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ABSTRACT 

Dual-excited synchronous machines have, in comparison with the conventional ones, 

the main advantage that it is possible to decouple their excited magnetic field axis 

from their physical pole-axis. By adjusting the excitation of the two field windings of 

these machines, their rotor angles can be regulated and, as a result, their damping 

torque can be increased to achieve the optimal steady-state stability performance. 

In this thesis, a generalized mathematical model for the dual-excited (d- and q-axis) 

synchronous machines is derived. Based on this model, a reduced-order model, which 

can be used with an acceptable accuracy to determine the swing mode eigenvalue of 

these machines and to calculate their damping torque coefficients, is developed. 

Using this reduced-order model, the steady-state stability performance of a dual-

excited synchronous generator connected to an infinite bus as a function of both the 

rotor angle and the output power has been investigated applying both the eigenvalue 

and damping torque techniques. In this context, the cases with and without excitation 

controllers using a terminal voltage signal have been considered. These investigations 

have allowed the identification of the operating rotor angle ranges for the optimal 

steady-state stability performance of these generators. Moreover, a sensitivity 

approach has been applied to explore the effect of the change in some of the generator 

and excitation controller parameters on the steady-state performance of dual-excited 

synchronous generators when they are operating within these optimal rotor angle 

ranges. 
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1. INTRODUCTION 

1.1 Steady-State Stability of Power Systems 

Steady-state stability of a power system can be defined as the ability of its 

synchronous machines to remain in synchronism with each other without 
excessive oscillation in response to relatively fast, small disturbances [1]. For such 

small disturbances, synchronous machines tend to oscillate at a low frequency 

with a value close to their natural frequency (Appendix A). If no adequate 

damping is available at this frequency, the system becomes unstable and the 

synchronous machines will lose their synchronism in an oscillatory form. 

Since this class of stability problems is concerned with small disturbances, the 

differential equations representing the dynamic performance of a power system, 

which are in general nonlinear, can be linearized, This makes it possible to apply a 

range of techniques to determine whether the power system is dynamically stable 

or not. For the investigations reported in this thesis, the following two techniques 

were used: 

(1) Computation of the eigenvalues [2, 3]. 

(2) Computation of the damping and synchronizing torque coefficients [4]. 

1.1.1 Eigenvalue Technique 

In the eigenvalue technique, the determination of whether the power system is 

stable or not can be done by examining the complex eigenvalue associated with the 

low frequency oscillatory mode. The imaginary part of this eigenvalue represents 

the angular frequency of the oscillation whose value is very close to the natural 

angular frequency of the system. The real part of this eigenvalue gives indication 

about the stability of the system. A positive value of this real part indicates an 

unstable condition while a negative value indicates the system stability. The more 

negative is the real part, the sooner the low frequency oscillation dies out. 
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1.1.2. Damping Torque Coefficient Technique 

As mentioned before, the instability of a power system results from the lack of the 
damping associated with the low frequency oscillatory mode. Thus, the 
determination of whether a power system is stable or not could be achieved by 
calculating the system damping torque due to a small perturbation of the rotor 
angle A8. This can be calculated from the relationship between the torque 

produced and the rotor angle which can be expressed mathematically as follows: 

AT = G(s)A8 (1.1) 

where G(s) is a transfer function relating the produced torque to the rotor angle. If 
08 is changing sinusoidally at a frequency ws, the amplitude of the produced 

torque will be related to the amplitude of the oscillation as follows: 

(AT)n, = G(jcos)(A8). 

= {Re[G(o),)]+jim[G(o)s)]}(A8). 

= Re[G(o),)](A8). +{Im[G(o),)]}j(A8). (1.2) 

The term "j(08)." can be expressed in terms of the amplitude of the angular speed 

perturbation by substituting the expression for the rotor angle perturbation in the 

following equation: 

p A 8 = A (0 (1.3) 

Then, 

s(A8). = (Aa)). 

jo),(A8). = (A(0)m 

That is 

j(08). = 1 (Act)). 
0), 

Substituting equation (1.4) in equation (1.2), it follows that: 

(1.4) 
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(AT),n = Re [G(o),)](A8). + Im[G(o),)]-
1

(A(0). 
cos 

(1.5) 

By definition, the synchronizing torque is the component of the produced torque in 
phase with the rotor angle, while the damping torque is the component of the 
produced torque in phase with the angular speed. That is: 

where 

(AT) m = Ts (A8)m + TD (AU)) m (1.6) 

Ts = Re [ G (cos)] = Synchronizing Torque Coefficient 

TD = Im [ G (cos)]— 1  = Damping Torque Coefficient 
s 

1.2 Dual-Excited Synchronous Machines 

Dual-excited synchronous machines have two field windings on the rotor, one on 

the d-axis and the other on the q-axis, instead of the single d-axis field winding of 

the conventional synchronous machines. Thus, dual-excited synchronous machines 

have, in comparison with conventional ones, the main advantage that it is possible 

to decouple their excited magnetic field axis from their physical pole-axis [5-16]. 
As shown in Fig.1.1(a) of the case of a synchronous generator, the angle 8, which 

is the angle between the physical d-axis of the rotor and the total resultant flux in 
the machine, can be different from the angle Oe, which is the angle between the 

excited field flux and the total resultant flux. Under steady-state operation, the 
angle 8e is maintained at values consistent with the synchronous operation of the 

generator while the generator can operate at any specified value for the angle 0 by 

adjusting the excitation of the two field windings. In the case of conventional 

synchronous generators, the angles 0 and Oe are equal to each other as shown in 

Fig.1.1(b). These physical relationships between the excited field flux, resultant 

flux and pole structure can also be illustrated by the phasor diagrams of both 

generators as shown in Fig.1.2. In this figure, the angles 8 and oe are related to the 

angles 0 and Oe of Fig.1.1 and are usually called the rotor and load angles, 

respectively. 
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d -axis 

q -axis 

q -axi 

(a) 

(b) 

d - axis 

Fig.1.1 (a) Flux phasor diagram of a dual-excited synchronous generator 

(b) Flux phasor diagram of a conventional synchronous generator 

(Wf = excited field flux; Wa = armature reaction flux; Wr = total 

resultant flux ) 
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q - axis 

q -axis 

Ed Id Vd 

(a) 

(b) 

d - axis 

d - axis 

Fig. 1.2 (a) Phasor diagram of a dual-excited synchronous generator 
(b) Phasor diagram of a conventional synchronous generator 
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As shown in Appendix B, the output power of a dual-excited synchronous 
generator connected to an infinite bus system can be expressed as a function of the 
rotor angle as follows: 

VE 2 
P =  q sin 8 +  

VE
d coso + 

v
( 

1 1 
) sin 28 

xd + xe Xq + Xe 2 Xq + Xe Xd + Xe 

Substituting 

E d = —E sin 7 

Eq = E cosy 

8 = 4.

(1.7) 

in equation (1.7), the output power equation can be further expressed as a function 
of the load angle and the total EMF as follows: 

where 

VE  . VE 
P = sm(8e + 7)cos  cos(sSe + 7) sin 7 

Xd + Xe Xq + Xe

+
V2 

( 
1 1 

 ) sm 2(8e + 7) 
2 Xq  +x e Xd + Xe

y = tan-1 —Ed 
= EMF phasor angle 

q 

(1.8) 

(1.9) 

From equations (1.7) and (1.8), it can be found that the rotor angle can be 
controlled by changing both the d- and q-axis field currents while the load angle 
remains unchanged as illustrated in Fig.1.3. In addition, if the load angle changes 
due to the output power variation, the rotor angle can be kept unchanged by 
adjusting the d- and q-axis field currents, i.e. adjusting the angle y as shown in 
Fig.1.4. Also, if the resultant EMF phasor angle y remains unchanged, the rotor 
angle will change with the variation of the load angle as illustrated in Fig.1.5. 
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Fig. 1.3 Control of the rotor angle while the load angle 
remains unchanged. 

Eq 

Eq,

Ed Ed, 

Fig. 1.4 Maintenance of the rotor angle constant while the load 
angle is changing 
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Eq

Ed

Fig.1.5 Change of the rotor angle with load angle variation 
while the resultant EMF phasor angle remains unchanged 

1.3 Purpose of the Thesis 

As mentioned before, the instability of a power system results from the fact that 

the system damping torque due to the low frequency oscillation is not large 

enough. In order to enhance stability, it is therefore necessary to increase this 

damping torque. One of the main components of this damping torque is associated 

with the synchronous generator excitation controller signal. The magnitude of this 

component depends on the space phase relationship between the axis of the 

magnetic field produced due to the controller signal and the axis of the excited 

magnetic field. Since the axis of the magnetic field produced due to the controller 

signal is coupled to the physical pole-axis, the space phase relationship between 

the axis of the magnetic field produced due to the controller signal and the axis of 

the excited magnetic field can be regulated by adjusting the excitation of the two 

field windings of dual-excited synchronous generators, i.e., by controlling their 

rotor angle. The main objective of this thesis is to explore the effect of this 

operating rotor angle on the steady-state stability performance of dual-excited 

synchronous generators and to identify the optimal operating rotor angle from the 

steady-state stability point of view. In this context, the following summarizes the 

specific objectives of this thesis: 
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1. To develop mathematical models for dual-excited synchronous machines, 

which enable the evaluation of the steady-state stability and the identification 

of the components of their damping torque coefficient. 

2. To investigate the steady-state stability performances of uncontrolled and 

controlled dual-excited synchronous generators as a function of their rotor 

angle and output power and to find out the operating rotor angle for their 

optimal steady-state stability performance. 

