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of a synchronous machine on its defined reactances and predicted
transients are investigated. Two linearized models of the machine
are considered. One uses the Laplace-Transformapproach, with
minimum number of assumptions on the inter-coil couplings, in
developing a model for the machine with short-circuited stator
terminals. The other model is obtained by modifying the commonly
used model and equivalent circuits given by Adkins (4).

In the first model, the root-locus technique of classical
control theory is used as a tool to inve Stigate the effect of mutual
inductances on the short-circuit eigenvalues of the general Park

model., Transfer functions for the short-circuit stator and field



current responses are derived in terms of the mutual inductances.
Numerical examples are presented for two (solid rotor) turbo-
generators and one (salient pole) hydrogenerator unit with dampers.

In the second model, the effect of the rotor-coil mutual
inductances on the dynamic behavior of the synchronous machine
are investigated for the machine connected to an infinite-bus via a
transmission line. Small displacements around a fixed operating
point are assumed in order to linearize the fnonlinear model; and
the state space approach is used for eigenvalue analysis and
simulation of the model on a digital computer. A numerical example
is given for a hydrogenerator unit.

When the models studied were required to yield a fixed set
of time constants and short-circuit reactances, it was noticed that
the mutual couplings between the rotor coils did not affect the
model eigenvalues . The rotor coil mutual couplings also hold no
effect on the contribution of the eigenvalues to the short-circuit

stator current components (i ) when the field excitation voltage

d’ iq
was fixed. On the other hand, the rotor currents were significantly
affected by the mutual couplings between the rotor coils, and their

effect should be included in any detailed investigation of synchronous

machine.
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A STUDY OF THE EFFECT OF THE ROTOR COIL
COUPLINGS OF A SYNCHRONOUS MACHINE ON ITS
PREDICTED TRANSIENT RESPONSE

I. INTRODUCTION

With the demand for electric power ever increasing, stability
studies of large-scale power systems have become of more con-
cern, making it necessary to represent the model power system
components more accurately.

The theory of the synchronous machine, the most important
power system component, is based on the two-reaction theory
developed by Park (1). Several authors have discussed the two-
reaction theory in great detail (2-5). The developed theory has
been widely used to study the stability of power systems in recent
years (6-10). However, the effect of such factors as iron loss and
the mutual couplings between the coils of the synchronous machine
were not investigated in the literature cited. The effect of iron
losses on the behavior-of a synchronous machine has been investi-
gated by other authors (11-14), and the conventional equivalent
circuits have been modified to take the iron losses into account.
However, such models are too complex to be used for large-scale

power system studies and will not be considered in this thesis.



The mutual couplings between the rotor and the stator coils
of the synchronous machine were first considered in 1966 by Canay
(15). In his work, he developed a transfer function block diagram
for the synchronous machine in which the mutual coupling between
all the possible combinations of the rotor and stator coils were
explicitly considered. His work was later used to study the torque-
angle loop analysis of the synchronous machiﬁe (16), and also
became a cause for modifying the conventional equivalent circuits
of the synchronous machine by different methods (13, 14, 17-24).
However, because of the complexity involved in represénting all
the mutual indugtances explicitly, and also, because the mutual
inductances cannot be measured, conveniently, the models that
include the mutuals are usually ﬁot used in power system studies.

In this work, first the Laplace-Transform technique is used
to develop a Park Domain model for the synchronous machine with
short circuited .stator terminals. The model is then used to study
the effect of the rotor coil mutual couplings on the internally defined
reactances and time constants of the rnodel.1 The rotor-stator
mutual inductances are taken to be equal on each axis (Laf = Lax
and Lay = Lag) by rescaling the equivalent damper winding currents.

These mutual inductances are, however, not used explicitly in the

The internally defined reactances and time constants of the model
will here on be called the defined model reactances and time
constants (or defined model parameters).
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model equations, but they are used in defining the model reactances,
as previously discussed in the literature. Hence, only two mutual
inductances remain whose effects should be investigated. They are
the mutual inductance between the field and the direct-axis
amortisseur windings (fo) and that between the two equivalent
quadrature-axis rotor coils (Lgy). In the cases that only one
equivalent rotor coil is assumed on the quadrature-axis, only one
mutual inductance (fo) remains, whose effect is to be investigated.
These mutual inductances are given in terms of the direct-and

quadrature-axis leakage factors o

d and o-q as defined in Appendix II.

The root-locus technique of classical control theory is used
as a tool to study the characteristic equation of the general
linearized short-circuit model of the synchronous machine. The
data for the open-circuit time constants and the short-circuit
reactances, made available by the manufacturer or owners of the
machines, are taken as the basis for obtaining the mutual effect of
the rotor coils on the defined model reactances and time constants,
which are in general unknown., It is assumed that the open-circuit
time constants and short-circuit reactances, provided by the
manufacturer or owners of the machines, are accurately measured
according to IEEE Standards (25) or else found by sophisticated
analytical techniques, such as those given in the literature (14, 17,

19, 24).



Transfer functions for thé field current and the stator-
current components of the short-circuited machine model are
developed in terms of the defined leakage factors, with the field
voltage as input-for the transfer functions. The effects of the leakage
factors on these current responses are also investigated.

Secondly,.the widely used synchronous machine model pre-
sented in the literature (2-4), in which it is assumed that the mutual
coupling between the rotor coils on each axis is equal to the rotor-
stator mutual coupling, is modified to make the rotor coil couplings
different from the rotor-stator couplings. A state space approach
is used to study.the effect of variation of the rotor coil coupling of
a synchronous machine model on its dynamic behavior when con-
nected to an infinite-bus via a transmission line. The nonlinear
model is linearized by assuming that small displacements occur
around a fixed operating point. A digital computer was used for
simulation of the linearized model. The effect of the rotor coil
mutual coupling was obtained on the field and stator currents as
well as on the rotor angle and frequency when the line reactance
was suddenly ih.creased.

Although both,. the transform domain and time domain
models obtained are based on the original Park's equations for the
synchronous machine, they are different in the way their model

reactances and time constants are defined. In the transform
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domain approach, the Park Domain open-circuit time c‘onstants and
short-circuit reactances are assumed to be known and the unknown
model parameters (reactances and time constants) are calculated in
terms of the given open-circuit time constants and short-circuit
reactances. But, inthe modelfor whichtime domain analysis is per-
formed, the Park Domain short-circuit reactances are defined in
terms of the open- and short-circuit time constants, which are
assumed to be known. .

From the studies of the transform domain and time domain
models, the following important observations are made:

The rotor coil mutual couplings do not have significant
effects on the stator-current components, rotor angle and
frequency. The mutual couplings, on the other hand, have
significant effect on the rotor coil currents.

Hence, it.can be concluded that the conventional models are
sufficient for studies in which the stator currents and mechanical
oscillations in the rotor are of interest; but the mutual effects
between the rotor coils should be taken into account when the rotor
electrical quantities are of concern. The conventional machine
equivalent circuits should also be modified to make the rotor coil
couplings different from the couplings between the rotor and stator
coils, when they are to be used for the study of rotor electrical

quantities.



II. EFFECT OF THE ROTOR COIL MUTUAL COUPLINGS
ON THE MODEL PARAMETERS AND RESPONSES -
A TRANSFORM DOMAIN APPROACH

2.1 Introduction

In this chapter, the synchronous machine equations in the
direct- and quadrature-axis reference frame, as derived by Park
(1), are used to develop a LaPlace-Transform Domain model for
the synchronous machine with short-circuited stator windings. The
short-circuit model is then used for investigation of the effect of
the mutual couplings between the equivalent rotor coils of the
machine on its defined parameters and current responses.

The root-locus technique of classical control theory is used
in the eigenvalue analysis of the short-circuit model. The results
of this analysis are used to derive an algorithm for determining the
effect of the variation of the mutual couplings (expressed as leakage

2
factors, o andrfo‘q) on the defined model parameters. The con-

d
ventional (Park Domain) short-circuit reactances and open-circuit

time constants, made available by the manufacturers or owners of

the machines, are used in the derivation of the defined parameters.

°3 and O'q are defined in terms of the self inductances of the rotor

coils and the mutual inductance between them; i.e.,
szx ngy
g.=1 o« —m g =1 - —=2f—r0
d b4
Lf LX q Lg Ly
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Numerical examples for two turbogenerators and one hydro-
generator units are presented to show the effect of the mutual

couplings on the model parameters and responses.

2.2 Generalized Machine Equations

The equations for a synchronous machine can be derived
straight-forwardly from a linear two-pole model. The stator is con-
sidered to be three identical, symmetrically placed, lumped
windings called ma, b, c¢". The rotor windings are four unequal
lumped windings. Two of the rotor windings (f, x) are considered
to be on one axis (direct) and the other two (g, y) are placed on
another axis (quadrature) 90 electrical degrees from the direct-
axis. Winding "f11 represents the field winding while windings "'x,
ngn, vyt are fictitious windings which account for the damper bars
and current paths through the iron parts of the rotor. Salient
pole machines with damper windings are ('nor'mally modeled with
only one winding on the rotor quadrature-axis accounting for the
dampers. However, two quadrature-axis rotor windings are usually
used for solid rotor machines, accounting for the effect of iron
paths, and they can with some justification be replaced with one
winding. The assumption of two rotor windings on the quadrature-
axis yields a six-winding model; and when only one quadrature-

axis rotor winding is assumed, a five-winding model is obtained.



The development will start with the symmetrical (six-winding)
model, and will later be simplified to consider a five-winding
model.

The assumptions made in the development of the model are
as follows:

1) all inductances are independent of current (saturation

is neglected);

2) all distributed windings may be adequately represented
as lumped.windings;

3) the effects of currents flowing in the iron parts of the
rotor may be represented by three (or two) lumped
rotor coils as previously described.

In order to eliminate the position dependent parameters in
the equations describing the synchronous machine, the stator
quantities can be transformed from the 'a, b, c!' representation to
a nd, q, o" representation. In the work to follow, zero sequence
components will be dropped from the transformation; because only
balanced disturbances will be considered. The rotor quantities
are invariant in the transformation, and the three-phase stationafy
stator windings are transformed into two windings (d, q) in
quadrature which rotate at rotor speed and in the direction of

rotation of the rotor.



Figure 2.1 shows a symmetrical (six-winding) model circuit
for the synchronous machine after transformation to the d-q
representation, The polarities shown in Figure 2.1 are used in

Appendix I for derivation of the Park Domain machine equations.

e

d A AAA
. / fo\:
~ax
L
v af v P
d
by
a
w Direct-axis

Quadrature~axis
Figure 2.1 Synchronous machine model circuit.

Let the machine be operating at no-load with a fixed field
voltage Vf, a‘nd a sudden three-phase short-circuit be applied on
the stator at time t = 0. Because of the time continuity of flux
linkages and the presence of the leakage inductances, the currents

cannot change instantaneously. Hence, immediately after the

9
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short-circuit, the value of all currents but i_ remain at zero, while

f

the initial value of the field current is obtained from, Vf/r From

£
equation (Al-5), the stator terminal voltages before the short-

curcuit are:
Vg (0)= -wx (0)=0 (2-1)

0)= ©Xhy(0) = oL _. i (0)9 E (2-2)

Vq( . a 0

Equations for the Winding currents of Figure 2.1 can be written in
the Laplace-Transform Domain, with the initial conditions taken

into account, as given by equation (2-3).

