mode
such that the torques T4 and T are anti-phase which means that T, and T2 will
oscillate in opposite directions. With this mode, d is not so seriously affected, and
the oscillations do not increase in amplitude:
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If we compare these two cases it is obvious that x; = 0.21 p.u. gives us a worse
condition on the shaft then x, = 0.035 p.u.. After examining all these cases, it is evident
that the value x; = 0.21 p.u., giving rise to a resonant frequency of approximately 25 Hz,
is critical in the torsional response of the shaft system, and that the generator model is
capable of tracking this response for both balanced and unbalanced faults.
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6. CONCLUSION

It is important to re-iterate that the focus of these studies has been the short-term
transient response of selected generator models over a relatively short time-scale
immediately following major system disturbances. In this context the results
described in the previous section lead to the conclusion that the enhancement
associated with the variable speed model and saturation of the machine have not
shown any major impact on the response of the synchronous generator over the
time-scale of the study. Thus the extra computing effort to represent these
phenomena accurately is not justified in this context.

Multiple-mass representation of the mechanical system, however, has a significant
effect on the mechanical behavior following a major disturbance. The effects are
propagated from oscillations of the rotor body which give rise to electrical
oscillations on most system variables. '

Adding multiple rotor masses on the shaft of the synchronous generator is critical in
representing the response of the generator to systems which involve series system
capacitance. The worst possible case is 3-phase or what is known as a balanced
fault. The torques on the shaft are oscillating in phase with increasing amplitude
such that the shaft of the synchronous generator could be easily damaged.
Resonant frequency for the generator in this case is around 22 Hz. This frequency
is critical as well in all other unbalanced faults and it shows critical torsional
response of the shaft system.

The most important fact is that this generator model is capable of detecting such
responses and give designers of the electrical power network valuable information
about undesirable conditions in the network such as series system capacitor
between electrical power system on one and block generator-transformer on the-
other side.

The overall model responses have shown that this 3-phase representation gives a
designer or machine operator information in a form which can be easily compared
with design or operational data, and its use can be justified if detailed transient
information is required.
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8. APPENDIX

8.1 Lagrange’s Interpolation Formula

This method assumes that a non-linear function is described by a series of pairs of
co-ordinates (in our case the open-circuit characteristic of the generator) in a look-
up table.

From the table n+1 values given as

X IXO! X1)X2| ----Xn
f(x) l yo: y1| y21 EERS yn

And not necessarily equally spaced, the substitute (approximate) function for a
given value is:

(X — X0)(X — X1)...(X — Xn) . (X — X0)(X — X2)...(X — Xn) -
(X0 — X1)(Xo — X2)...(X0— Xn) (x1— Xo)(X1— X2)...(X1— Xn) h

y(x)=

(X — Xo)(X = X1)...(X = Xn -1)
(Xn — X0)(Xn — X1)...(X0— Xn -1)

If the number of given values is small (n<6) this formula is very powerful and
convenient approximation model.



8.2 Data for the studies

Generator data:
Xd =1.313
Xdc =0.26
Xdee =0.2

Xq =0.8

Xqec =0.24

Xo =0.1

X =0.143

la =0.00254
tgoc =6.42
tdOoc =0.04
thoc =0.07

h =5.0
AVR data:

T =0.02

T2 =0.02

k =50.0

Vid max =4.0
Vidmin =-2.0
Transformer data:
M1 =0.01

I't2 =0.01

X1 =20.1
Xme =20.0

X2 =20.1

Multi-mass model data:

K12 =200.0
K23 =250.0
h1 =1.75
h2 =2.0
h3 =1.25
dq2 =0.0

dos =0.0
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System conditions:

v =1.0

p =0.8

q =0.2

f =50 Hz
Computational data:

Integral step length: step=0.0001
Total number of steps: nstep=5002