3. To explore the effects of changes in some of the generator and excitation 

controller parameters on the steady-state stability performance of dual-excited 

synchronous generators as a function of both the rotor angle and output power. 
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V fd = rfdi fd fd

V fq r fqi fq fq

where 

111  d = —Xd id Xadi  fd 

lII q = —Xqi q + Xaqi
fq

2. MATHEMATICAL REPRESENTATION OF DUAL-EXCITED 

SYNCHRONOUS MACHINES 

2.1 Introduction 

In order to develop the mathematical representation of the dual-excited 
synchronous machines used in the investigation of this thesis, an idealized 
machine [17], which is approximately equivalent to the practical one, is used. This 
idealized machine has a three-phase armature winding on the stator ( a, b, c in Fig. 
2.1) and two field windings on the rotor, one on the d-axis and the other on the q-

axis (fd and fq in Fig.2.l). The characteristics of such a machine can be 

expressed by a set of differential equations, most of whose coefficients are 
periodic functions of the rotor angular position [17]. Such equations are difficult to 
solve. As in the case of conventional synchronous machines, this difficulty is 
overcome by transforming all the armature variables in the a-b-c frame to new 
variables in the d-q frame by applying Park's transformation to the machine 
equations [17]. 

2.2 Dual-Excited Synchronous Machine Equations 

2.2.1 Voltage equations 

The normalized voltage equations of the dual-excited synchronous machines in 
the d-q frame can be expressed as follows [10]: 

Vtd = —rid + pill d — Wlifq (2.1) 

Vtq = —rig + pillq + C0111d (2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 
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d - aixs 

q - axi 

b 
Fig.2.1 Schematic diagram of a dual-excited synchronous machine 

V fd -Xadid X fd i  fd 

V f q  = X a  q i q  Xf q  if q

(2.7) 

(2.8) 

In equations (2.1) to (2.8) and those hereafter, all the parameters are in per unit 

values [17]. The " generator convention " is used for the armature winding, while 

the " motor convention " is used for the field windings. Moreover, the damping 

windings are not considered in the analysis in order to simplify the analysis and to 

focus the investigation on the main objective of the thesis in determining the effect 

of the control systems on the damping of dual-excited synchronous machines. 

Substituting equations (2.5) and (2.6) in equations (2.1) and (2.2), the stator 

voltage equations can be rewritten as follows: 

V td = — rid — X d P i  d X ad P i  fd q i  q (1.11X aqi  fq 

V tq = — q — Xq pi q + X aq pi f q  (.0X did + (.1)X adi fd 

(2.9) 

(2.10) 
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Using equations (2.7) and (2.8), the field currents can be expressed as follows: 

X d 1 

fd = a 1d fd 
X fd Xfd 

Xa a 1 

fq = q h 
xfq Xfq 

(2.11) 

(2.12) 

Substituting equations (2.11) and (2.12) in equations (2.9) and (2.10), the voltage 

equations become: 

2 

= —rid — xd pid + Xadpi fd (.0(Xq — Xaq )i g — 00 Xaq  V h (2.13) 
xfq xfq

2 
X \ • X

Vtq = —riq — Xq piq + Xaqpifq — 0)(Xd —
ad 

)1d ± CO — V fd (2.14) 
X fd Xfd 

Equations (2.13) and (2.14) can be rewritten as follows: 

where 

Vtq = —rig — xgpig + pEd —coxdtd + (0E; 

E d = Xaqi f q  d-axis no load EMF 

Eq = Xadi  fd = q-axis no load EMF 

aq
E — fq = d-axis transient EMF 

xfq 

X = ad 
fd = q-axis transient EMF 

Xfd 

E+co' • gzg — COEd (2.15) 

(2.16) 

(2.20) 
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X
2 

_ ad \ 
Xd ) 

x fd 
= d-axis transient reactance 

X
2 

X = (X — ) 
q q aq = q-axis transient reactance 

xfq 

(2.21) 

(2.22) 

Using equations (2.7), (2.8) and (2.17) to (2.22), the d- and q- axis components of 
the stator current can be expressed as follows: 

d 

X fd 1.1.1 f d Eq —Eq 
= 1

Xad f d Xad Xd —xd

x fq V fq E d — Ed 
1 

q Xaq fq Xaq X q X

(2.23) 

(2.24) 

Substituting equations (2.23) and (2.24) in equations (2.15) and (2.16), the 

terminal voltage can be expressed in terms of the no load and transient EMFs of 
the machine as follows: 

—r r 
E + E' +co q E d 0)  xq , E d'

X — X"  X — X'  q X — x q'd d d d q  
x q

 
x q

xd
 pE q  

q 
Xd — Xd Xd — Xd 

' 
Vtq = 

—r 
d 

x 
, Ed + E' co d Eq + 

x d 
R Xq — xq xq — xq Xd — Xd Xd — Xd 

xq
 pEd + 

xq
pEd' 

x — x' x —x' q q q q 

(2.25) 

(2.26) 
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Multiplying equations (2.3) and (2.4) by x , xaq and —, respectively, and using 
rfd rfq 

equations (2.17) to (2.20), the field winding voltage equations can also be 
expressed in terms of the no load and transient EMFs of the machine as follows: 

where 

E fd = Eq +Td'opE, 

Efq = E d + TqlopE: i

(2.27) 

(2.28) 

V 
Efd x fd =  ad = EMF corresponding to the d-axis excitation voltage (2.29) 

rfd 

v,A
E fq = Xaq  = EMF corresponding to the q-axis excitation voltage (2.30) rfq 

Xfd 
T' — d0 — = d-axis open-circuit transient time constant 

rfd 

T' — 
X fq 

q0 — = q-axis open-circuit transient time constant 
rfq 

(2.31) 

(2.32) 

2.2.2 Torque and mechanical equations 

The electrical power at the machine terminal can be expressed as follows [17]: 

P = vtdid±vtgiq (2.33) 

Substituting equations (2.1) and (2.2) in equation (2.33), it follows that 

P= —r(ii +ig2 )±idPW d ± iqPNI q +WV dig — V qid) (2.34) 
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The third term in equation (2.34) corresponds to the electromagnetic torque 

produced by the machine [18]. Thus: 

TE — Ni d i q — lit q id (2.35) 

Substituting equations (2.5) and (2.6) in equation (2.35) and using equations (2.17) 
and (2.18), the electromagnetic torque equation can be expressed in terms of the 
no load EMFs of the machine as follows: 

TE = (Xq — Xd )id i q + Egiq — E did (2.36) 

The torque equation can be derived from equations (2.23), (2.24) and (2.36) in 
terms of both the no load and transient EMFs of the machine as follows: 

TE — 

+ 

+ 

[ Xq — Xd 1 
+ 

(X — X'  )(X — X) X — X'd d q q q q 

—(Xq —X
d ) 

_(Xd — f d )(Xq — Xq'  ) 

Xq — Xd

(Xd — Xd )(Xq — Xq ) 

1 

Xd — Xd  q d
  E E 

1 
+ ,E;E d

Xd — Xd 

+ 
1 

x , —xqq  
Xq 

— Xd E'E' 
(xd —xd )(xq  X q— ') d q

EEd ' q 

(2.37) 

The mechanical equation of the machine can be represented by a set of first-order 

equations as follows: 

Mo.)0p0)=Tm —TE

IA = 0)— 1 

(2.38) 

(2.39) 

where the units of M and coo in equation (2.38) are seconds and radians per 

second, respectively. 
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2.3 Dual-Excited Synchronous Machine Connected to an Infinite Bus 

When studying the dynamic performance of a dual-excited synchronous machine 

connected to a large power system, the effect of its external connection to the 

power network and its excitation controllers should be taken into consideration. 

Such a system can be represented accurately by a dual-excited machine connected 

to an infinite bus through an external impedance (re +j xe) as shown in Fig.2.2. 

The excitation control system consists of an excitation controller using a terminal 

voltage signal [14]. 

w 
HiExcitation 

Controller 

Dual-Excited Synchronous 
Machine 

 kiExcitation  
Controller AVt

AVt 

re xe
 AAN\—, am , 

External Impedance 

Infinite Bus 

Fig. 2.2 Schematic diagram of the system used for the studies carried out in the 

thesis 

2.3.1 Voltage equation of the external impedance 

The voltage equation of the external impedance can be expressed as follows [18]: 

Vtd =vd±reid+ xeliid — meig

Vtq = Vq + reiq + Xepiq + COX ei d

(2.40) 

(2.41) 

In these equations, the d- and q-axis components of the infinite bus voltage can be 

represented in terms of the rotor angle 8 as follows: 
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vd = V sino 

Vq =- V cos8 

(2.42) 

(2.43) 

Substituting equations (2.23), (2.24), (2.42) and (2.43) in equations (2.40) and 
(2.41), the voltage equations of the external impedance can be rewritten as 
follows: 

v td E' +  xe pEq =V sin 8 +  re E  re 
x — x q x — x" x — XId d d d d d 

Xe X Xe
 pE' e co , Ed +0) E d'
Xd — XI qd — 

Xq 
Xq X — XI

q q 

Vtq = V cos8 +  re , Ed  
re 

Ed + xe pEd1 
XIXq 

— 
Xq Xq 

— 
Xq 

X 
q 

— 
q 

x
e pEd' 

+0) xe 
E co xe E' 

x — x q x — x' qq q d d d d 

2.3.2 Excitation controller 

(2.44) 

(2.45) 

In the studies carried out in this thesis, various excitation controller schemes using 

terminal voltage signals will be investigated. In general, such excitation controllers 
may be simulated in detail by a fourth-order model [15]. In order to simplify the 
analysis and focus it to the main investigations of determining the system swing 
modes and the various sources of the damping torque components, a reduced first-
order model [7] is used. Such a model can be represented by the block diagram 
shown in Fig. 2.3. 

AV r ke
Vt-72-0 

+ 
1.- 

1+ pTe
...Efd 

A
( Efq) 

Vref 

Fig. 2.3 Block diagram of an excitation controller using a terminal 

voltage signal 
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The mathematical equations of such a model can be expressed as follows: 

where 

TepEfd — keAVtr — Efd

Te pE fq = keAVir — E fq

(2.46) 

(2.47) 

A Vtr = Vref (2.48) 

2.4 Linearized Model 

The differential equations representing the dynamic performance of dual-excited 
synchronous machines, namely, equations (2.25), (2.26), (2.27), (2.28), (2.38), 
(2.39), (2.46) and (2.47) are nonlinear, and can be rearranged as equation (2.49). 