. 1ir . r. . -
=-(r +sL WL L i - -L L 0
(ra d) q Sat SLax Lay ~ ag Ic'i aflf( )
-aL “r L) oL WL sL sL_ I 0
q at X ay ag q (2_3)
-3/2sL 0 : +1.3 (O
/2s of rf-lst Sfo 0 0] | If _ Vf I_fxf( )
-3/2sL 0 T 1 L i(0
/2s ax Sfo rx+SLx ° 0 Ix ‘fx1f( )
0 -3/2sL 0 0 r +sL sL 1 0
ay y v ¥8 y
0 -3/2sL 0 0 sL r +sL I 0
ag g g 8 g ]
L. -3 o> -l

In equations (2-3) s is the operator in the Laplace-Transform
Domain, and the capital letters I and V indicate the transformed

electrical quantities (current, voltage).
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The current variations following the short-circuit can be
determined from equations (2-3), provided the inductances in the
above equations are known. The inductances are combined to
define the model reactances3 (X'd, X”d, X'X, X”X, X'q’ X”q’ X'y’
X" ). The expression for these defined reactances are given in
Appendix II.

In order to reduce the algebra involved in the work that

follows, equations (2-3) are put in the following form:
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Equation (2-4) is used in Appendix II for simplification of the

characteristic equation.

3 Defined model reactances and time constants are: Xd’ X’d, X”‘f‘l,

X'x, X", Xq, X'q, X"q, X'y, X”y, T, T, Ty, Tg, T('i, T", T'q,

T" . The measured reactances and time constants are X, , X',
' dm dm
tt 1 b1 4 1t H 1 h th
X dm’ qu, qu, X q'm' T do’ do’ qu, T qO’ where the
subscript '"m'' denotes 1measuredn value.

T
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2.3 Root-Locus Study of the Characteristic Equation

At this point, the characteristic equations of six-winding and

five-winding machine models will be considered.

a. Six-winding machine model

The poles of the short-circuit current transfer functions are
the roots of the characteristic equation of equation (2-4). The

characteristic equation can be factored as

6 5 4 6
T(stp,)=w 7 (s+z )+ T (s+p) (2-5)
j=1 m=1 " ‘n=1

where @ is the electrical frequency in rad./sec. By inspection of
the work in Appendix II, it can be seen that the ‘pol.ynomidls on the

right-hand side of equation (2-5) can be factored as

4
2 2
™ = (5 3 2.
m=1 (s+zm) (s +Ads+Bd) (s +Aqb+Bq) (2-6)
and
i +p_ )= (504 C 854D s4E ) (5+C_s +D s+E ) (2-7)
| Zl (s pn = (s ds c]‘s d) (s q q q

The characteristic equation is derived in Appendix II.
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where, expressions for the parameters A through E are given in

Appendix II.
The eigenvalues of equation (2-4) can be obtained when

equation (2-5) is set equal to zero The resultant equation can be

written in the following form:

4
[43] 71'1 (S + Zm)
1+ —— = 0 (2-8)
6
T (s+p)
n=1 n

Equation (2-8) represents a polynomial ratio suitable for appli-
cation of the root-locus technique of classical control theory. This
technique will be used to investigate the general behavior of the

eigenvalues.

The zeros of the polynomial ratio of equation (2-8), which are

the roots of equation (2-6) can be written as follows:

(2-9)
s +Aqs+qu(s+z3)(s+z4) (2-10)

By expanding the formula for the roots of a quadratic by using the
binomial theorem, the roots of equations (2-9,10) can be written as

follows:
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2.2
-X X, A X. A
~ d d ~d
z) > d (1 + Zd + 2 - —4+.,..) (2-11)
d ay ay
a
z, = - 4 -z, (2-12)
d
X, XA quAZ
7, = - = (14 Ll y2- SF—t ) (2-13)
q o' a
o q q
= . =L -
Z, x Zy (2-14)
q
where
! 1
- 2-15
@ =X T +X, T, (2-15)
A, =X" ¢, . T.T (2-16)
d d d f x
a =X' T +X' T (2-17)
q y oy q g
A = X" (2-18)

o T T
a 49 g9 y g

The expressions for the model parameters appearing in equations
(2-15) through (2-18) are given in Appendix II.

It has been found that for most machine parameter values,
each of the expressions inside the parentheses in equations (2-11)
and (2-13) are much less than unity. Hence, z, and z_, can be

1 3
approximated as (- Xd/ozd) and (- Xq/aq), respectively. Also,
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Ad and Aq are normally much smaller than «, and ozq, respectively.

d
It can therefore be concluded that, for most machine parameter
values, lzl | << 'zzl and ]z3|<<'z4| .

The poles of the polynomial ratio are the roots of equation

(2-7), which can be written as

3 2
s +Cds +Dds+Ed=(s+p1)(s-+p2)(s+§)3) (2-19)

3 2 ‘
+ o 2—20
s +cqs Dqs-!-Eq (s+p4)(s+p5)(s+p6) ( )

The roots of the above polynomials are approximated in Appendix

IIT using the root-locus technique.

X = pole
0 =zero Imy

asymptote : J
[
|
|
I
|
|
I
I
1
{

(VI ') [V Y Yo | -
nv A3 Lo n Al 1 ad E) —’R s
Py % Ps % P3| Ps 3 Py B €
' B

|
/)
[

Figure 2.2 Root-locus plot for the characteristic equation of a six-
winding machine model.



16

The estimated locations of the zeros and poles of the poly-
nomial ratio in equation (2-8) are shown plotted on the s-plane in
Figure 2.2. In this figure, the heavy lines indicate the loci of the
values of s which satisfy equation (2-8) as ® is varied. As o is
increased from zero, the solutions move from the poles to the zeros,
as indicated in Figure 2.2. Since wz, the gain-factor of the root-
locus polynomial ratio, is very large compared to unity for the
synchronous machine (when running at normal operating conditions),
four eigenvalues are expected to lie very near the zeros (z1 to z4).
The other two eigenvalues will form a complex pair and approach
the asymptote shown in Figure 2.2. Physically, the effect of the
complex pair of eigenvalues is observed in the field current wave
form obtained during a short-c:ir(:uit test. The real part of the
complex eigenvalues indicates the rate of decay of the direct-
current offset component in the sﬁator current components, and the
imaginary part is proportional to the field current frequency
resulting from an actual short-circuit test. |

The study of the characte;’i,stic equation of the five-winding

machine model will now follow.

b. Five- winding machine model

When only one equivalent damper coil is assumed on the

- quadrature-axis, as for a salient pole (or hydro) generator, the
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order of synchronous machine model becomes five. The character-
istic equation and the current transfer function can then be obtained
by deleting one of the two equivalent quadrature-axis damper
circuits in Figure 2.1, say the circuit with coil g, The character-
istic equation will then be obtained by simplifying and factoring
equations (2-6) and (2-7). The result in simplified form is as

follows:

5 2 3 5

T (s+p)=w g (s+z )+ 7 (s+p) (2-21)
L j m n

j=1 m=] n=1

where z_ and p are roots of the following polynomials:

3 X

= 9y (s? -
T (s+zm) (s + X T ) (s +Ads+Bd) (2-22)
m=] q vy
5 X (T +Ty) Xq
T (s+pn) = (s + XH T T s+xii T T ) x
n=1 Q9 9 Yy q 9
3+C sZ+D s+ E.) (2-23)
(s a® " ra d
The solution of équation (2-2) occurs when,
2 3
w mzl (s + Zm)
1 + - = 0 (2—24) k
5
T (s+p)
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The polynomial ratio in equation (2-24) has three zeros. Two
zeros are the same as those for the polynomial ratio of the six-

winding machine model (Zl’ z and one zerois atz,_ = - Xq/(X” T ).

Three poles of the above polynomial ratio are also the same as
those for the six-winding machine model (pl, Py p3), and the other
two, which are functions of the quadrature-axis parameters, can be

approximated, as done previously, using the binomial expansion.

The expression for Py and P then become,

~l]
Ps™ T 17T (2-25)
y T q
L T T X
~ 9 . _9 2-
Py T T X' Py (2-26)
y " q q

It is noticed that for most model paramater values, each of the

three zeros are near a pole as follows:

z, near P, and |z1 |>|p1 |

z, near p, and IZZI<|PZ|

z, near pg and |z3|<|p5|

The estimated locations of the poles and zeros on the s-plane
are shown plotted in Figure 2.3. Thus, when ® is increased from

zero, the solutions move, on the root-locus plot, from the poles
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to the zeros. At normal operating conditions since the angular speed
of the rotor is again large compared tounity, three eigenvalues lie
very near the zeros and the other two form a complex conjugate

pair, as in the case of the six-winding model.
¥

Tlms

asymptote

\

|
I
[
I
[
I
|
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|
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Figure 2.3 Root-locus plot for the characteristic equation of a
five -winding machine model.

The assumption that the real roots of the characteristic
equation are very near the zeros of the root-locus polynomial ratio
at normal operating conditions of the machine will be used in the
next section to develop an algorithm for derivation of the unknown

model parameters as a function of the leakage factors.
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The five-winding, short-circuited stator- and field-current
transfer- functions can be obtained from equation (2-4) by deleting
the equations for the quadrature-axis rotor coil "g!'. Assuming that
the short-circuit occurs at time t = 0 and the field voltage remains
fixed during the short-circuit, the current expressions can be

written as follows:

X T +T
2 q 2 f "x 1
W E (SIX”qTY [S +0'deTx s+ O'deTX ]
1,(s)= - (2-27)
SX' T (S + p.)
d j=1 j
E o (s+-1—) [s3+ Xd + * T +Xde) s2 +
" ) 11
0 T X de O'dX deTx »
(2-28)
Xd(T -lj-T +Td) N Xd :
1" "
dX deT T dX deT Td
I (s)=
q 5
s X" 7 (s+p,)
j=1 )
where, EO = ooLaf if (0) is the stator open-circuit voltage. And
the expression for the field current becomes
5
7 (st z)
Ifs) = K=1 i (0) (2-29)

n
g w
)
-+
o

A ST
-
.
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where
5 1 + 1
X! T T, X, Xq(Tg+Ty) 4
TS et T xT. TXTT s 7
K=1 d df x dd dqy
X(T+T) X X' T +X'.T) +X (T+T +T) X ®°x"
[ qQ q v .4 Loxx "df df x & q N x [ 3
X"TT x" T " X"TT X"
qqy aa T g T g a9y d
f. 1]
X T X T+X' T
[ q(Tq+ y) ) Xd(Tf+Tx+Td) Xq ( P . Xd ¢ Xx N )
X"TT ocx" " X".T o X" TT
qu q d deTde XqTqu dd d dfx
X ! X! X" X
d 2 X L% T g 2
“ox'rrr. Y Gxttr Txx' Tt V|° 7
d dfx'd d d1fx qyV
T+T X (T +T +T
[Xq( El" Y) . Xd N Xq . d( f x d) +
X"T x" "TT X" TTT
atqty T dTE T L P LY L
' 2
X X X XX (1+w T T)
© 2 (j . X N d ) + dgq x 9 s +
X" o x" ox" oX"X"TTT
qry & s X qTe Ty d d qgxy qu

2
X (1
Xd q( + Tqu)

] (2'30)
o " xn
dX dX qTfoTdeTq
The newly defined reactances X'x and X"x are given as follows:
3 Lzax
t
= 2. 2-3
XeZ0 g3 T ) \ (2-31)

X
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2
X" = oL 3 2 (1-0c.) ———Laf Cax ] (2-32)
x d  2c¢ (T : d L
. d X fx

Note that by definition, the quadratic equation in the numerator
of the transfer function for Id(s), equation (2-27), is the same as

the open-circuit characteristic equation; i.e.,

T

+ T
2 f X 1 JAN 1 1
s +——— st+t———5— = (s+ =) (s + = )
“aTeTx  TaTi Ty Tao T a0
where, T’dO and T”dO are the open-circuit transient and subtransient

time constants, respectively.