13€0 = (TM — TE ) 
M (14) 0 

138 = co —1 
1

pEq' — Efd
d0 

pEa = (E 
T'o fq

— E q ) 

E d) 

_ r, 
- 

_ 
X' 

xd — xd r x, x,',(xd — xd ) 
pi- q V td (x, + " )E + w ' Ed 

d X '  X '  T' qd d dO X '  (X — X'd q q) 

r x (xd — x' ) E , ,,, q  d E , ±  'xd + E fd 9 W
X d'  X; (Xq — Xq'  ) d X:i Td'o

pE d = 
X — X'  r xq x (x — x' ) d q q , q vtq ( + )E d CO q E 

x x' x,7., x,(x — x' ) q9 q q q0 q d d 

' 
Y x (x — x ) d q q  

E
, 

+ 
x

q E + Ed +CO ' 
X9 q (xd—  d q x T' fqq qo

1 
pE fd = —kiAV, — —T Efd 

e
k 1 

pE fq = —e—Te A V„ — — EA, T 
(2.49) 
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In steady-state stability studies, it is a common practice to linearize these equations 
by assuming that small changes around the operating point are postulated. By 
applying such a linearized approach, it is possible to apply a range of linear 
techniques for investigating steady-state stability problems. 

Linearizing equations (2.44), (2.45) and (2.49) around the operating point, the 
small disturbance equations representing the dynamic performance of a dual-
excited synchronous machine connected to an infinite bus via a transmission line 
can be obtained as equation (2.50). 

pAco = —1 ATE
Mwo 

pA8 = Aco 

pAE' = —
1

(AE — AE ) 
q T

'  
do fd q

pAE = OF fq — AF:d ) 

T; 0

pAEq = k1Aw + k2A8+ k3AE, + k4 AE; + k5AFq + k6AEd + k7AE fd

pAEd = k8Aw + k9A8+k10AE; + k11AF,d + ki2AFq + knAEd + k14AEfq

pAE fd = —ke TAV t — —1 AFfd 
Te 

pAE —ke fq = T 
T 

AVt -- 1 AFfq

(2.50) 

where 

ATM = 0 

k1 = 
(xd — x; )(x; + xe ) 

(xq — xq )(xd' + xe ) 

k2 = 
(Xd — X; )  

( X; Xe )
 v 0 

E do 

— x; )(xq + ) 

— q d )(X '  +X ) 
Edo 
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(r+re ) 
k = 

3 (xd + xe ) 

(xd — 4)(xq + xe ) 
k

4 (Xq — Xq )(X 'd + Xe ) 

k = 
(r+ re ) (xd + xe ) 

5 (xd + Xe ) (xd + Xe )Td'o

(xd — xd)  (X; + Xe ) 
k

6 (Xq — Xq'  )(X; + Xe ) 

k = (xd + xe )
7 (xd + xe )Td'o

k _ (xq — xq')(x:1 + xe ) E .1_ (xq — xq )(xd + xe ) 
8 — 

(x d — X:/ )(f q +X e ) q° (xd — 4)(X q +X e ) 

(X — X' ) 
k9 -- q q V dO 

(X; + Xe ) 

k = 
(Xq — Xq' )(Xd + Xe ) 

10  (xd  _ x .,,d)(xq, + xe)

(r +re ) 
kll = (x' + xe) q 

(x — x')(4+ xe ) 
k= q

12 (Xd — 4)(X; +X e ) 

(r+r e ) (Xq +X e ) 
k
"

= 
(xq' + xe ) (xq' + xe )Tq'o
(x + xe ) 

k14 q =  (x.; + xe ) T.7,0

E' q0 

Linearizing equation (2.37), the small disturbance equation of the torque can be 

expressed as follows: 

ATE = k AF ' + k AF ' + k AE + k AF 15 'q 16 'd 17 q 18 'd (2.51) 

20 



where 

k15 

—(Xq _ Xd ) 

=[ 
(Xd d — Xt )(Xq q — Xt ) Xd — 

diE dO 
(Xd d — Xi  )(X q — Xq 

 
) 

1 Xq — Xd

E do

Xq — Xd 1 Xq — Xd
=[   1 ' 

k16 (X d — X;) (Xq — Xt ) Xq — Xq Eq0  + (Xd — Xdf )(X q — Xqt ) Eq0

k17 = [ 

+ [ 

Xq — Xd 1 1 

(xd — xd' )(xq — x' ) 

Xq — Xd 

(xd —xd )(xq — x') 

X — d d xq q — x' 

1 
1E:/0

xq — x 

1 E  d0 

Xq — Xd 1 1 
=[  1Eqok18 

(xd — x )(x — X/ ) Xd — Xd X — X, qd q 

Xq — Xd 1 

(Xd — XdI )(Xq — Xqf ) Xd — Xd
1E' q0 

The small disturbance equation of the terminal voltage AVt can be obtained by 

linearizing the following terminal voltage equation: 

2 2 
— , yid V tq 

This will result in the following expression: 

AV, = td0 
td 

T 7 V 

j _ tq0 
LA
I_ 

tiq 

t0 V tO 

(2.52) 

(2.53) 

Linearizing equation (2.25) and (2.26) and using equation (2.50), the following 

expressions can be obtained: 
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e  ' 
= x Rxq 

+x 
e 1)Edo +(1— 

x
q 

+ x
e )Ed' 01A(1) + (1  

Xq — Xq Xd + Xe Xd' + Xe X' 
xe 
+ Xe

)vq0A8 

d 
, , 

+ 
Xe (r + re )—(xd/ + xe )re AF,,, + x e (x d'  —xq ) 

AFd
, 

  ' 
(Xd + Xe ) (Xd — Xd'  ) q (Xd'  + Xe ) (Xq — Xq' ) 

+{
(Xd + Xe )r e — Xe (r +re ) + d xe (x' — xd ) 1 i 

(Xd + Xe ) (Xd'  + Xe)Td'o  xd — Xd'

Xe (X; — Xd) Xe

+ (4 +x e )(x q —xq
 A F  

) 4d  + (X:i + X e )Td/0 
AE

fd 

Avtq = x e [(1— d + x e  )E 0 +(xd+ Xe 1)E;o]Aco 
xd — X'd Xq  + Xe q Xq + Xe 

xe (xd —xq ) Xe e(r+ )—(Xq +Xe)re 

(X AKq + Xe )(Xd — ) + + xe )(xq — AEd +) (x; + xe ) (xd — x:, AP: ) q 

AF:
q

(2.54) 

+ ( e 1)Vd0A8 
Xq + Xe 

(x' + x )r — x (r +r) x (x' — x ) 1+[ q e e e e + e q q i  
AF + 

xe 
AE 

(fq + xe ) (xq' + xe)Tq'o j xq — (Xq'  + Xe )T:0 fq

(2.55) 

Substituting equations (2.54) and (2.55) in equation (2.53), the small disturbance 
equation of the terminal voltage can be written as follows: 

where 

AV, = ki,Ato+k 20A8+,k 2iNFq'  + k22ALEd'  k 23AEg k24AEd

k 25AFfd + k26AE fq

V tqo Xe xd 
k 19  [(1  Xe )E n ±( Xd Xe 1)E '  0 ] 

V t0 ( Xd X:1) X + X q- + Xe
q 

q e 

' 
X + Xe X + Xe ' V td0Xe  [(  q 

1)E do + (1  q )Ed 0 ] + xevto (xq — ) + xe 

(2.56) 
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Xe v dOV tq0 X e 
1) + (1 v q0v td0 

k20 = ( x + x q e Vt0 4 + Xe) V to
' X e (X d — X q )V to [xe (r + re ) — (x; + xe )re ivtdo

k21 = + 
(x'q + xe )(xd — x'd ) ,1703 (xd' + xe )(xd — xd )vto 
[xe (r + re ) — (xq + xe )re ]- v to xe (xd — ) x q ,V td0 

, 
k22 = + 

k2 

(xq + xe )(xq — xq ) ,V t0 (xd + xe )(xq — xq )Vto 
xe (xq — xd )vtqo

 + 
(xq + xe )(xd — ) ,V t0 lxd 

(xd + xe )re — xe (r + re ) 

+ xe ) 
, Xe (Xd — X d ) 

+  1 
v td0 

(x:, + Xe )Td'o (xd — x'd )Vto 

(x
q 
 + x

e 
)r

e 
— xe (r + re ) xe (xq' — xq ) V to1, =1- 

A'24 I- ± 1 
(Xq ± Xe ) (X ± xe q )T' q 0 (X q — -X) )V t0 

' 
+  , )Xe (X, — xd  td0 

k25 = 

k26 = (x + x )T' V q e q0 tO 

(X/d + Xe )(Xq — Xg')V tO 

X eV td0 
(X; + X e)Td'OVt0 

XeVtqo

Substituting equations (2.51) and (2.56) in equations (2.50), the state space 

equation of the system used in the investigation of this thesis can be obtained as 
follows: 
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-1 
pOw = (k15AE; +   + kr AEq + ki8AEd ) 

Mwo
p08= Aco 

pAF q = —
1

(AEfd — AE q ) 
T '  do

pAE:i = 1—(AEfq — AEd ) 
Tq0 

pAE = kiAco + k208+ k3AF: q' + k4AE:i + k5AEq + k6AE d + k7 AE fd

pAE d = k8Aw + k9 A8 + kic,AE; +   + ki2AE0, + k13AF:d + k14AEfq

pAE fd = 
—k 

e (k 19ACO k 20A8 k 21AE k 22AE:i k 23AE q k 24AE d

Te 

k 25 fd k 26AE fq ) T1  AF  AEfd

pAEfq 
—ke 

r.

A
=  190(0 k 20A8 k 2/ AE  + k22A.E:i + k23AEq + k24AEd

Te 
1  

k 25AF fd k 26AF fq ) — — fq

T A r,e
(2.57) 

In a matrix form, equation (2.57) can be rewritten for the case of excitation 
controller with terminal voltage signal as follows: 

pAw - 

pM 

nAE'

pia 

pAFq

pfd 

PAFfd 
_pAE fq

o 

1 

0 

0 

k1

k8
—kek19

T 
—keki9

0 

0 

0 

0 

—k15 —k16 —k17 —k18
0 

0 

1

0 

0 

0 

1

Am 

M 

Mg' 

Mwo 
0 

0 

0 

Mwo Mwo Mwo 
0 0 0 

0 
—1 

0 
T'do 

0 0 
—1 

rio 

0 

k2 k3
'o Tq 

k4 k5 k6 k7
T'o q
0 AEI

k9 k10 kii k12 k13 0 k14 AEd 
—kek20 —kek21 —kek22 —kek23 —kek24 —kek25 —1 —kek26 AEfd 

7; 
—kek20

T 
—kek21

7; 
—kek22 —kek23 —kek24 —kek25 —kek26 — 1 

AF fq

_ T T T T 7; T 
(2.58) 

24 



2.5 Reduced Model 

A simplified model for a dual-excited synchronous machine connected to an 
infinite bus through an external impedance can be developed when the following 
assumptions are made [19]: 

1. The resistances of the machine armature winding and external impedance are 

neglected, i.e. 

r=re =0 (2.59) 

2. The "PVd "xerid 
tl and "xe piq " terms in the stator voltage equations 

are neglected compared to the speed voltage terms "awd ", "GOVq" , "coxeid " 

and "Wxeig ", i.e. 

Plif d = P1Vq = xePid = xepiq =0 (2.60) 

3. The speed in the voltage equations is assumed to be equal to the synchronous 

speed, i.e. 

=- (0 =1 (2.61) 

Such a simplified model can give reasonably accurate information about the rotor 
swing oscillation mode as it is demonstrated by some examples in Appendix C. At 
the same time, this model can identify separately the various components of the 
damping torque of the system. 

2.5.1 Voltage equations 

Substituting equations (2.59) to (2.61) in equations (2.1) and (2.2), the machine 
voltage equations become: 
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V td q 

Vtq = d

(2.62) 

(2.63) 

Substituting equations (2.5) and (2.6) in equations (2.62) and (2.63), respectively, 
the machine voltage equations can be expressed as follows: 

V td = X q iq Xaqi  fq 

Vtq = —Xdid + Xadifd 

(2.64) 

(2.65) 

Substituting the field current expressions (2.11) and (2.12) in equations (2.64) and 

(2.65), respectively, the machine voltage equations can be rewritten as follows: 

Xaq

2 

V td = ( Xq ) i  Xaq fq Xfq Xfq 

2 
Xad ) 1. d Xad 

Vtq  l fd 
X fd X fd

(2.66) 

(2.67) 

Using equations (2.19) to (2.22), equations (2.66) and (2.67) can be expressed as 
follows: 

Vtd = — E d + Xqfiq

Vtq = Eq -x'di d 

(2.68) 

(2.69) 

From equations (2.68) and (2.69), the d- and q-axis components of the stator 

current can be found as follows: 

E' -Vtq • q 
= 

XId 
(2.70) 
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E + v • _  d td 
lq — 

xl (2.71) 

Using equations (2.23), (2.24), (2.70) and (2.71), the relationships between the 

terminal voltage and the no-load and transient EMFs can be expressed as follows: 

Ed = I Ed —(1 
q \ a , 
/ ) td 

x q Xq

E
q 
=•E q ' + (1— —LL)v

tq
Xd Xd

(2.72) 

(2.73) 

Substituting equations (2.59) to (2.61) in equations (2.40) and (2.41), the voltage 

equations of the external impedance can be expressed as follows: 

V td = vd — xeiq

vtq = vq + xeid

(2.74) 

(2.75) 

Substituting equations (2.42), (2.43), (2.70) and (2.71) in equations (2.74) and 

(2.75), the terminal voltage can be expressed as follows: 

x' 
= q V sin8  e Ed 

+ X q e Xf + X q e 

Xd Xe
V = V cos c8 + E' tq 

Xd + Xe Xd + Xe 

2.5.2 Torque equation 

(2.76) 

(2.77) 

Since the angular velocity of the rotor is approximately equal to the synchronous 

angular velocity during the rotor swing oscillation, the torque in p.u. can be 

assumed to be approximately equal to the power in p.u., i.e. 
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then, 

TE = —
P 

P 

E vd id +Vglq

(2.78) 

(2.79) 

Using equations (2.42), (2.43), (2.70), (2.71), (2.76) and (2.77), the torque 
equation can be expressed as follows: 

E' sin E' cos8 V 2  1 1 
TE =V( q, 

", 
) sin28 

x + x + x 2 x' + x x + X d e q e q e d e 

2.5.3 State space equation 

(2.80) 

Since the " PVd "PlVq" "xePid" and "xepiq " are neglected in the stator voltage 

equations, the system is now represented by a sixth-order model which can be 

rewritten as follows: 

pW = 1 (TM—TE)
MW o 

p8 = —1 

pE = —
1

(E fd — Eq ) 
Teco

pEd = 1 (E fq — E d ) 
Tq'o

pEfd —kTee AVtr --T1 Efd

ke A , 1 
pE fq —a V tr —  Efq 

T e Te (2.81) 

Linearizing equation (2.81) around the operating point, the linearized state space 

equation will result as follows: 
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-1 
pAco = ATE

M(1) o 
pA8 = Ao) 

pAEq' = 1 ( AEfd — q ) 
Tdo 

p   AE 
AEd T' 

(AE 
fq 

— 
d 

 )

1 
pAE fd — Te 

Te
e AV, — — AFfd

pAE fq = —ke 1 AV, — — AE f q

T e Te 

where ATM = 0 

(2.82) 

Linearizing equation (2.80) around the operating point, the small disturbance 
torque equation can be expressed as follows: 

where 

ATE = 108 + k2dAE:i + k2qAEq 

E' E' 1 
ki =Vo( q cosoo  d Si1150 )+V(2)(  

+ X + X d e q e q +x  e 

k V  
cos8 2d , 

X
q + Xe 

Vk = - sin 0 2q 0 
Xd + Xe

(2.83) 

1 
) cos 28 

x + X d e 

Linearizing equations (2.72), (2.73), (2.76) and (2.77), it follows that 

AVtd = q V o COS80A8 
axe

 AE; 
+ X + X q e q e 

(2.84) 
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where 

'
Avtq =  

xd  
Vo sin 80A5 +  xe AE 

x' + X d e X + X qd e 

DEq = 1 AEq + k4q08 

AEd 1  =   + k 4d A8 

k id 

X + X = e  . 
'3q 

Xd + Xe

+ Xe
kid= q ; 

Xq + Xe 

x +x _ 
cdk4q = ( 1)V0 sin 80t 

X d + Xe

X q + Xe

k4d = (  OK COS  880
X1 + X q e 

(2.85) 

(2.86) 

(2.87) 

Substituting equations (2.84) and (2.85) in (2.53), the small disturbance equation 

of the terminal voltage can be written as follows: 

where 

AVt = k;06 + koq AE; + k6dAE; (2.88) 

X
/ 

k;
 V 1 q  c 

t 

= ° O'tdo co s80 - vtq0 ' Xd sink ) 
V tO Xq ' + Xe X ii + X d e 

k = V NO Xe
6q vto x :i + xe

b. = V td0  Xe 
'6d 

V t0 Xqi  + Xe 

Substituting equations (2.83), (2.86), (2.87) and (2.88) in equation (2.82), the 

linearized state space equation of the reduced model of the system used in the 

investigations of this thesis can be obtained as follows: 

30 



pAw =  ( + k2d  + k2q AE ) 
M1 c° o

lc* 

pA8 = Ao) 
1

'  
1pAE' = 

T- 
(AF — —AE'q — k4q A8) 

Tdo k3q
1 1 

p  = — (AE — —AE — k 4d A8) T' 
qo k3d

pAEfd = — —k (108 + k6q AEq' + k6dAF:i )— —1 AFfd 
T 

T e 

pAE fq = — k —Te (k;Ao + k6q AEq + k6dAE'd ) — —1 AFf 
Te q (2.89) 

In matrix form, equation (2.89) can be rewritten for the case of an excitation 
controller with a terminal voltage signal as follows: 

pAco

pA8 

pAFq' 

pAE:i

p A E fd

p AE fq

—1< 

(NM 

1 0 

0 

0 

0 

0 

k4 

q

T:10 k3q Td'o

— k4d 
0 

T q0 

— k;ke —kek6q

Te 
— k;ke

Te 

k 2 q

woM 

0

—k2d

woM 

0 

0 0 

0 0 

—1 1 
0 0 

Td/c, 

—1 0 1 

Te 
—kek6q

Te 

k3 d Tq' 0
kek6d

Te 
kek6d

Te 

—1 

Te

0 

q0 

0 

—1 
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2.6 Summary 

In this chapter, a complete model for a dual-excited synchronous generator 
connected to an infinite bus via an external impedance is developed. In this model, 
the rotor angle, the rotor angular velocity, the d- and q-axis no load and transient 
EMFs and the EMFs corresponding to the d- and q-axis excitation voltages are 
used as the state variables. For the sake of simplifying the analysis and identifying 
the various components of the damping torque of the system separately, this model 
is simplified. 

Although these models are developed for the generator case and will be applied 
throughout the thesis to investigate the steady-state stability of dual-excited 
synchronous generators, they can still be easily applied to dual-excited 
synchronous motors by changing the signs of the stator current and power. 
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3. STEADY-STATE STABILITY OF UNCONTROLLED DUAL-EXCITED 
SYNCHRONOUS GENERATORS 

3.1. Introduction 

As mentioned in Chapter 1, the main objective of this thesis is to explore the effect 

of the operating rotor angle of dual-excited synchronous generators on their 

steady-state stability. In this chapter, the effect of this operating rotor angle and the 

output power on the steady-state stability performance of an uncontrolled dual-

excited synchronous generator connected to an infinite bus will be investigated. 