When the field excitation voltage is not fixed, the assumption
Ve T Rf if (0), will no longer hold, after the short circuit is applied
and the Laplace-Transform of v (t) will not be V /s. For this

condition, the expressions for the short-circuit stator current

components of a five-winding machine model become

s X
fx ax 1 2 2 q 1 !
oL, Vls) [s(- 7 b7 48T = (st (s4X X T )]
I (s)= x af X qq y
d 5
1t . -
X deO'd -7T (s + pi) (2-33)
i=2
<1 foLax 1
0 L_ X,V (s) (st )[5(1- T, )+ ]
1,(s)= y X 2 X (2-34)

5
1" 11 T
X dX quLfO'd(s+Xq/ X qu) + T (s + pi)
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Note that the transfer functions given by equations (2-33, 34) will
be non-minimum phase; i.e., zero being in the right half s-plane,
if the quantity fo Lax/Lx Laf is greater than unity. Further
investigation is therefore in order, to determine whether a non-
minimum phase condition is physically possible for the problem at
hand; and therefore put restriction on the numerical value of the

quantity L, /L L .. This investigation is out of the scope of

fx LaX x af
the present work.

The model parameters appearing in equations (2-27) through
'(2-34)are considered to be unknown. An algorithm is presented in
the next section to express the unknown parameters in terms of the
open-circuit time constants and the short-circuit reactances, which
are given for a machine and assumed to be measured or otherwise
well-defined. Numerical examples will then follow to show how the
defined parameters match their corresponding measured values,
and how they are affected by the variation of the leakage factors.

2.4 Derivation of Model Parameters
From Measured Data

In this section, an algorithm will be presented for deter-
mination of the unknown model parameters from the measured
open-circuit time constants and short-circuit reactances. The

above time constants and reactances are used in contrast to the
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short-circuit time constants; because, for most machines, the short-
circuit time constants given by manufacturers are not obtained from
test. The given open-circuit time constants and short-circuit
reactances are considered to be more reliable to use, as the for-
mer can be obtained from a load rejection test, and the latter can
be reasonably accurately computed from the machine geometry. It
is assumed that the open-circuit time constants are either accurately
determined by the manufacturer or measured according to IEEE
standards (25).

Figure 2.4 shows a flow-~chart form summary of the cal-
culation sequence of the direct-axis model parameters in terms of
the assumed known time constants and reactances. The calculation
sequence for the quadrature-axis model parameters is obtained by
replacing all the known direct-axis time constants and reactances
in Figure 2.4 with the eorresponding quadrature-axis valueé. The
details of the calculation sequence are discussed in Appendix IV.

The assumption that the eigenvalues of the short-circuit model

are very near the zeros of the root-locus polynomial ratio (discussed
in section 2. 3) is used in the derivation of the model parameters.

It is also assumed that the mutual couplings between the rotor-
stator coils are equal; i.e., Laf =La’X and Lag = Lay' This

assumption can be implemented by scaling the damper-winding

currents such that the flux linkages and the winding time constants



X X *
d  Tdm
[L—
X d Tdm
]
' find T' from
1 2 (] ll '
T — +T" + " + X" X. =0
d xdm(T 0T 0T a*T g TdO(xdm i ™™ @™ o’ Xim Xim
find Tx from
T 2-(T' +T" _§T +T . T"_ /g, =0
do do’"'x " d0" do” " d
[
T a0 Tx
|
- " " 1 ' 3
K, T' +T I S SV S SR AR
Use an iterative method to find X' d from
172 , 1/2 1/2 ' 1/2
a @ X (X X)X QX T T ) =

' '
Xx_QXde/Tx

[

w o ! ' ' y 172
X" = [x (- ad)xd+(g1-ad)(xd-x PEFX ) ]/crd

Figure 2, 4 Summary of calculation sequence of direct-axis parameters,

*Subscript "m" indicates the measured or given values.

25
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remain unchanged. The above scaling requires changes in the
inductance and resistance values of the effective damper coils, to
leave the individual coil time constants unchanged.

Using the calculated value of the model parameters obtained
from the calculation sequence in Figure 2.4, the effect of the ieakage

factors, o, and -0'q, on the model eigenvalues can be obtained by

d
solving the characteristic equations (2-5) and (2-21) for the six-
and five-winding machine models, respectively. The effect of the

leakage factors on the observable currents (id, iq and i) can also

£
be obtained by finding the zeros of the current transfer functions
from equations (2-27) through (2-29).

The eigenvalues nearly have the same value as the zeros of

the root-locus polynomial ratio, given by equations (2-11) through

(2-14). The zeros are expressed in terms of g B4

A, ozq, and Aq,
given by equations (2-15) through (2-18). However, these terms

are expressed in terms of the known open-circuit time constants.

as follows:

- ' 1 - 1 1
-XXTX+Xde TdO+T a0

4 constant (2-35)

+ T" _ = constant (2-36)

a =X' T +X T =T
q y 'y q g q0 q0

5
See Appendix IV,
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constant (2-37)

>
i
q
H
H
t
H
H
1l

A =¢ T T =T' T" = constant (2-38)

Hence, the short-circuit model eigenvalues will remain unaffected
by the variation of the leakage factors as long as a given set of
measured values are to be yielded by the model. The contribution
of each eigenvalue to the two stator -current components (id’ iq)
will also remain unaffected with the variation of leakage factor(s),
when the field excitation voltage is fixed,as in the standard short-
circuit test. This is because the expression for the currents id
and iq, given by equations (2-27, 28), are also given in terms of
the constants defined in equations (2-35) through (2-38). However,
the stator current components are functions of the rotor coil mutual
couplings when the field excitation voltage is not constant. This is
because their transfer function expressions, equations (2-33, 34),
are given in terms of the‘ quantity Lax fo/Laf LX. However, when
it is assumed that the damper winding currents initially completely
compensate for sudden changes in the armature current, Olive (8)

has shown that the ratio I. L _ /L. _ L is unity. In this case, the
ax fx"' g x

f

effect of the rotor coil mutual coupling on the stator current com-

ponents is zero.
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In Chapter 1II, a time domain simulation of the synchronous
machine connected to an infinite bus is performed, in which it is
shown that the effect of the? rotor coil mutual coupling on the stator
current components is quite neglig’ible.

The contribution of the eigenvalues to the field current alsé
vary with the leakage factor(s); because, as shown by expression
(2-30), the zeros of the field current transfer function are functions
of the defined reactance X”x, and this reactance, as given by equation
(2-32), is a function of the direct-axis leakage factor, LFL Hence,
the field current expression is affected by the leakage factor.

Numerical examples presented in the next section will

support the theory developed so far.

2.5 Numerical Examples

The calculation sequence presented in section 2. 4 is used
here to compute the model parameters of two turbogenerators and
one hydrogenerator unit. The turbogenerators are represented by
the six-winding model, and the five-winding model is used to
repfesent the hydro unit. The data for the above units are given in
Table 2.1. They are standard case data given to the Western System
Coordinating Council (WSCC) by the machine owners. For all three
units, the data are given in per-unit on the machine MVA base.

Note that T’qO is equal to zero for the hydrogenerator unit.
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a. The model parameters

Tables 2.2 through 2. 4 show the defined model parameter

values as a function of.the leakage factors, ¢, and O’q, for the

d

three units considered. Note that 3 and O’q affect only the direct-
and quadrature-axis parameters, respectively. Also, note that
the numerical value of X”d does not appear in the tables, but as

shown in the calculation sequence of Figure 2.4 and discussed in

Appendix IV, the value.of defined X', equals to its measured value.

d

The numerical values of the model eigenvalues and the
predicted short-circuit.time constants, which are_defined to be the
inverse of the real part of the »\eigenvalues,. are given in Table 2.5
for the three units considered. The short-circuit time constants
provided by WSCC are also shown for comparison with the calculated
time constants. The fact that the imaginary pért of the pair of
complex eigenvalues is not exactly equal to the rotor synchronous
speed (120 mrad. /sec.) indicates that the net magnetic field is
moving with respect to.the rotor during transient.

As prédicted earlier in this chapter, the variation of the
leakage factors did not-affect the eigenvalues of the short-circuit
model with fixed excitation voltage. Hence, the keigenvalues and

the calculated short-circuit time constants remained unchanged as

the leakage factors were varied, and they are given independent of
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Table 2.1. W.S.C.C. data for three generators used in the
sk

numerical examples.*

Parameter™®* Machine 1 Machine 2 Machine 3
rated MVA 834, 60000 1300. 0000 142. 1000
rated KV 20,0000 . 25.0000 13. 8000
Xd 2.1830 2.1290 0.9299
Xc'l 0.4130 0.4670 0. 3570
Xél' 0.3390 0.3150 0. 2480
Xq 2.1570 2.0740 0.6510
Xé 1. 2850 1. 2700 0.6510
Xél' 0.3320 0.3080 0.2970
XO 0.1740 0.1838 0. 1480
T 0.0017 0.0020 0.00360
T(’i (sec.) 0.9500 1. 3400 3.0600
T('fl' (sec.) 0.0350 0.0350 0.0200
T('iO (sec.) 5. 6900 6.1200 8.0000
T('fllo (sec.) 0.0410 0.0520 0.0300
Tq' (sec.) 0. 1540 0. 1850 0. 0000
T; (sec.) 0.0350 0.0350 0.0200
Téo (sec.) 1.5000 1. 5000 0. 0000
T'q'.o (sec.) 0. 1440 0. 1440 0.0600
TA (sec.) 0. 4400 0. 4000 0.2000

Machines 1, 2 are turbogenerators (Pittsburgh 7 and Diablo
Canyon 1) owned and operated by the Pacific Gas and Electric
Company, and machine 3 is a hydrogenerator unit installed at
the John Day Project on the Columbia River.

aly ole

ek :
Resistance and reactance values are given in per unit and the time
constants are in seconds.
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Table 2.2 Predicted parameters for Pittsburg 7 turbogenerator (Machine 1 of Table 2.1).