3.2. Effect of the Operating Rotor Angle on the Steady-State Stability 
Performance of Uncontrolled Dual-Excited Synchronous Generators 

Using equation (2.90), the state space equation of an uncontrolled dual-excited 

synchronous generator connected to an infinite bus via an external impedance can 

be written for the reduced model as follows: 

pAw 

pA8 

pAEq' 

pAE:i

= 

0 

1 

0 

0 

—Ic 

woM 
0 

—k4q 

Tc110 

—k4d 

T' q0 

—k2q

w0M 
0 

—1 
k T' 3q dO 

0 

k2d 

w0M 
0 
0 

1 

lc l'' 3d q0

Aw 

A8 

Ar

AEd' _  _ 

(3.1) 

A system block diagram which represents equation (3.1) is shown in Fig.3.1. This 

block diagram can be used to identify the various components of the torque 

produced due to small perturbations, equation (2.83). From Fig.3.1, these various 

torque coefficient components and the corresponding feedback paths in the block 

diagram for their calculation can be found as follows: 
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(a) k' l - path: 

OT = 146,8 (3.2) 

(b) k4q - path (d-axis field winding flux linkage perturbation): 

The system block diagram corresponding to this path is given in Fig.3.2. From it, 
the resultant torque produced from this path is as follows: 

AT2 = k2q —k AE' =  4qk 3qk 2q 08 q 
1+ ST;ok 3q

ATM. 0 

k2d 

Ed 

(3.3) 

A Eq • 

k3d 

l+sTq' 0 k3d

1 
sM 

k3q 

1 s Tdi 0 k3q

k'1 

A co 

k4d 

1 
S AS 

—k4q -01 

Fig.3.1 System block diagram of an uncontrolled dual-excited 
synchronous generator 
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(c) k4d - path (q-axis field winding flux linkage perturbation): 

The system block diagram corresponding to this path is given in Fig.3.3. From it, 
the resultant torque produced from this path is as follows: 

AT3 k 2d AF:
d 

= 

—k4d k3d k2d  08 

1+ sTq'ok 3d
(3.4) 

For the system used in the investigations of this thesis (Fig.2.2) and the 
corresponding data given in Appendix D, the coefficients of the matrix of equation 
(3.1) and the eigenvalues have been calculated for various rotor angles. The real 
parts of the swing mode eigenvalues are shown in Fig.3.4. Moreover, the damping 
and synchronizing torque coefficients of the system as a function of the rotor angle 
have been calculated using equations (3.2) to (3.4) and are shown in Figs.3.5 and 
3.6. 

—k4q
k3q

1+s Tcio k3q
T2 

Fig.3.2 k4q-path block diagram of an uncontrolled dual-excited 
synchronous generator 

A 8 — P k4d 
k3d 

1+s T413 k3d 

k 2d —111°'" AT3 

Fig.3.3 k4d-path block diagram of an uncontrolled dual-excited 
synchronous generator 
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Fig. 3.4 Real part of the swing mode eigenvalues of an uncontrolled 
dual-excited synchronous generator connected to an infinite 
bus as a function of the rotor angle (V = 1.0 p.u.; power factor 
at infinite bus = 0.9 lagging) 
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Fig. 3.5 Damping torque coefficients of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging) 
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Fig.3.6 Synchronizing torque coefficients of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as 
a function of the rotor angle (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging) 

As can be seen from Figs.3.4 to 3.6, the optimal operating rotor angle of the 

uncontrolled dual-excited synchronous generator used for the investigations of this 

thesis for the whole range of the output power is around -90° or +90° . However, it 

should be indicated here that the variations of the real part of the swing mode 

eigenvalues and of the damping and synchronizing torque coefficients as a 
function of the rotor angle are mainly due to the saliency of this generator rotor. 

Thus, this machine can have an optimal steady-state stability performance only at 

certain operating rotor angles. If this machine is a nonsalient-pole generator and 

the d- and q-axis parameters of the generator are equal, the real part of the swing 

mode eigenvalues and the damping and synchronizing torque coefficients will not 

change with the rotor angle variation as shown in Figs.3.7 to 3.9. 
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Fig. 3.7 Real part of the swing mode eigenvalues of an uncontrolled 
dual-excited nonsalient-pole synchronous generator connected 
to an infinite bus as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging) 
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Fig. 3.8 Damping torque coefficients of an uncontrolled dual-excited 
nonsalient-pole synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; power 
factor at infinite bus = 0.9 lagging) 
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Fig.3.9 Synchronizing torque coefficients of an uncontrolled dual-
excited nonsalient-pole synchronous generator connected to 
an infinite bus as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging) 

In fact, the optimal operating rotor angles of the uncontrolled salient-pole dual-
excited synchronous generators can in general be either -90° and +90° or 0° and 
180° depending on the generator parameters. This can be demonstrated through the 
following analysis of the total damping torque coefficient equation of the system. 
From equations (3.2) to (3.4), the total torque produced due to a sinusoidal 
oscillation of 08 at frequency ws can be obtained as follows: 

AT = (V +  
— k 2„k4,,k2, 

—k2dk4dk3d )A8 

1 1+ jwsTdok3q 1+ joosTqok3d
(3.5) 

According to the definition of the damping torque coefficient given previously, the 
damping torque coefficient corresponding to equation (3.5) can be expressed as 
follows: 

k k 2 k T' k k 2 k T' T  =  2q 3q 4q dO  + 2d 3d 4d q0 

D 1 + (CO sT; ok 3q ) 2 1+ (COsT;ok 3d ) 2
(3.6) 

39 



Using the expressions of Chapter 2 for k2d, k2q, k3d, k3q, k4d, and k4q, the total 
damping torque coefficient can be expressed in terms of the generator parameters 
as follows: 

TD

7,_,,,v.,,2  

q+

 q 2 T ''  V2 
xd

— 

xd 

410 0 (xd + X e  ) 2

 sin2 8 + x' +xe 2 xd +xe  \ 2 , \2 1. 

(lu u (X:  gXe )  )  COS2 8 

1+ (Ws Tq'0 ) ( x  ± x e
1+(0)sTd0) -ie. ±X 1 

q 
_d e 

(3.7) 

Since the variation of the swing frequency cos of the system over the whole rotor 
angle range is very small ( less than 1.25% over the range of -180° to +180° ), cos
can be approximately considered as a constant parameter in equation (3.7). 
Therefore, the damping torque coefficient for a specific generator can now be 
expressed as a function of the rotor angle only as follows: 

where 

T o = A d sine 8 + Aq cost 8 (3.8) 
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iLvo2 (xd — 
(xd + xe )2 + (cosTd'o )2 (xd + xe ) 2 
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T 1 172 
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— X 

q q0 0 / e \
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k,X +X rV2( X—xq0 0 q q 

1 +  ( cosT;(02( Xq +Xe  ) 2 (Xq +X e ) 2 w s 7 -,q,o ) 2 ( x q,  ±x e ) 2

Xq + Xe 

(3.9) 

(3.10) 

It is clear from equations (3.9) and (3.10) that the magnitudes of Ad and Aq

depend on the d- and q-axis parameters of the generator, respectively. In general, 
the following relationships are always true for salient-pole generators: 

Tao > Tq'0 
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and 

(xq —xq)  (xd —4) 
(xq + xe )2 ±(ws;,0)2(xq, > (xe)

d +x,)2 +((osTd,0)2(4 ±xy 

Taking into consideration these relationships, the magnitude of Ad will be larger 
than that of Aq if the following condition is satisfied: 

Td'O Tq'0 
> 

Tcl'O 

i.e. if 

Td'O 
> 

T' q0 

(xq — xq) (xd — xd ) 

(xq +xe)2 
+ ( cosTq,0 )2 ( xq, ▪ xe 2 

) (x d +X e ) 2 + (0) s Td'o ) 2 (X:i +X e ) 2

(X7 X; ) 

(xq + xe )2 + ( (osTq,0 )2 ( xq, xe )2 

(xq —xq) 
( xq xe )2 ( 0)s7;0 )2( xq, ▪ xe )2 

(xd — xd ) 
(xd + xe )2 + ( cos i: 1,0 )2(4 ▪ xe  )2 

(3.11) 

(3.12) 

In the case of Ad > Aq, the damping torque coefficient as a function of the rotor 
angle, equation (3.8), can be represented by an ellipse as shown in Fig.3.10 (a). In 

this case, the damping torque coefficient will have a maximum value equal to Ad 
when the operating rotor angle is around -90° or +90°. In the case of Ad < Aq, the 

damping torque coefficient as a function of the rotor angle, equation (3.8), can be 
still represented by an ellipse as shown in Fig.3.10 (b). In this case, the damping 
torque coefficient will have a maximum value equal to Aq when the operating 
rotor angle is around 0° or 180°. In the case of an ideal nonsalient-pole generator 
with equal d- and q-axis parameters, i.e., Ad = Aq, the damping torque coefficient 
as a function of the rotor angle, equation (3.8), becomes a circle as shown in 
Fig.3.10 (c). In this case, the damping torque coefficient is no longer a function of 
the rotor angle. 
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(a) (b) (c) 

Fig. 3.10 Polar representation of the damping torque coefficient of an 
uncontrolled dual-excited synchronous generator system as a 
function of the rotor angle 
(a) salient-pole generator, Ad > Aq
(b) salient-pole generator, Ad < Aq
(c) nonsalient-pole generator, Ad = Aq

3.3 Effect of the Output Power on the Steady-State Stability Performance of 
Uncontrolled Dual-Excited Synchronous Generators 

Using equation (3.1), the locus of the swing mode eigenvalues of the system used 
in the investigations of this thesis can be obtained as shown in Fig.3.11 for the 
optimal operating rotor angle -90° . Moreover, the synchronizing and damping 
torque coefficient components and the total synchronizing and damping torque 
coefficients can be obtained from equations (3.2) to (3.4) and are shown in 
Figs.3.12 to 3.14 for the same operating rotor angle. 
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Fig. 3.11 Locus of the swing mode eigenvalues of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as 
a function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging; 8 =-90°) 
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Fig. 3.12 Damping torque coefficient components of an uncontrolled dual-

excited synchronous generator connected to an infinite bus as a 
function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging; 5 =-90° ) 
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Fig. 3.13 Synchronizing torque coefficient components of an uncontrolled 

dual-excited synchronous generator connected to an infinite bus 
as a function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging; 6 =-90°) 
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Fig. 3.14 Total synchronizing and damping torque coefficients of an 
uncontrolled dual-excited synchronous generator connected to 
an infinite bus as a function of the output power (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging; 8 =-90°) 
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3.4 Summary 

In this chapter, the steady-state stability performance of uncontrolled dual-excited 
synchronous generators as a function of the rotor angle and output power has been 
investigated. The results of these investigations have shown the following: 

1. An uncontrolled dual-excited synchronous generator has an enhanced steady-
state stability performance in comparison to an equivalent conventional 
synchronous generator (Appendix E). 