1] ! 1 Xl
o 4 T f(sec:) Tx(sec) X 4 Xx (o q Ts‘(sec) Ty(sec) Xq

0.1 5.2900 0.4410 0.4258 0.3585 | 0.4 1.1904 0.4536 1.4418 0.4110

0.2 5.5197 0.2113  0.4193  0.4549 | 0.5 1.3156  0.3284 1.3614  0.3395

0.3 5.5919 0.139% 0.4166 0.5840 | 0.6 1.3839 0.2601 1.3111 0.3395

0.4 5.6274 0.1036 0.4149 0.7329 | 0.7 1.4279 0.2161 1.2723  0.3974

0.5 5.6484 0.0826 0.4137 0.8980 | 0.8 1.4589 0.1851. 1.2384 0.5182

0.6 5.6623 0.0687 0.4127 1.077 0.9 1.4821 0.1619 1.2040 0.7299

Table 2.3. Predicted parameters for Diablo Canyon 1 turbogenerator (Machine 2 of Table 2.1).

ag

4 T f(sec) Tx(sec) X:i X)'c a T (sec) Ty(sec) X'q X'

q y

0.1 5.6041 0.5679 0.4864 0.3152 ] 0.4 1.1904  0.4536  1.4243  0.4033
0.2 5.9024 0.2696 0.4756 0.3619| 0.5 1.3156 0.3284 1.3474 0.3220
0.3 5.9951 0.1769  0.4711 0.4554 | 0.6 1.3839 0.2609 1.2989 0.3107
0.4 6.0403 0.1317 0.4683 0.5769 | 0.7 1.4279  0.2161 1.2616  0.3561
0.5 6‘. 0671 0.1049  0.4663 | 0.7207 | 0.8 1.4589  0.1851 1.2288  0.4626

0.6 6.0848 0.0872 0.4647 0.8844 | 0.9 1.4821 0.1619 1,1956 0.6576




Table 2.4. Predicted parameters for John Day hydrogenerator

unit (Machine 3 of Table 2. 1).

32

o Tésec) T;}sec) Xé X; X;
0.1 7.7191 0.3109 .3616 . 2546 . 0542
0.2 7.8777 0.1523 .3595 . 2495 . 3140
0.3 7.9291 0.1009 .3586 . 2665 . 4354
0.4 7.9546 0.0754 . 3580 .3018 . 5204
0.5 7.9698 0.0602 . 3576 .3411 . 5733
0.6 7.9799 0.0501 . 3572 . 3908 L6171
0.7 7.9871 0.0429 . 3569 . 4529 . 6576
0.8 7.9925 0.0375 . 3566 . 5324 . 6999
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Table 2.5. Predicted eigenvalues and the defined and given short-
circuit time constants for machines 1, 2 and 3.

Model Calculated s.c. time Given s.c. time
eigenvalues constants (sec.) constants {sec.)
-~ 1.9065 + TA=0.5245 TA=0.440
j376.9281
—  _.29.54 "= Q. ""=0,
o 29 92 Td 0.0338 Td 035
a5 -25.3516 T'" =0.0394 a =-0.035
3} q
§ - 1.1868 T' = 0.8426 T!' =0, 154
q q
- 0.9342 T! =1.0704 T! = 0.950
d d
- 2.4145 + TA=0.4142 TA=0.400
j376.8941
N
o ~-28.2216 T! = 0.0354 T'" =0.035
a d d
g  -27.0989 T" =0.0369 T" =0.035
3 q q
s - 1. 1511 T' =0.8687 T' =0.185
q q
- 0.7525 T' = 1.3289 T!' = 1,340
q d
- 5.0001 + TA:0°1999 TA=0.200
j376.7652
o
V] - " — " =
g 47.9149 Td 0.0208 Td 0.020
g -36. 5786 T" =0.0273 T'" =0.020
q .
2 - 0.3262 T} = 3.0656 T¥ = 3.060
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leakage factors in Tables 2.5.

Comparison of the calculated and given short-circuit time
constants in Table 2.5, shows an inconsistency between the calculated
and given values. The inconsistency is more apparent in the quadra-
ture-axis time constants, T'q and T" . This is because the measure-
ment or computational methods used in obtaining the quadrature-
axis time constants are less reliable, especially because of the iron
paths in the rotor body.

In the preliminary work leading into this thesis, the values
of the short-circuit time constants, given in Table 2.1, were used
to determine the defined model parameters. H§wever, the resultant
short-circuit model had two complex pairs of eigenvalues, which
contradicts all the available measured short-fcircuit data for
synchronous machines. On the other hand, when the short-circuit
time constants were calculated from the algorithm of Figure 2. 4,
and used to compute the eigenvalues in the manner described,
only a single pair of complex eigenvalues was obtained. As a
result, it is concluded that the machine short-circuit time constants,
given in Table 2.1, are in error, or at least inconsistent with all
the other parameters in that table.

Using the predicted value of the short-circuit reactances
and time constants, given in Tables 2.2 through 2.5, it is noticed

that the conventional expressions relating the reactances and time



Table 2.6. Reactance values as a function of the leakage factors for machines 1, 2 and 3.

Machine 1 Machine 2 Machine 3
1 " ) " t "
Xd Xd Xd Xd Xd Xd
-

d - New Conv. New Conv. New Conv. New Conv. New Conv. New Conv.
0.1 0.426 0.410 0.339 0.351 0.486 0.462 0.315 0.331 0.362 0.356 0.248 0.251
0.2 0.419 0.410 0.339 0.346 0.476 0.462 0.315 0.324 0.360 0.356 0.248 0.249
0.3 0.417 0.410 0.339 0.343 0.471 0.462 0.315 0.321 0.359 0.356 0.248 0.249
0.4 0.415 0.410 0.339 0.342 0.468 0.462 0.315 0.319 0.358 0.356 0.248 0.248
0.5 0.414 0.410 0.339 0.341 0.466 0.462 C.315 0.317 0.357 . 0.356 0.248 0.248

Xl XII X' X" Xl XIJ
q q q q q q
v q New Conv. New Conv. New Conv. New Conv. New Conv. New Conv.
0.4 1.442 1.212 0.332 0.395 1.424 1.201 0.308 0.365 0.297
0.5 1.361 1.212 0.332 0.373 1.347 1.201 0.308 0. 345 0.297 Not
Appk-
0.6 1.311 1.212 0.332 0.359 1.299 1.201 0.308 0.333 Not 0,297 cable
Applicable
0.7 1.272 1.212 0.332 0.339 1.262 1.201 0.308 0.323 0.297
0.8 1,238 1.212 0.332 0.329 1.196 1,201 0.308 0.315 0.297

Se
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constants, as used in the literature (2-5) and given by equations
(2-39) through (2-42), are only approximate and become more

accurate as the leakage factors approach unity.

X' = Xy T /T (2-39)
X E X g T/ g (2-40)
X' =% Tiq/thO (=41
Xy =X T T g —

The calculated reactances obtained from the derived algorithm and
those obtained from equations (2-39) through (2-42) are given in
Table 2.6 for comparison. Since the difference between the field and
the direct-axis time constants (Tf, Tx) is quite large as compared
to the difference between the two equivalent quadrature-axis time
constants (Tg’ Ty),6 the expressions for the direct-axis reactances
given by equations (2-39) and (2-40) hold more accurately than those
for the quadrature-axis reactances, when the leakage factors are

varied.

See the numerical value of the time constants in Tables 2.2 and
2.3.
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b. Poles and zeros of the root-locus
polynomial ratio

The numerical values of the poles and zeros of the polynomial
ratio, equation (2-8), used in the eigenvalue analysis of the model
are given in Table 2.7 for the three machines considered. From
these values it is noticed that the poles of the root-locus polynomial
ratio are all real, as predicted in Appendix III. Also, in calculating

the defined model reactances (X'd, X', etc. )it was assumed that

d
the eigenvalues were close to the zeros of the root-locus polynomial
ratio in equation (2-8) or (2-24). The fact that the calculated eigen-
values are quite close to, but not exactly at the zeros (see Table 2.7),
would indicate that the calculation method, with its inherent approxi-

mations gives consistent results; i.e., the eigenvalues are

practically on the top of the zeros.

c. Short-circuit current responses

As shown in section 2.4, the zeros of the transfer functions
for the short-circuited stator current components are not functions
of the leakag factors when the field voltage is fixed. However, it
was shown for a five-winding machine model, that the zeros of the
field current transfer function are functions of the direct-axis

leakage factor. Table 2.8 gives the values for the zeros of the
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Table 2.7. Short-circuit model eigenvalues and the zeros and poles of the root-locus polynomial ratio.

Machine 1 Machine 2 Machine 3
zeros poles zeros poles zeros poles
. ¢ . Y .
eigenvalues (21 to z4) (p1 (o] ps) eigenvalues (21 to z4) (p1 to ps), eigenvalues (z1 to z3) (p1 to ps)
--:0.9342 --0.9342 - 0.1152 --0.7525 - 0.7525 --0.1175 -.0.3262 --0.3262 - 0.1185
-29.5492 -29.5475 -29.9056 -28.2216 -28.2245 ~29.0504 -47.9149 ~47.9025 -49.7127
- 1.1868 - 1.1868 - 2.3517 - 1.1511 - 1.1511 - 2.2026 -36.5786 ~36.5544 - 3.8714
-25.3516 -25.3451 - 0.9986 -27.0989 -27.0834 - 0.8235 - 5.0001 + - 1.9441
j2376.7652
- 1.9065+ -26.8044 - 2.4145 + -28.9771 -39.1806
j376.9281 j376.8941 ’
- 1.4237 - 1.4323

*k
The subscripted numbers on p's and z's correspond to those on Figures 2.2 and 2.3.

8¢
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model field current transfer function for the John Day hydro unit
(machine 3). The values in Table 2. 8 are obtained when the cal-
culated model parameters are used in equation (2-30), and indicate
that the contribution of each eigenvalue to the field current varies

with the value of the leakage factor.

Table 2.8. Zeros of the field current fransfer function as a function

of T4 for the John Day hydrogenerator unit.

o Zeros of the field current transfer-function

0.1] 83.3996+j257.3399, -245.2739, -16.0636, -0.2815

0.2 17.5685+j431.1761, -123.5641, 5.7829, -0.6100
0.3 5.6119+j502.7568, -102.2290, - 2.6126, -1.2022
0.4 0.2289+j548.1696, - 92.6026, - 1.3376 4+ j1.0619

0.5 -2.3662+j574.8103,

86,2818, - 1.0312 + jl.3143
0.6 | -4.1987+j596.0419, - 84.7493, - 0.8367 + jl.4127
0.7 | -5.6830+j614.9998, - 82,0501, - 0.7019 + jl.4569

0.8| -7.0621+j634.2583, 79.4919, - 0.6020 + jl1.4750

The zeros of the field current transfer function can be obtained
from Table 2.8 by predicting an approximate value for the leakage
factor o4 As discussed in section 2.4, Olive (8) has shown that,

when it is assumed that the damper winding currents initially

completely compensate for sudden changes in the armature current,
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the following relations hold:

Lax fo
——— = 2 -
T L 1 (2-43)

ay gy _ 5.
i 1 (2-44)
ag "y

When the above assumptions are used, the defined expression for

X"d becomes the same as X and that for XHq becomes equal to
X

le. Hence, the approximate values of o4 and o‘q, for a given

machine, are those for which the values of X”d and X”q are
respectively the same as X'X and X'Y. It should however be noted

that because of the assumption made in this thesis, that Laf = Lax

and Lay' = Lag’ equations (2-43) and (2-44) yield L., = LX and

fx

Lgy = Ly’ which will put restriction on the values of the mutual

inductances fo and Lgy' Hence, the predicted value of °3 and ¢
obtained from equations (2-43) and (2-44) are only approximate
values.