2. The steady-state stability performance of a dual-excited nonsalient-pole 
synchronous generator is independent of the operating rotor angle. 

3. If the dual-excited synchronous generator has saliency, the steady-state 
stability performance will depend on the operating rotor angle. The operating 
rotor angles for optimal performance are a function of the parameters of the 
generator. They could be either -90° and +90° or 0° and 180°. In the case of the 

operating rotor angle -90° or +90°, the axis of the q-axis field winding will be 
almost in alignment with the axis of the resultant flux in the generator. On the 
other hand, the axis of the d-axis field winding will be in alignment with the 
axis of the resultant flux in the case of the operating rotor angle 0° or 180°. 

4. The total damping torque coefficient of an uncontrolled dual-excited 
synchronous generator is almost constant and decreases very little with the 
increase in its output power. On the other hand, its total synchronizing torque 
coefficient increases with the increase of the output power. 

5. The damping torque coefficient components due to the d- and q-axis field 
winding flux linkage perturbations are both positive. However, their 
magnitudes depend on the operating rotor angle since they are proportional to 
(sin8)2 and (cos45)2, respectively. For example, when the operating rotor angle 
is -90°, the damping torque coefficient due to the d-axis field winding flux 
linkage perturbation (k4q-path) has a maximum value. In this case, the 
damping torque coefficient due to the q-axis field winding flux linkage 
perturbation (k4d-path) will be equal to zero. 
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6. The synchronizing torque coefficient components due to the d- and q-axis field 

winding flux linkage perturbations are also dependent on the rotor angle, but 

their magnitudes are both negative. However, the total synchronizing torque 

coefficient is positive since the synchronizing torque coefficient component 

due to the constant components of the d- and q-axis field winding flux linkages 

is always positive for the normal operating conditions and is relatively larger 

than these negative components. 
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4. STEADY-STATE STABILITY OF DUAL-EXCITED SYNCHRONOUS 
GENERATORS WITH EXCITATION CONTROLLERS USING A 

TERMINAL VOLTAGE SIGNAL 

4.1. Introduction 

In Chapter 3, the steady-state stability performance of uncontrolled dual-excited 

synchronous generators has been investigated. The results have shown that an 

uncontrolled dual-excited synchronous generator connected to an infinite bus has 
an enhanced steady-state stability performance in comparison to that of an 

equivalent conventional synchronous generator. In addition, it has been found that 
the steady-state stability performance of uncontrolled dual-excited synchronous 

generators is independent of the operating rotor angle if the generator has 

nonsaliency. However, if some saliency exists, the steady-state stability 

performance will depend on the operating rotor angle and optimal performance 

could be achieved only at certain rotor angles. In this chapter, the investigations 
will be extended to study the effect of excitation controllers using a terminal 

voltage signal on the steady-state stability performance of dual-excited 

synchronous generators. 

4.2 A Generator with an Excitation Controller Using a Terminal Voltage 
Signal Acting on One of the Field Windings 

4.2.1 Analysis of the steady-state stability of the system as a function of the 
operating rotor angle 

Using equation (2.90), the state space equation for the case of a dual-excited 

synchronous generator connected to an infinite bus, which has an excitation 

controller using a terminal voltage signal acting on the d-axis field winding, can be 

rewritten for the reduced model as follows: 
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(4.1) 

The system block diagram which represents equation (4.1) is shown in Fig.4.1. 
This block diagram can be used to identify the various components of the torque 
produced due to small perturbations, equation (2.83). From Fig.4.1, these various 
torque coefficient components and the corresponding feedback paths in the block 

diagram for their calculation can be found as follows: 

le1 

1 Ao 

A TM = sM(00

k 2d k2 q

A E d' A ANA 

1 
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k 6q 

4S 
k.5
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k3q

1 +s Td' 0 k 3q
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. k4 ci
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l+sTe

Fig. 4.1 System block diagram of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller using 
a terminal voltage signal acting on the d-axis field winding 
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(a) k'1 - path: 

OT = 

(b) k4q - path: 

(4.2) 

The system block diagram corresponding to this path is given in Fig.4.2. From it, 
the resultant torque produced from this path can be found as follows: 

AT = 
- (1+ s7'd'ok3q )(1 + sTe ) + k3g kek6q

(c) k4d - path: 

—k4q k2q k3q + sTe  08

(4.3) 

The system block diagram corresponding to this path is given in Fig.4.3. From it, 

the resultant torque produced from this path can be found as follows: 

where 

AT = ATi + AT32 (4.4) 

OT 
= —k4d k3d k2d  A8 

31 1 + sT;ok3d

AT32 = (1+ kek3q k6q ) 

(d) k'5 - path: 

ke k4d k3d k6d k3q k2q 
+ s(Te + Tcio k3q + Tq'o k3d + Tq'o k3d k e k3q k6q ) + 

 6.8 
S2 (TeTd'ok3q + TeTq'ok3d + Td'ok3q T;ok3d ) + S3 TelY0T;ok3qk3d 

The system block diagram corresponding to this path is given in Fig.4.4. From it, 

the resultant torque produced from this path can be found as follows: 

— k;k2q k3q k e
 6.8 

AT4 
= 

(1+ k3,,k6q ke ) + s(T, + Tiok3q )+ s2TioTe k3q (4.5) 
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Fig. 4.2 k4q-path block diagram of a dual-excited synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the d-axis 
field winding 
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Fig. 4.3 k4d-path block diagram of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller using 
a terminal voltage signal acting on the d-axis field winding 
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Fig. 4.4 k'5-path block diagram of a dual-excited synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the d-axis 
field winding 

For the system used in the investigations of this thesis (Fig.2.2) and the 

corresponding data given in Appendix D, the coefficients of the matrix of equation 

(4.1) and the eigenvalues have been calculated for various rotor angles. The real 

parts of the swing mode eigenvalues are shown in Fig.4.5. Moreover, the damping 

and synchronizing torque coefficients of the system as a function of the rotor angle 

have been calculated using equations (4.2) to (4.5) and are shown in Figs.4.6 and 

4.7. 
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Fig. 4.5 Real part of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the d-
axis field winding as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging ) 
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Fig. 4.6 Damping torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the d-axis field 
winding as a function of the rotor angle (V = 1.0 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 4.7 Synchronizing torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal acting on the d-axis field winding as 
a function of the rotor angle (V = 1.0 p.u.; power factor at infinite 
bus = 0.9 lagging ) 

As can be seen from Figs.4.5 to 4.7 and from Figs.3.4 to 3.6 in the case of the 
uncontrolled machine, the excitation controller using a terminal voltage signal 
acting on the d-axis field winding of the dual-excited synchronous generator 
affects its damping and synchronizing torque coefficients and, thus, influences its 
steady-state stability performance. These effects depend on both the operating 
rotor angle of the generator and its output power. 

For this case of an excitation controller using a terminal voltage signal acting on 

the d-axis field winding of the generator, the damping and synchronizing torque 

coefficients are almost the same as the case of the uncontrolled generator for all 

output powers when the rotor angle is around 0° or 180° and, thus, the excitation 

controller does not change the steady-state performance of the generator for these 

operating rotor angles. When the operating rotor angle is in the negative range, the 

provision of the excitation controller results in increasing the damping torque 

coefficient of the generator and, thus, enhances its steady-state stability 

performance. However, in this range of operating rotor angle, the synchronizing 

torque coefficient decreases as a result of the use of the excitation controller. On 

the other hand, the provision of the excitation controller results in decreasing the 
damping torque coefficient of the generator and, thus, in degrading its steady-state 
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stability performance when the operating rotor angle is in the positive range. In 
this case, the synchronizing torque coefficient increases as a result of the use of 
the excitation controller. 

The increase or decrease of the damping and synchronizing torque coefficients and 
the degree of enhancement or degrading of the steady-state stability performance 
mentioned above depend on the output power. As the output power increases, the 
increase or decrease of the torque coefficients and the degree of enhancement or 

degrading of the steady-state stability performance increase. This is mainly due to 
the fact that the a terminal voltage signal due to perturbation, which is used as 
input for the controller, is almost zero at no load and increases with the increase of 
the output power. Moreover, the increase or decrease of the torque coefficients and 
the degree of enhancement or degrading of the steady-state stability performance 
are very sensitive to the change of the operating rotor angle. For each output 
power, there is a corresponding optimal rotor angle at which the maximum 

increase of the damping torque coefficient and the maximum degree of 

enhancement of the steady-state stability performance can be achieved. 

It is worth to mention here that the effect of the excitation controller with a 

terminal voltage signal acting on the d-axis field winding on the steady-state 

stability performance could be exchanged in the positive and negative ranges of 
the operating rotor angle of dual-excited synchronous generators if the polarity of 

the terminal voltage signal becomes negative (Figs.4.8 to 4.10). Moreover, if the 

excitation controller is acting on the q-axis field winding instead of the d-axis field 

winding, the same increase or decrease in the torque coefficients and the same 

degree of enhancement or degrading of the steady-state stability performance 

occur at rotor angles shifted almost -90° (Figs.4.11 to 4.13) from the corresponding 

rotor angles of the case of the excitation controller acting on the d-axis field 
winding (Figs.4.5 to 4.7). Thus, in this case, the excitation controller has no 
influence on the steady-state stability performance around the rotor angles -90° 
and +90° . In the range of rotor angles +90° /±180°/ -90° , the provision of the 

excitation controller results in increasing the damping torque coefficient and, thus, 
in enhancing the steady-state stability performance. However, in this range, the 
synchronizing torque coefficient decreases as a result of the use of the excitation 
controller. On the other hand, the provision of the excitation controller on the q-
axis field winding results in decreasing damping torque coefficient of the generator 
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and, thus, in degrading its steady-state stability performance when the operating 

rotor angle is in the range -90° /0°/ +90°. In this range of the operating rotor 

angle, the synchronizing torque coefficient increases as a result of the use of the 

excitation controller. 