If the assumption to make X'X = X”d and X'y = X”q is imposed,
it is noticed from the values of X'X and X'Y in Tables 2.2 through
2.4 that the mutual coupling between the rotor coils are quite strong

(weak leakage factor)for the machines considered and the coupling

is stronger on the direct-axis.
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2.6 Conclusions

In this chapter, a linear model is developed for the synchronous
machine with short-¢ircuited stator terminals which tai(es the effect
of the rotor coil mutual couplings into account and make s®minimum
of assumptions on the inter-coil couplings. An algorithm is developed
to evaluate the defined model parameters in terms of the defined
leakage factors and the machine short-circuit reactances and open-
circuit time constants given by the manufacturers or owners of the
machines.

From the comparison of the calculated short-circuit reactances
and time constants, given in Tables 2.2 through 2.5, with their
corresponding given values in Table 2.1, inconsistency in the
available machine data, particularly, in the quadrature-axis
reactances and time constants is noticeable. As explained in
section 2.5, the inconsistency is due to the error in the given shor-
circuit time constant values appearing in Table 2.1.

It is also noticed that when the field voltage is kept constant,
the leakage factors (o‘d and crq) have no effect on the model short-
circuit time constants and the short-circuit stator current com-
ponents. It is also established that the field and damper bar current
responses are affected by the leakage factors. In order to obtain

the proper leakage factor(s) for a generator, it is necessary to
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observe the response of the generator field current to a disturbance
and compare it with the field current response of the model, when a
similar disturbance is-applied to the model.

If the assumption proposed by Olive (8) is imposed, from

which X'x becomes equal to X', and X' equal to X”q, it is noticed
y

d
from the values of X'X and X'y in Tables 2.2 through 2. 4, that the

mutual couplings between the rotor coils are quite strong and the
coupling is stronger on the direct-axis.

It is also noticed that the open-circuit field time constant, Tf,

is approximately equal to the machine open-circuit time constant,

T' If this assumption is made, the product of “ 4 and Tx will be

do’

. It can therefore be concluded that as ¢, approaches

11
equal to T 40

d

unity, TX approaches the value of T" However, a similar con-

do’
clusion can not be drawn for the quadrature-axis, except when O'q

approaches unity. This is because Ty and Tg are in the same order

of magnitude, where as T

£ is much larger than TX. Tg is, in general,

not close to T'qO except for values ofvo'q near unity.
In summary, it can be concluded that:
1. the leakage factor(s) have no effect on the short-circuited
stator current components when the field voltage is fixed
and the model is to yield a fixed response.

2. The leakage factor(s) affect the stator -carrent responses

when the field excitation voltage is not fixed, whether the
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stator terminals are shorted or not. However, as will
be shown in Chapter III for a one machine infinite-bus
system, the effect of the leakage factor on the stator
current components is very small.
The leakage factor(s) do affect the field and equivalent
damper currents. Hence, in order to observe the proper
field current response from the model, the leakage

factor(s) must be known.
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Il. EFFECT OF THE ROTOR COIL MUTUAL COUPLING
ON THE MACHINE DYNAMIC BEHAVIOR—
A TIME DOMAIN APPROACH

3.1 Introduction

In the conventional linear models and equivalent circuits of the
synchronous machine presented in the literature (2-4) and widely
used in the investigation of machine transients, it is assumed that
the mutual coupling between the rotor coils on each axis is the same
as the rotor-stator mutual couplings on the corresponding axis.
However, as shown in Chapter II, variation of the mutual couplings
between the rotor coils have significant effect on the rotor current
responses. It therefore becomes necessary to make the rotor
coil mutual couplings different than those between rotor and stator.

Although the original Park!s Equations are also used in the
derivation of the model considered in this chapter, the present
model differs from that discussed in Chapter II in that the model
discussed herein considers the short-circuit reactances to be defined
in terms of the conventional open- and short-circuit time constants,
which are assumed to be known; whereas, in the model discussed
in Chapter II the conventional open-circuit time constants and short-
circuit reactances were assumed to be known and the defined model

reactances and time constants were calculated in terms of the known

reactances and time constants.
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In this chapter, the conventional model given in the literature
(2-4) is modified to make the rotor coil mutual inductance (fo, Lgy)
the sum of the rotor-stator mutual inductances (L‘md’ Lmq) and the
unknown inductances (Efx’ ﬁgy). The modified model is then used to
investigate the effect of variation of the rotor coil mutual coupling
on the predicted transients of a synchronous machine with short-
circuited stator terminals, and a synchronous machine infinite-bus
system. A five-winding machine model is used in this investigation.
The state space approach is used in the development and digital
simulation study of the model, and the given data for the John Day
hydrogenerator units (Table 2.1) are used in presenting a numerical
example.

The eigenvalues of the machine model with short-circuited
stator terminals are compared with those obtained for the model
derived in Chapter II. Rotor angle, frequency and current responses
of the one machine infinite-bus system to a sudden change in the

transmission line reactance are also presented as a function of the

rotor coil mutual coupling.

3.2 Equivalent Circuits

The direct- and quadrature-axis equivalent circuits, which
represent the classical machine model developed in the literature

(2-4) are shown in Figure 3.1. The basic equations from which the
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equivalent circuits are derived, are given in Appendix V. The
equivalent circuit elements represent the armature resistance and

leakage inductance, r and Za; rotor-stator mutual inductances, Lmd

¢ and ﬂf; and the

and Lmq; field resistance and leakage inductance, r

amortisseur winding resistances and leakage inductances r , r , ZX,
x vy

and ﬁy. Note that in the derivation of the equivalent circuits of

Figure 3.1 it is assumed that the rotor-stator and the rotor coil

mutual inductance are equal;i.e., L. =L =1, =1L and the
af ax fx md

armature resistance r is external to the networks.
a

Direct-axis

i 2
q a
VYV
] '
y
L
pkq mgq P
y

Quadrature-axis

Figure 3.1 Equivalent circuits of classical machine model.
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However, the conventional formulation used in deriving the

above equivalent circuits represent only the stator circuit reasonably
accurately (15). Hence, when the rotor coil current responses of
the machine are to be studied, the mutual coupling inductance
between the field and the direct-axis damper winding (fo) should
be different from the rotor-stator mutual inductance. In what
follows, it will be assumed that the direct-aXis rotor coil mutual
inductance (fo) is the sum of the rotor-stator mutual inductance
(Lmd) and an extra mutual inductance (,@fx), which is normally

L and L., are

unknown. The reactances corresponding to gfx’ md fx

respectively x X and va suchthat X, =X .+ x

fx’ “md d’ fx md fx
The basic equations, which represent a classical machine model
are modified in Appendix V to include the effect of the extra mutual

coupling inductance £, . Figure 3.2 shows the modified equivalent

fx
circuits for a five-winding machine model, which are derived on
the basis of the modified machine equations given in Appendix V.

It should be noticed that if a six-winding machine model, with
two lumped-equivalent amortisseur Windin"g"é on the quadrature-
axis is desired, the extra mutual coupling inductance between these
two windings (Egy) should also be taken into account. Addition of

the dotted parts to Figure 3.2 makes that figure the modified

equivalent circuit for a six-winding machine model.
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i ﬂa ﬁfx ﬂf r ¢ i £
) Y a'a'at LV YLAAA—4
I .

Direct-axis

i A ’ ) rg

d vl .rv‘ngul

1 |
r |

y i

1

q mq

Quadrature-axis

Figure 3.2 Modified equivalent circuits.

The expressions for the circuit parameters of Figure 3.2 are

derived in Appendix V for the five -winding machine model. As

shown in that appendix, the circuit parameters for the modified

equivalent circuit of Figure 3.2 are obtained in terms of the given

or measured open~ and short-circuit time constants and the direct-

axis leakage factors o

q The leakage factor, which is a measure

2

fx
=40 +7
Lfo , where L.f vf+ fx+L

L

=4 4+ = J4
x+ +Lmd’ fx Lmd+ fx

md’ Lx fx
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of the mutual coupling between the rotor coils, is introduced to
modify the conventional equivalent circuit of Figure 3.1, by assuming
the mutual inductance between the rotor coils (f and x) to be different
from the rotor-stator mutual inductance Lmd' This assumption is
true, because the mutual coupling between the rotor coils (f and x)
is stronger than the rotor-stator mutual couplings. Hence, the
modified Park's Equations and the equivalent circuits are developed

by using the expression (L, + £, ) as the mutual inductancé between

md fx)
the coils nftir and tx11 on the rotor, instead of using just the term
”L'md”’ which is used in the conventional machine models given in
the literature (2-4).

Once the mutual inductance ﬁfx, or its corresponding leakage
factor PP is determined for a given machine, all the equivalent
circuit parameters become known.

Formulations similar to those in Appendix V will also yield
the equivalent quadrature-axis parameters as a function of o—q when
a six-winding machine model is to be used.

In the derivation of the above equivalent circuit parameters,
it is assumed that the armature leakage reactance, X[a’ is equal
to the zero sequence reactance of the machine. It is further assumed

that, as mentioned in Chapter II, the following equalities hold true

between the direct-axis reactances and time constants:
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X'g = Xy ’r—'é_ (3-1)
do
Tll
~ d
X” = X' 1" (3'2)
d dT d0

3.3 System Studied

The one-machine infinite-bus system considered consists of a
synchronous generator connected to an infinite-bus through a trans-
mission line, as shown in the one line diagram of Figure 3.3. It is
assumed that voltage and frequency of the infinite-bus are not

altered by real and reactive power flow. Excitation control is not

incorporated in this study.