In the case of the excitation controller acting on the q-axis field winding of the 

salient-pole dual-excited generator used in the investigations of this thesis, the 

maximum increase or decrease of the damping and synchronizing torque 

coefficients and the maximum increase of the degree of the enhancement or 

degrading of the steady-state stability performance (Figs.4.11 to 4.13) are slightly 

larger than those in the case of the excitation controller acting on the d-axis field 

winding (Figs.4.5 to 4.7). However, if saliency is not present, these increases or 

decreases will be the same in both cases. 
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Fig. 4.8 Real part of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the d-
axis field winding as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging; negative controller 
gain) 
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Fig. 4.9 Damping torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal acting on the d-axis field winding as a 
function of the rotor angle (V = 1.0 p.u.; power factor at infinite bus 
= 0.9 lagging; negative controller gain) 
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Fig. 4.10 Synchronizing torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal acting on the d-axis field winding as 
a function of the rotor angle (V = 1.0 p.u.; power factor at infinite 
bus = 0.9 lagging; negative controller gain ) 
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Fig. 4.11 Real part of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the 
q-axis field winding as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging) 
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Fig. 4.12 Damping torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the q-axis field 
winding as a function of the rotor angle (V = 1.0 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 4.13 Synchronizing torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal acting on the q-axis field winding as 
a function of the rotor angle (V = 1.0 p.u.; power factor at infinite 
bus = 0.9 lagging ) 

4.2.2 Effect of the output power on the steady-state stability performance of 

the system 

Using equation (4.1), the locus of the swing mode eigenvalues for the system used 

in the investigations of this thesis can be obtained as shown in Fig.4.14 when the 

rotor angle of the machine is in the range of its optimal values (-100°). Moreover, 

the synchronizing and damping torque coefficient components and the total 

synchronizing and damping torque coefficients can be obtained from equations 
(4.2) to (4.5) and are shown in Figs.4.15 to 4.17 for the same operating rotor 

angle. 
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Fig. 4.14 Locus of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the 
d-axis field winding as a function of the output power (V = 1.0 
p.u.; power factor at infinite bus = 0.9 lagging; 5 = -100° ) 

Damping Torque Coefficient (p.u./p.u. speed) 
50 

40 

30 

20 

10 - 

0 x 

X 

k4q -path 

 k4d -path 

  k'5 -path 

x 

Power (p.u.) 
-10 X >K >K 

0 0.2 0.4 0.6 0.8 1 1.2 
Fig. 4.15 Damping torque coefficients of a dual-excited synchronous 

generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the d-axis 
field winding as a function of the output power (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging; 8 = -100° ) 
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Fig. 4.16 Synchronizing torque coefficients of a dual-excited synchronous 

generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal acting on the d-axis 
field winding as a function of the output power (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging; 8 = -100° ) 
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Fig. 4.17 Total damping and synchronizing torque coefficients of a dual-
excited synchronous generator connected to an infinite bus with 
an excitation controller using a terminal voltage signal acting on 
the d-axis field winding as a function of the output power (V = 
1.0 p.u.; power factor at infinite bus = 0.9 lagging; 8 = -100° ) 
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The contributions of the d- and q-axis field winding flux linkage perturbations to 
the synchronizing and damping torque coefficients can be identified separately 
from equations (4.3) to (4.5) as follows: 

(a) d-axis field winding flux linkage perturbation 

ATd = k2,9,AE; = AT2 + AT32 + AT4 (4.6) 

(b) q-axis field winding flux linkage perturbation 

ATq = k2d ' AF d ' = AT31 (4.7) 

Using equations (4.6) and (4.7), these torque coefficient components as a function 
of the output power are as shown in Figs.4.18 and 4.19. 
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Fig. 4.18 Damping torque coefficient components corresponding to the d-
and q-axis field winding flux linkage perturbations of a dual-
excited synchronous generator connected to an infinite bus with 
an excitation controller using a terminal voltage signal acting on 
the d-axis field winding as a function of the output power (V = 1.0 
p.u.; power factor at infinite bus = 0.9 lagging; 6 = -100° ) 
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Fig. 4.19 Synchronizing torque coefficient components corresponding to 
the d- and q-axis field winding flux linkage perturbations of a 
dual-excited synchronous generator connected to an infinite bus 
with an excitation controller using a terminal voltage signal 
acting on the d-axis field winding as a function of the output 
power (V= 1.0 p.u.; power factor at infinite bus = 0.9 lagging; 8 
= -100°) 
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As can be seen from Figs.3.17, 3.18, 4.18 and 4.19, the q-axis field winding flux 
linkage perturbation of the dual-excited synchronous generator with an excitation 
controller using a terminal voltage signal acting on the d-axis field winding does 
not , like the case of the uncontrolled generator, contribute significantly to the 
damping and synchronizing torque coefficients over the whole range of output 
power when the generator is operating at a rotor angle in the ranges of its optimal 
values. Also, the damping torque coefficient due to the d-axis flux linkage 
perturbation is always positive while the synchronizing torque coefficient is 
negative as in the case of the uncontrolled generator. However, the provision of 
the excitation controller results in an increase in both the positive damping and 
negative synchronizing torque coefficients. The change in these coefficients 
increases with an increase in the output power. However, the total synchronizing 
torque coefficient is still positive, since the positive synchronizing torque 
component coefficient due to the constant components of the d- and q-axis field 
winding flux linkages is still relatively larger than the negative component of the 
synchronizing torque coefficient due to the flux linkage perturbation. Nevertheless, 
the total synchronizing torque coefficient in the case of the generator with an 
excitation controller using a terminal voltage signal is less than in the case of the 
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uncontrolled generator. However, its damping torque coefficient is larger than in 
the case of the uncontrolled generator. 

4.3 A Generator with Excitation Controllers Using a Terminal Voltage Signal 
Acting on Both the d- and q-Axis Field Windings 

4.3.1 Analysis of the steady-state stability of the system as a function of 
the operating rotor angle 

In this case, equation (2.90) gives the state space equation of the system and, for 
convenience, this equation is rewritten again here: 
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(4.8) 

Using equation (4.8), the system block diagram can be found as shown in Fig.4.20. 
From it, the various torque coefficient components and the corresponding feedback 
paths in the block diagram for their calculation can be found as follows: 

(a) k'l - path: 

OT = l<6.8 (4.9) 
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Fig. 4.20 System block diagram of a dual-excited synchronous 
generator connected to an infinite bus with excitation controllers 
using a terminal voltage signal acting on both the d- and q-axis 
field windings 

(b) K4,4 - path: 

The system block diagram corresponding to this path is given in Fig.4.21. From it, 

the resultant torque produced from this path can be found as follows: 

AT2 = Al;, + AT22 (4.10) 
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where 

AT21 -= 
k6q k4q k3q k3d k2d ke 

(1 + sTe )(1+ sTrok3q )(1+ sT;ok3d ) + k6q k3q k e
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(1+ sTqok3d ) + k6d k3d k e (1+ sTi0k3q ) 
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Fig. 4.21 k4q-path block diagram of a dual-excited synchronous 
generator connected to an infinite bus with excitation controllers 
using a terminal voltage signal acting on both the d- and q-axis 
field windings 
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(c) k4d - path: 

The system block diagram corresponding to this path is given in Fig.4.22. From it, 

the resultant torque produced from this path can be found as follows: 

AT3 = AT31 + AT32 (4.11) 

where 

AT k3dk2dk4d (1 + S )(1 ± T e

= 
(1 + ST e  ) STL k3 q  )(1 ST:0 k3d k6 q  k3 q  k e
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Fig. 4.22 k4d-path block diagram of a dual-excited synchronous generator 
connected to an infinite bus with excitation controllers using 
a terminal voltage signal acting on both the d- and q-axis field 
windings 
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k6dk4dk3dk3qk2qke 
AT32 = 

(1+ sTe )(1+ ST:iok 3q )(1± ST;ok 3d )d-  k 6qk 3gk e

 08 
(1+ sTq'ok3d )+ k6dk3dke (1 + siLk3q ) 

(d) k'5 - path: 

The system block diagram corresponding to this path is given in Fig.4.23. From it, 

the resultant torque produced from this path can be found as follows: 

AT4 = AT41 + AT42 (4.12) 

where 

—k;k3d k2d ke (1+ sTd'ok3q ) 
= 
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 08 
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Fig. 4.23 k'5-path block diagram of a dual-excited synchronous generator 
connected to an infinite bus with excitation controllers using 
a terminal voltage signal acting on both the d- and q-axis field 
windings 

For the system used in the investigations of this thesis (Fig.2.2) and the 

corresponding data given in Appendix D, the coefficients of the matrix of equation 
(4.8) and the eigenvalues have been calculated for various rotor angles. The real 
parts of the swing mode eigenvalues are shown in Fig.4.24. Moreover, the 
damping and synchronizing torque coefficients of the system as a function of the 
rotor angle have been calculated using equations (4.9) to (4.12) and are shown in 
Figs.4.25 and 4.26. 
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Fig. 4.24 Real part of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with excitation 
controllers using a terminal voltage signal acting on both the d- and 
q-axis field windings as a function of the rotor angle (V = 1.0 p.u.; 
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Fig. 4.25 Damping torque coefficients of a dual-excited synchronous 
generator connected to an infinite bus with excitation controllers 
using a terminal voltage signal acting on both the d- and q-axis 
field windings as a function of the rotor angle (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging ) 
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Fig. 4.26 Synchronizing torque coefficients of a dual-excited 
synchronous generator connected to an infinite bus with 
excitation controllers using a terminal voltage signal acting on 
both the d- and q-axis field windings as a function of the rotor 
angle (V = 1.0 p.u.; power factor at infinite bus = 0.9 lagging ) 