Generator Infinite -bus

Figure 3.3 One line diagram of the synchronous machine infinite -
bus system.
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Park's equations for the five-winding synchronous machine
model connected to an infinite-bus, and including the effect of the
leakage factors are given in Appendix VI. These equations are non-
linear and the small displacement technique is employed to linearize
them around an operating point by letting all variables change from
their steady state value by a small amount A\ e. g., id: Id +Aid,
where the capital I denotes the steady state value. Since Ais
assumed to be small, terms including AZ and higher order may be
neglected without losing accuracy. Since the machine equations are
expressed in a reference frame fixed in the rotor, it is convenient
to transform the transmission line equations into the same rotor
reference frame by using Park's transformation. The resulting
linearized small displacement equations of the one-machine infinite=
bus system aﬁre given by equations (3-3). A step voltage for

Aef is used. Constant prime mover torque is considered, making
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where,
mex =de+\cﬁc
X =X +
x Ix mex
X =X _+
f Lf mex
X -Xd. d
D =D+ —4—= 11 o+ B g
I W d q b fq

Equation (3-3) is not in standard state variable form (px=Ax+Bu);
and in order to arrange it in this form, it is convenient to define

the following terms:

NXv=[0000 Avef]T (3-4)
T
AT = [ATm 0] (3-5)
T
(Xq+Xe) Iq xmdxf-(xd+xe)1d 0 0 O
Vv = (3—6)

1
- o] v i O O O
V C S Oo B Sln OO



(X -X
q
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w
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| |
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o
o o
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B -(r T )
(X X )
s .| 0
0
i 0
A = [Aid Alq

ﬂq

(Xq-Xd)Id+deIf deIq
0 0
(X +X ) 0 -X
q e mq
—(ra+re) de 0
0 r 0
X
0 0 r
y
0 0 0
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(3-8)

(3-9)

(3-10)

(3-11)

(3-12)
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-(XgHX ) 0 X 4 0 X 4
0 (X +X ) 0 X 0
q e mq
-de 0 Xx 0 mex
X= (3-13)
0 -X 0 X 0
mq y
X2 X X X X
_ md 0 md mfx 0 md f
I e o T |
T

y = (3-14)

Using the above definitions and rearranging,equations (3-3) can be

written in the form, px = Ax + Bu, as follows:

-1 -1 ‘ -1
Al -wa Z -(obX V1 Al (DbX y
P = + (3-15)
-1 -1 , T -1 i
DA -wa V2 -wa V3 AA y wa
where, the system matrix A is
-1 -1
5§DbX Z —-wa V1
A =
cly o, Gty (3-16)
% 2 b 3

and the control matrix B is
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B = (3-17)

Equations (3-15) give a seventh order system in the small displace-
ment form; and they are arrangedrin the desired state variable form,
where the system eigenvalues are calculated from det[\I - A] = 0,
I being the identity matrix. The short-circuited synchronous
machine eigenvalues can also be calculated by neglecting the state
variables in equation (3-11), and the control variables in equation

(3-5). Equations (3-15) will then become

p [AI] = [-wbx‘lz] [AI] +[a>bx'l] AV (3-18)

where, r and X are set equal to zero in the matrices X and Z, and
e

the eigenvalues are obtained from det [ \I+w X"IZ] = 0. From

b
equations (3-18), it is clear that the order of the machine model is

five, and the eigenvalues of the above equations correspond to the

conventional machine short-circuit time constants.

3.4 System Data

John Day per-unit machine parameters, given in Table 2.1,

are used to study the effect of the leakage factor, o, on the eigen-

d

values of the new short-circuit model and the response of a
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synchronous machine infinite~-bus system, with a sudden change in

the transmission line reactance. The per-unit inertia constant and

damping coefficient for the John Day unit, and the transmission line

parameters used in the above studies are as follows:

M = 0.01833
D = 2.0
X = 0.3
e
r = 0,0
e

3.5 Analysis of Short-Circuit Model Eigenvalues

Equations (3-18) represent the linearized model of the short-
circuited synchronous machine in state variable form. The eigen=-
values ofthe above system of equations are obtained as a function of

the leakage factor for the John Day generators, using a digital

computer. The eigenvalues are given in Table 3.1 for three values

of the leakage factor.
As noticed from Table 3.1, the model eigenvalues, which

represent the machine transients, are not significantly affected by

the leakage factor. These eigenvalues are very close to those

obtained for the short-circuit model derived in Chapter II, although

a different approach has been used in developing the present model.
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Table 3.1 Short-circuit model eigenvalues for the John Day hydro-
generator unit.

73 -~.Eigenvalues

0.1 -4.998+j376.766, -0. 324, ~-36.541, -48.259
0.5 -4.998+j376. 766, -0, 324, -36.541, -48.217
1.0 -4.998j376.766, -0, 325, -36.541, -48.058

3.6 Eigenvalue and Time Response Analysis of the
One Machine Infinite-Bus System

When a synchronous machine infinite-bus system is represented
in full detail with only.one damper coil on each axis, a seventh order
system results. Equations (3-15) represent the linearized, small
displacement differential equations given in state variable form. The
A-matrix given by equation (3-16) is solved, using a digital com-
puter, to give the seven eigenvalues at the chosen operating point.
Table 3.2 shows the eigenvalues of the John Day machine connected
to an infinite-bus, via an external reactance (with the machine
operating at full capacity of 142.1 MVA and with 0. 95 lagging power
factor) as a function of the leakage factor LPE

Table 3.2 Eigenvalues of one machine infinite bus system as a

(rd function of o4
0.05 -6.075358.46 -54. 975141.12 -0.1375 -23.98 -34.81
0.5 -6.07_—%_-j358.46 -54, 97_-_Fj141.12 -0.1380 -23.97 -34.78
1.0 -6, 07ij358.46 -54, 97_—l_~_j141.12 -0.1386 -23.96 -34.59
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From Table 3.2 it is noted that variation in the leakage factor does
not affect the system eigenvalues significantly.

A digital computer simulation of the system is also performed
according to equations (3-15). In the simulation study, the effect
of variation of the leakage factor on the stator and rotor current
responses are observed when the transmission line reactance is
suddenly increased from 0.3 to 2.0 (p.u.) Although this sudden
change in the transmission line reactance is not S‘mé,ll, the changes
in the responses shown in Figures 3.4 and 3.5 are all within one
percent from the operating point, which is small for all practical
purposes. Hence, the assumption of small displacement around the
operating point, which was used in linearizing the nonlinear one-
machine infinite-bus system, holds.

Figure 3.4 shows the change in the peak stator current respon-

ses, Aid and Ai , the normalized rotor frequency, A w/w, s and

b

rotor angle, A5, as a function of time. It is noticed that variation

of leakage factor has negligible effect on the above quantities. This
effect that only showed in the first swing, was very small for

different values of O'd and could not be detected on the continuous

responses. This is to be expected, as it was shown in Chapter II,
that the stator current responses are not significantly affected by

the leakage factor o The rotor angle and frequency are also

4
expected to be unaffected by the leakage factor, as they represent
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the energy balance in the system. Since the input mechanical
energy is only a function of the prime mover, the final rotor
frequency and angle should not be affected by the leakage factor.

Figure 3.5 shows the peak values of the direct-axis rotor

currents, Aif and Aix, for three values of o From this figure

d.
it is noticed that the leakage factor has significant effect on the
rotor currents, if and ix. Similar observation was made from the
short-circuit model derived in Chapter II. It is therefore essential

to obtain the proper value of the leakage factor for studies in which

the rotor coil currents have important parts.

3.7 Conclusions

In this chapter, it was again established that the mutual
coupling between the direct-axis rotor coils of a five-winding
synchronous machine model largely affects the rotor current respon-
ses during transients. However, the stator current components
and the rotor angle and frequency remain essentially unaffected by
the variation of the above mutual coupling when the model was to
yield a fixed set of time constants. These observations were made
by modifying the widely used model of the synchronous machine to
have a rotor coil mutual inductance different from that between the
rotor and the stator. Modified equivalent circuits for the direct-

and quadrature-axis equations were also derived. These equivalent
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circuits must be used when a detailed study of the rotor electrical
quantities are desired during transients. The conventional equivalent
circuits are, however, sufficient for the study of the stator quantities
and rotor oscillations, as it was observed that these quantities are
not significantly affected by the rotor coil mutual coupling. However,
the mutual inductance between the rotor coils is not normally known.
It is therefore essential that the value of the above mutual inductance
(or its corresponding leakage factor) be determined by comparing
the field current response of the actual machine and that of the
model, with similar disturbances applied to the machine and the

model.
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IV. CLOSURE

4.1 Conclusions

In this research it has been shown that in order to obtain a
detailed model of a synchronous machine, the mutual inductances
between the concentrated coils of the model should be accounted for.
The rotor-stator mutual inductances on each axis were made equal
(Laf = Lax and Lay = Lag) by rescaling the damper winding currents,

and only the effect of the rotor coil mutual inductances (fo and Lgy)
on the behavior of the synchronous machine were investigated.
Park's Equations and a Laplace-Transform Domain approach
were first used to develop a model for the synchronous machine
with short-circuited stator terminals. In this model, the numerical
value of the rotor-stator mutual inductances, or their corresponding
reactances, were not necessary, as they were only used in defining
expressions for the transient and subtransient reactances. The
defined model reactances and time constants were then obtained in
terms of the rotor coil mutual inductances. The given or measured
short-circuit reactances and open-circuit time constants were
assﬁmed to be known and were used in investigating the effect of

the rotor coil mutual couplings on the defined model reactances and

time constants as well as the observable current responses (id, iq, i).
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Park's Equations were also used to modify the widely used
synchronous machine model presented in the literature (2-4). The
modification was made to make the rotor-coil mutual inductances
different from that between the rotor and stator coils. The rotor-
stator mutual reactances of each axis were approximated in terms
of the corresponding axis synchronous reactance and the armature
leakage reactance. The direct-axis rotor coil mutual reactance
was assumed to be different from the rotor-stator mutual reactance,
and its effect on the machine behavior was investigated. The effect
of the rotor coil mutual coupling was also investigated on the
current responses of the machine, when connected to an infinite-bus.
In this model, the short-circuit reactances were defined in terms of
the conventional open- and short-circuit time constants, which were
assumed to be known. The state space approach, in the time
domain, was used in this investigation.

Although the two-models considered are based on Park's
equations, they are different in the way their inductances are
defined. However, the results obtained from the study of both
models were quite in agreement and can be stated as follows:

The rotor coil mutual couplings largely affect the rotor coil
currents during transients. On the other hand, the stator current
components, the rotor angle and rotor frequency remain essentially

unaffected by the rotor coil mutual couplings when the models were
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to yield a fixed set of parameters. Hence, in the studies that only
the stator quantities, the rotor torque-angle, or the rotor frequency
are of concern, the conventional models provide sufficient infor-
mation; but, when the rotor electrical quantities are of concern,
proper value of the leakage factor(s) should be used in the models
considered.

Precise knowledge of the field current transients is impdrtant
in the stability investigations of the synchronous machine with
regard to the action of the regulator if the output characteristics
of the exciter are taken into account. The above knowledge is also
very important in the selection of the proper discharge resistor for
the main circuit breaker in the field circuit. Hence, when such
information is necessary, it is important to have the rotor coil
mutual coupling effect included in the model.

Modified equivalent circuits for the synchronous machine were
also obtained on the basis of the modification made to the conven-
tional equations derived in the literature (2-4). These equivalent
circuits can be used in calculation of the effective damper currents.

Through a digital simulation of the machine model and the
eigenvalue studies, it can be concluded that, in order to obtain the
proper mutual couplings for the rotor coils of a synchronous machine,
the field current response of the machine, under a given disturbance,

should be compared with the model field current response when the
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model is also disturbed with a similar model disturbance. The
leakage factor values that make the model field current response the
same as that of the actual machine represent the mutual couplings

between the rotor coils.

4.2 Further Research

Further research in the following areas will enhance the
present study:
1) In the transfer functions obtained for the stator current
components of the synchronous machine, it was noticed
that the transfer functions have one zero that was a

function of the quantity I. _L._ /L _L . It was further
ax fx a X

f
noticed that these zeros could be positive or negative
depending on the value of the quantity Lax L fX/ La £ Lx.
Further studies could be conducted to determine if
positive zeros are physically realistic.

2) Consideration of the induced voltages in the field winding
of the synchronous machine, due to the mutual couplings
between the rotor and stator c¢oils, when a disturbance is
applied to the machine. This study will be helpful in
making the present excitation system models more accurate.

3) Parameter identification of the synchronous machine,

with the effect of the mutual couplings taken into account.
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APPENDIX 1

Park's Equations for a Generalized.
Six-Winding Synchronous Machine Model

The quantities such as flux-linkage, voltage, or current are
transformed to the corresponding Park Domain quantities by the

following transformation:

=[m1* ] (Al-1)

[UPark] real

where U represents flux-linkage (\), voltage (v), or current (i).
The variable vectors for a six-winding machine model are defined

as follows:

ud ua
uq ub
u u
_ f _ c
[UPark] - [Ureal] -
u u
x f
u u
y ; X
u u
g y
u
-

and the transformation matrix in (Al-~1) is defined to be



[ Cos®  Cos(e-120%)  Cose+120%) 0 0 o ]
-Sin® - Sin(6-120") -Sin(6+120) O 0 0
0 0 0 3/2 0 0
RT
[(T1 =2/3 (A1-2)
0 0 0 0 3/2 0
0 0 0 0 0 3/2 |

The transformation of the Park variables to the !'real'

variables is performed by

[Ureal:l = [T] [UPark] (Al-3)
whe re
B “
Cos © -Sin © 0 0 0
Cos(8-120°)  -Sin(e-120") 0 0 0
Cos(8+120°)  -Sin(8+120°) 0 0 0
LT] = 0 0 1 0 0 (Al-4)
0 0 0 1 0
0 0 0 0 1

Applying the above transformation and assuming that the
amature resistance in the three phases are equal, say ra, and

with reference quantities as chosen in Chapter II, it follows that

72
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va(t) ‘P oo 0 0 0o o] [ a0 ]
v (t 0 0 0 0 At
q( ) ©w p q( )
v(t) 0 0 p 0O O O R
= +
0 0O 0 0 p 0 O )
i) 0 0 0 0 p O A y_(t)
0 0 0 t
i | i 0 0o 0 p| | xg( )
_ra '1d(t)
-T, 0 1q(t)
r i(t)
f d (A1-5)
rX 1X(t)
r i(t
. Y( )
0 r it
4 g( )

where p is the operator E(:— and w = p8 . The direcf and quadrature
damper winding equivalents are taken to be short circuited; hence,
their terminal voltages have been set to zero.

With the reference direction adopted above, the flux-linkages

can be written in terms of the terminal currents, in the Park

Domain, as follows:

RN Park] = (L] [IPark] (A1-6)

where



[L] =

r
-Ld 0 Laf
0 =L 0
q

3
2l O L¢
3
"2 Lax 0 fo
3
0 =
2 Lay 0
3
0 -E Lag 0

4

(A1-7)

Substituting (Al1-7) in (A1-5) and taking Laplace Transform yields

F-(ra+sLd)

wl sL 'sL
q af ax
- L y
(ra+s q) Laf mLax
0
rf+st Sfo
0 sL r +sL
x X X
3
5 sLaY 0 0
3
5 sLag 0 0
V -
F d
\2
q
v + L] [IL. (O
£ (1) pg )
0
0

r +sL

sL
b4:4

Wy
ag

ag
0

v +sL
g

(A1-8)
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where the capital letters for voltage and current indicate the
quantities in the Laplace Transform Domain. The vector [IparéO)]

contains the initial values of the untransformed, Park Domain

currents.



76

APPENDIX II

Derivation of the Characteristic Equation for a

Six-Winding Machine Model with Short-Circuited Stator

From Equation (2-4),the unobservable rotor coil currents

(I, I, I )canbe obtained interms of I, I , I_ as follows:
X y 8 q f

d

sl -2y Iyl ayy, (A2-1)
I =-a I (A2-2)
y yq
I =-a I (A2-3)
g gq
where
8, 7 (855 306 = 245 25/ (agg agy = a5 2.0) (A2-4)
a (A2-5)

g~ (Be2 255 = 255 3¢5/ (g5 24~ agy 34c)

Substituting expressions (A2-1) through (A2-3) in (2-4), yields

%11 %4 7 %1 14
321 %44 7 %41 %04

431 %44 " %41 %34

- - - 1
20073587263 ) 3% %3%s | |
- - a - I =
g2y - 252, = 6% 23 %44 ™ %43 %24 q
0 33 %447 43 %34 L

(A2-6)
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The characteristic equation, which is the determinant of the matrix

on the left hand side of (A2-6), can be forced into the following form:

where

and

2, 2
w(s+Ad

[
>
>

2 3
5+B )(s +A s+B )+ (s +C
Q)87+ S+B ) + (

1 T
(X' T _+X TJ/A,

d

2
(s3+C s“+D s+E )
4 a4 q

i

2
s +Dds+Ed)x

(A2-7)

x'T +xX T )/A
y 'y Tqa'g'Tq
X /A
q'

X
J
T Ay
q°q
X (T +T +T)
q g 'y 9q
A T
q

q



2

L
o = direct-axis leakage factor JANES fx
d = LfL
X
LZ
O'q = quadrature -axis leakage factor él - ITE-IY:
g Vv
= A
X4 = “hg
X =2 w1,
q = q
2
3 L af
! = A -2
g ==29q-3 T )
f
t
= A [4V] - —
Xq = (Lq 2 L )
g
3 Lz f Lz 2LafLafox
" - A _ a ax _
X'q colby-s (T L L )]
d f X f x
3 Lzag Lzay agLaY yg
131 = o0 -
X q é [Lq 2 (L * L L L )]
q g y g Y
1 3 Lzax
A _ 2
Xx =@ (Ld 2 L )
X
2
A 3 L ax
1
w - -
Xg TPt T

and
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APPENDIX III

Derivation of Poles of Root-Locus
Polynomial Ratio

Root-locus technique can also be used to approximate the

poles of the root-locus polynomial ratio in equation (2-8). The

poles of the above polynomial ratio are the roots of equations (2-19)
and (2-20), rewritten below.

3 2 ,
5 +Cds +Dds+Ed—(s+p1)(s+p2)(s+p3) (A3-1)

3 2
5 + Cq 5 + Dqs + Eq = (s + p4) (s + p5) (s +‘p6) (A‘3‘-2)

Equation (A3-1) can be rewritten as,
Dd (s + Ed/Dd)

1+ > = 0
s (s+Cd)

(A3-3)

Equation (A3-3) is suitable for application of the root-locus technique,

The estimated locations of the zeros and poles of the polynomial

ratio in (A3-3) are shown plotted on the s-plane in Figure A3.1.
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asymptote . -Ed/Dd = _1/(Tf+Tx+Td) Ims

x A

4

I
Figure A3.1. Root-locus plot for approximating the roots of a third order polynomial.
Since for most machine-parameter values,the gain factor of the

root-locus polynomial ratio (D, = Xd/Ad Td) is much larger than

d
unity, and the zero lies very near the origin, one root of equation
(A3.1) is expected to lie very near the zero. Once one root ('pl) is
determined, the remaining two roots can be obtained by dividing

(s + pl) into the polynomial in equation (A3-1), bfrom which a second
order polynomial is obtained. Solution of the second order poly-
nomial can then be obtained using the binomial expansion of the
quadratic formula. Since for most machine parameters the zero

at -Ed/Dl and the pole at -Cd are very far apart, the roots

(p2 and p3) of equation (A3-1) are real.

Based on the above discussion, the roots of eciuation (A3-1)

are approximated as follows:

N d d : :
P, =Z,4(1 e ) (A3-4)
d
2 3
N K4 K4 Z3Kq ‘
P=Pa-p iz - 5 (A3-5)
d “d (Py+2Z,) (Py+2Z,)
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-p, + ——— 4+ + (A3-6)

and

Z, = : (A3-7)

d Tf + TX+Td
X o
d d

P,= [l + (A3'8)
d X d Td Ad

K. = a (A3-9)
d -

Zd Td Ad

Expressions similar to those for P, through P, can be written for
'f t3 .
p4 to p6,1 Dq’ Zq, Pq’ Kq are respectively substituted for Dd’ Zd’

in equations (A3-7) through (A3-9), where

g
N (A3-10)
Q' q
-1
zZ = (A3-11)

X o

P 'XTqT__ + —59-— (A3-12)
-X .

K = — 9 (A3-13)
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It should be noted that, the assumption that one pole of the
root-locus polynomial ratio in equation (A3-3) lies very near the
zero, holds better for the direct-axis than for the qug.dratureeaxis,

as the gain factor Dd is larger than Dq for most machine parameter

values.
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APPENDIX IV

Derivation of Defined Short-Circuit Model
Parameters from the Measured Data

From Figure 2.1, the rotor direct-axis circuit equations can

be written, in the Laplace-Transform domain, as

Vf rf + st Sfo If
= (Ad-1)

0 sL r +sL ||I
T fx x x| 'x

in terms of the Park Domain open-circuit time-constants as,

2 1 1 1 1 1 1
s t— (Tt )st——= (st )(s+=)=0
a T Ty oqTeTy T 40 Ta0
(A4-2)
From equation (A4-2)
- ! ‘ 1 4. )
“aTe T = Tao Tao (Ad-3)
=T X 4-4
Tt T " TatTao (Ad-4)
Solving (A4-4) for Tf and substituting in (A4-3), it yields,
T,  T"
2 1 d0 ~ do
- f = 4 -
T, - (T'got T T+ 0 (A4-5)

%q
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TX can be obtained from (A4-5), and it is real if,

4 1 [R]
Ta0 Tao
- T
(Tao * T ao)

) (A4-6)

Equation (A4-6) gives the lower limit for o, and the upper limit is

d

(1 - O'd ), where O'd min is the lower limit of T4
Similarly, Ty can be obtained from the following quadratic

equation:

! Tll

2
T . +T" )1 + —92 90 -5 (a4-7y
y q0 q0" 'y o
q
Solution of (A4-7) is also real if
4T' T
oy 2 — L (A4-8)
1 1"
(T 40 + qu)

Assuming that the real roots of the characteristic equation
for the short-circuit model are very near the zeros of the root-
locus polynomial ratio, as discussed in section 2.3, equation (2-6),
whose roots are the zeros of the root-locus polynomial ratio,

can be written as,

(A4-9)

(SZ+A s+B

a8 +Bg (s HA_ 3 +B )= (s+5m) (s 45) (s +37) (s 43

d d q q
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Since the direct- and quadrature-axis parameters affect only their
respective time-constants, the direct-axis short-circuit time-

constants can be written as follows:

X'T +X'. T X
1 1 2 2 x x d d
(s+=7 )(s+=—,)=5s +A s+B, = s+ = s + T (A4-10)
T, Ty d d v X deTX o, X deTX

Assuming that the quadrature-axis pole(s) make negligible contri-
bution to the direct-axis current component, from equation (2-27),
expression for the above current (in the Laplace-Transform domain)

can be approximated as,

1 1
E wz (SITI ) (SITII )
~ 0 do do
Id(S) = an ° 2 2 1 1 (A4-11)
d (s +Ks+w ) (s+—-—T,) (s+—-—T” )
d d

where K is a constant.

From the definition of transient reactance it follows that,

E
9

A . _
" “dss + 1d'c(o) T X
-dm

Eg
X I + idt(o) (A4-12)
dm :

or
H t 1 1"
Cl 1 . (1 -Ty/Tyy (1 =Tq/Tyo)
WeExT Tx TR (I -T./T. (Ad-13)
dm “dm *d alta).

where, idt(t) and I indicate the transient and steady-state com-

dss

ponents of the direct-axis current, respectively and subscript m

along with the parameters indicates their measured or given value s.
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From (A4-12) and application of (A4-13), it follows that

X T. '
1 d
= T 1 T (A4"'14)
Ty Xa Ty Tao

Substituting (A4-14) in (A4-13), it yields

X!
2 dm
o =i
Ty -% (Tdo
dm

f

! fym ! " ! ! ! "
T30’ Ta* Tao T'ao ¥ am X a™X amX d/de)/de

=0 (A4-15)

Also, from the definition of subtransient reactance, it follows

that

E, E,
T = Ly Hg (O, (0) = = +iy (0) (Ad-16)

X dm dm
where idst(t) is the subtransient component of the direct-axis

current. From (A4-16), it follows that
(A4-17)

_ 1 G L "
el 1 (1 -Tq/Tgg (1 - Tq/Tyq

1
YT T oyt v - " 1
Xam Xam X' (1 -Tg/Ty)

He

Adding (A4-13) and (A4-17) and using (A4-14) it yields

Xll
(W'+w'"y x", =1 - _d_ (A4-18)
d X
dm
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From (A4-18), it follows that

X" o= x" (A4-19)

Equation (A4-19) indicates that the defined value of the subtransient
reactance is the same as its measured value. T'd and T"d can also
be obtained from (A4-15) and (A4-14), respectively.

When the damper winding currents are scaled such that

— . . 1 . 1 .
Laf Lax’ from the expressions for Xd and XX it follows that,
L X, -Xx'
f d X
= = =X (A4-20)
LX Xd Xd

Using the definition of ¢ ,, equation (A4-20) becomes.

d
(1-0.) (X, - X" ) ,
d d X 1/2
LfX/LX = [ x X ] (A4-21)
d d
Using (A4-15) in the expression for X('i' , it follows that
1 11 1/2 t ]./2 N 1 ]./2
[Ud(xd-x d)] + [(I-Ud) (Xd—Xd)] = (Xd_xx)

(A4-22)

Since the defined value  of Xd is also the same as its measured or

given value, X'd can be obtained from (A4-22), once X'X is known

in terms of X'..

d
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From equation (A4-10), it is noticed that

1 ! ! ‘I
L X' T +X' T, ] X' T X' T, ae-23)
L=y B " T ' " =
Ty T 3T T Xg  XamT a0t qo

Substituting expression (A4-14) in (A4-23)

and solving for X'x, it yields;

T 1 _
X' . =Q-X' TJ/T_ (Ad-24)

where.

X, T +x" T' T" /T'
Q= _dm_d Tdm do” do’ ~ d (A4-25)
X

x' g °a@n then be obtained by substituting (A4-24) in (A4-22) and
solving by an iterative method. X'x can also be determined by
inserting the value of x'd in (A4-24). From equation (2-32),

expression for X';{ can also be written in terms of the previously

calculated parameters as

1 f T T
M = - - - - - -
X' = [xX (1-0 )X 4 +N (1 o )X =X X, xx)] (A4-26)
A summary of calculation sequence of the above parameters
is presented in section 2. 4.
Similar expressions to above can also be obtained for the

quadrature-axis parameters by changing all the direct-axis model
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parameters in (A4-1) to (A4-26) by their corresponding quadrature-
axis parameters; because no assumptions involving the magnitude

of the ratio of the open~circuit time constants is involved.
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APPENDIX V

Derivation of Synchronous Machine Parameters

The per-unit equations which describe the behavior of a
conventional synchronous machine (Park!s Equations) may be

expressed for generator action, for a five-winding model, by

- S o
“‘d Lhat®)  Lia Lnd 4]
= -L +] i -
Ve 'ma’ bt P Lnd® i (A45-1)
-L + i
vx mdp Lmdp rx ('exﬂ'md)p 1x
[ X ] | J L
N (L4 ) L i
q a mq mq q
= (A5-2)
v =L r H +L i
y mq® y (zy mq)p y

where the damper coils (%, %) are assumed to be short-circuited,

making v.=v =0,
X y

When the mutual inductance between the direct-axis rotor

coils (1fr and nx!) is assumed to be L + £, , equations (A5-1)

md fx

become
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. - . -
- +
)\d (Lmd 'ea) Lmd : Lmd 1d
= - +L  _+ + i A5-3
Ve Lnd i lna? e (Lpa™elP 't (A3-3)
- + +HA + i
Vx Lmdp (Lmd zﬁc)p rx “x Lmd-wfx)p 1x

and equations (A5-2) remain unchanged.

From equations (A5-3), the direct-axis current, id’ can be

written as

Rt
d D2
where
M Lind Lind
D1 = Vf rf+(zf+Lmd+zfx)p (Lmd+zfx)p
y/
Vx (L'm zfx)p rx(zx-,-L‘mcl+ fx)p

_ | 2
= rfrx[1+(T1+T2)p+T1T3p ] NgT L a(1HT, PV, (A5-4)

and



[ -(za+Lm ) L 4
DZ = -Lmdp rf-*-(zf-*-l"md-,-zfx)p
| 'Lmdp (Lmdwfx)p

_ 2
= —rerLd[1+(T4T5)p+T4T6p ]
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Lmd

(Lmd+zfx) P

rx+ wx”" md+zfx) pj

(A5-5)

The time constants used in equations (A5-4,5) are defined in

terms of the leakage and mutual reactances as follows:

T) "ot . (Xpt X nd *ex)
T, = L X +X +x_ )
2 wrx' ( ix  md fx
o= ix +Xzf(de+Xfx)
3 a)rx £x Xﬂf+de+xfx
X X
1 fa md
T,=— [X, +x +F——
4 a)rf i fx Xza'!“de
X X
1 ta md
T_ = (X +x,  +5—— )

"md

2
' +X -X X 4+X )
(XZa+X_md)[Xzszx+(X +xfx)(xzf+ Zx)] 'md( 2f /Z‘:E)

(A5-6)

(A5-7)

(A5-8)

(A5-9)

(A5-10)

1
T, = [

X
@ rx (Xza+X'md)(Xzf+x x)+X£a md;

]

(A5-11)
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XE
T =X -
Ix  mr (A5-12)
where, X = L with proper subscript, and X © u)llfx

The direct-axis principle time constants are determined

by the following identities(see reference 4):

LA}]

2
t | 11
(1+T 4oP) (HT"34P) 2 1H(T +T,)p+T, Tp (A5-13)

11}

T " 5 2
(l#TdP)(l+T dp) 1+(T4+T5)p+T4T6P (A5-14)

Since the per-unit resistance of the damper winding is much larger

than the field winding (4), T. and T3 are then much less than Tl and

2
the right-hand side of (A5-13) differs very little from (1+Tlp)(1+T3p).

Hence

"
d 4’ Td T3

The quadrature-axis time -constants can also be derived
similarly. They are

1
‘({_10=wr (Xey+qu) (A5-15)
y
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X X
"_ 1 fa m
= 4 X2 mq A5-16
Tq (Dry D?Zy X@ +qu ) ( )
a

The known reactances are defined as follows:

= A5-17
X, X, ¥X 4 ( )
' T’d d( f f )
XKa=gr_ " Xq4= X, +x +X (A5-18)
do o md fx
' T('iT"d ' X [x x T X +x )]
X s X, =X+ (A5-19)
d TdOT 0 4 Tt fo +(x +x )(xf -
X = X +X (A5-20)
q ba mq
TH ‘ X
X" = —d.x =x 4+ 09 %Ly 2 (A5-21)
q T" q Za +X
q0 m Ly

Where, Xza’ ng, sz, XZy are the leakage reactance of the
armature, field, direct- and quadrature-axis damper windings,
respectively,

With the assumption that the armature leakage reactance,
XZa’ is equal to the zero sequence reactance, XO’ the unknown
resistances and reactances in equations (A5-15) through (A5-21)

can be obtained in terms of the additional direct-axis rotor-coil

mutual reactance, Xp and other known reactances as follows:



96

X, =X, (A5-22)
X _ =X -X, (A5-23)
X (X'.-X)
md d 0 1
X = —7 - X =X - (A5-24)
Ls X -X'y fx f
" 2 T} t f t "
- - - - X X
< - (X=X g HUXG- XX =X g)-X X d e 3 X X d XX
- f 1" t
£x X_ X' (X7 X)X 4K
(A5-25)
_ 1
L (Xzf + X'md + xfx) (A5-26)
do
_ 1 Xzf ( X'md‘l‘xfx)
et eT o Xt X 7x_w (45-27)
do X Pt md T fx
and
X na = %o " %o (A5-28)
X (X'-Xx)
_ T mgq 0
X, = % T (A5-29)
q q
_ 1
ry T T (X£y+X‘mq) (A5-30)

q0

The mutual reactance, X0 CaN be written in terms of the

leakage factor, LPE and the direct-axis rotor-coil reactances as

=N (1-
Xfx (1 o‘d) XfXx

(A5-31)
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where.

= 5-32
Xf Xzf+x‘md+xfx (A )
= 5-33
Xx sz + de + xfx (A )

Equation (A5-31) can be used to solve for Xeo in terms of LPL once

the expressions for X . and sz’ equations (A5-23, 24), are sub-

£f

stituted in equation (A5-31). Hence, for a given value of 7, x

d’ Tfx

is obtained from equation (A5-31) and the other unknown reactances

and resistances are obtained from equations (A5-24) through (A5-30)
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Park'!s Equations for a Synchronous

Machine Infinite-Bus System

98

Using the generator conventions for the stator currents,

Park's Equations in matrix form can be written as

- X
, (ol Oy Ima Lo
d a tw w W ‘W
2% b 4 b p ™
N X o X
- e = g
A w0 Xy TaPc'JSg' o X 4 ® P
b b b b
X 4
o |=|x & o r +ogx Tmd i 0
md X
w
b
X X 4X
0 0 Lme 4Ly ma
w y w
b b
x? x?2
md md
ef @, p O @ 5 P 0
bt bt
4
i
q
b4 i
X
i
%
‘e

X

X, +X
o 2i md fx

d
m bf

(A6-1)

P)
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in a reference frame fixed in the synchronous machine rotor. The

transmission line equations can also be written, in the Park Domain,

as
Xe D
Vd=(re+d—)b—'p)1d--wb e1q+VdB (A6-2)
w . %o .
Vq::l)_b Xe1d+(re+20—b p)1q+Vq:B (A6-3)

Where ViB and v B are the infinite-bus voltages in the direct-

and quadrature-axis, respectively. Also

v vy, Sin 8 (Ab-4)

dB

v

B - VB Cos B (A6-5)

Electromagnetic torque equation is expressed in per-unit as

T = (A6-6)

e Y lq —q‘qld

Ayand \ is the flux-linkage in per-unit., The mechanical

h =
where s a)b

and electrical torque, and rotor speed and angle are related by

L 4 pp & (A6-7)
Wy Wy

and

P8~ ® ~w (A6-8)

b
Equations (A6-1) through (A6-8) give the synchronous machine and

transmission line equations in a reference frame fixed in the rotor.