Comparing the case of the generator with excitation controllers using a terminal 
voltage signal acting on both the d- and q-axis field windings (Figs.4.24 to 4.26) 
with the case of the generator with only one controller acting on one of the field 
windings (Figs.4.5 to 4.7 of the case of the controller acting on the d-axis field 
winding), it is clear that the provision of the second controller does not 
significantly change the pattern of the increase or decrease of the damping and 
synchronizing torque coefficients and the degree of enhancement or degrading of 
the steady-state stability performance due to the use of the controllers. Although 
the increase or decrease of these coefficients slightly increases when the second 
controller is provided, the optimal steady-state stability performance has not been 
improved much. The distinctive effect of adding the second controller is the shift 
of the pattern of the performance with respect to the operating rotor angle. In this 
case, the optimal operating rotor angles have values in the middle between the 
values of the optimal operating rotor angles of the two cases of the excitation 
controllers acting separately. It is worth to mention here that the optimal operating 
rotor angle range could be varied by changing the polarity of the terminal voltage 
signals of both controllers or of any one of them. 
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4.4 Summary 

In this chapter, the steady-state stability performance of dual-excited synchronous 
generators with excitation controllers using a terminal voltage signal has been 
investigated. The results of these investigations have shown the following: 

1. A dual-excited synchronous generator with excitation controllers using a 
terminal voltage signal acting on one or both of its field windings has an 

enhanced steady-state stability performance in comparison to an uncontrolled 

dual-excited synchronous generator. 

2. The steady-state stability performance of dual-excited salient- or non salient-
pole synchronous generators with excitation controllers using a terminal 

voltage signal acting on one or both of their field windings is dependent on the 

output power and is very sensitive to the value of the operating rotor angle. The 

rotor angles for optimal performance, unlike the case of uncontrolled dual-

excited synchronous generators, change with the variation of the output power. 

3. Dual-excited synchronous generators with excitation controllers using a 

terminal voltage signal have higher damping torque coefficients than those of 

the uncontrolled generators when both operate in the ranges of their optimal 

rotor angles. 

4. Dual-excited synchronous generators with excitation controllers using a 

terminal voltage signal have lower synchronizing torque coefficients than those 

of the uncontrolled generators when both operate in the ranges of their optimal 

rotor angles. 

5. The optimal operating rotor angle range of a dual-excited synchronous 
generator with excitation controllers using a terminal voltage signal depends on 

whether one or both field windings are controlled, on which field winding (d-

axis or q-axis field winding) the controller is acting in the case of using only 

one controller and on the polarity of the terminal voltage signal of the 

excitation controllers. 

71 



6. The steady-state stability performance of the dual-excited salient-pole 
generator used in the investigations of this thesis with the excitation controller 
acting on the q-axis field winding is better than that of the case with the 
excitation controller acting on the d-axis field winding. However, if saliency is 
not present, the performance will be the same in both cases. 

7. The steady-state stability performance of dual-excited synchronous generators 
with excitation controllers using a terminal voltage signal acting on both the B-
and q-axis field windings does not show any significant improvement in 
comparison to that of the cases when a single controller is acting on one of the 
field windings. 
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5. ANALYSIS OF THE EFFECT OF SYSTEM PARAMETERS ON THE 
STEADY-STATE STABILITY PERFORMANCE OF DUAL-EXCITED 

SYNCHRONOUS GENERATORS USING A SENSITIVITY TECHNIQUE 

5.1 Introduction 

In the preceding chapters, the effect of the system operating conditions and 

excitation control schemes on the steady-state stability performance of dual-

excited synchronous generators has been investigated. In this chapter, the effect of 

changes in some of the generator and excitation controller parameters, namely the 

field winding and excitation controller time constants and the excitation controller 

gain on the steady-state performance will be explored. A sensitivity approach [19, 
21], which is considered to be one of the most effective techniques to carry out 

such investigations, will be applied. 

5.2 Definition and Calculation of Sensitivity 

From the point of view of steady-state stability analysis, the sensitivity is defined 

as the rate of change of the system swing mode eigenvalue location in the complex 

plane with respect to the change in the parameter. Thus, it measures the sensitivity 

of the steady-state stability performance with respect to this change in the 

parameter. Mathematically, the steady-state stability sensitivity can be calculated 

as the derivative of the system swing mode eigenvalue with respect to the 

parameter [22]. That is 

AX ax a6 aw 
Steady-state stability sensitivity = j2,rno 

—Ak —ak = —ak+' ak 
where 

X --- swing mode eigenvalue of the system 
a --- damping coefficient 

--- frequency of the swing mode oscillation 
k --- parameter under investigation 

(5.1) 
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In general, the steady-state stability sensitivity is a complex quantity, which has 

real and imaginary parts. The imaginary part of the sensitivity measures the 

variation of the frequency of the swing mode oscillation of the system with respect 

to the change in the parameter, while its real part measures the variation of the 

system damping coefficient with respect to the change in the parameter. Thus, it is 

this real part which is the measure of the enhancement or the degrading of the 

steady-state stability due to the change in the parameter. If the real part of the 

sensitivity is negative, the system damping, i.e. the steady-state stability, will be 

enhanced due to the increase of the parameter, Fig.5.1(a). If it is positive, the 

system damping, i.e. the steady-state stability, will be degraded due to the increase 

of the parameter, Fig.5.1(b). 

Equation (5.1) indicates only the physical meaning of the steady-state stability 

sensitivity. For a system whose dynamic performance is represented by the 

following state space equation: 

where 

)e = A X 

X --- state variable vector 

A --- coefficient matrix 

ak 
ak 

a6 
ak 

ico 
)0a  1 
ak 

(5.2) 

(a) (b) 

Fig. 5.1 Change of the system damping coefficient due to the change in the 

parameter (a) Case of enhancement of the system damping; (b) Case of 

degrading of the system damping 
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the calculation of the sensitivity can be carried out as follows. 

It is well known that the relationship of each eigenvalue Xi of equation (5.2) to the 
coefficient matrix A can be expressed in terms of its corresponding eigenvector 
[2]. That is: 

or 

where 

= 

[kJ-Mai =0 

I --- unit matrix 

(5.3) 

(5.4) 

Differentiating both sides of equation (5.4) with respect to the parameter k, the 

following expression can be obtained: 

{ax, aA lit +RI  A] _ 0
ak ak ak (5.5) 

Knowing that the eigenvalues of the coefficient matrix A are the same as those of 

its transpose AT, and that its eigenvectors are different from these of AT [2], the 

following relationships can be expressed: 

AT vi = iVi 

Or vakI-A1= 0 

where vi is the eigenvector of AT corresponding to ?q. 

(5.6) 

(5.7) 

Multiplying equation (5.5) from the left by the transpose of the eigenvector vi, it 

follows that 

T T T 

ak i
ak 

 A] ak (5.8) 
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Using equation (5.7), it is clear that the third term of equation (5.8) is zero, and the 

expression of the sensitivity can be obtained from equation (5.8) as follows: 

ax,  _ 
ak 

T aA 
D i [L iak 

DiTvt, (5.9) 

5.3 Steady-State Stability Sensitivity to the Change in the Time Constants of 

the Field Windings of an Uncontrolled Dual-Excited Synchronous 

Generator 

The state space equation of an uncontrolled dual-excited synchronous generator 

connected to an infinite bus is given by equation (3.4) and is rewritten here again 

for convenience: 

pAw 

pA8 

pAE; 

p 

0 

1 

0 

0 

w0M 
0 

—k4q 

Td10 

— k 4d

T' q0 

-k2q

wom 
0 
-1 

k 7'13q dO 

0 

—k2d 

w0M 
0 

0 

-1 

k T' 3d q0 

From equation (5.10), the coefficient matrix A can be obtained as follows: 

0 
—k1

w0M M 
1 0 0 

A = 0 
—k4q —1 
7710 k 3q dO 

0 
— k 4d

0 
T' q0 

""42d 

w0M 
0

k 3dr q0 

(5.10) 

(5.11) 
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Using equations (5.9) and (5.11), the expressions for calculating the steady-state 
stability sensitivity to the change in the time constants of the field windings of an 
uncontrolled dual-excited synchronous generator connected to an infinite bus can 
be found as follows: 

Sensitivity to the change in the d-axis field winding time constant 

T  aA 
ak a Td'o 
T:io uTI-L 

Sensitivity to the change in the q-axis field winding time constant 

'DT  aA 
ak  Tq'o 

a7;'0 1) TR 

where 

(5.12) 

(5.13) 

--- the eigenvector of A corresponding to the swing mode eigenvalue X 
v --- the eigenvector of AT corresponding to the swing mode eigenvalue X, 

aA 
aTd'o 

and 

0 0 0 0 

0 0 0 0 
1(4

q 1 
0 (5.14) 

(Td'o )2 k3q (Td'o )2

O 0 0 0 
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DA 

aTq'o 

o 0 0 

o o 0 

o o 0 

0 
kid 

(7-,;(1)._, 

0 
0 

0 

k (T 1 ) 23d q0 

(5.15) 

For the system used in the investigations of this thesis (Fig.2.2) and the 

corresponding data given in Appendix D, the steady-state stability sensitivity to 

the change in the time constants of the d- and q-axis field windings of an 

uncontrolled dual-excited synchronous generator connected to an infinite bus as a 

function of the rotor angle has been calculated using equations (5.11) to (5.15). 

The sensitivity of the swing mode eigenvalue real part to the change in the time 

constants of the field windings are shown in Figs.5.2 to 5.9 for various output 

power. The results of the sensitivity of the swing mode eigenvalue imaginary part 

to the change in the time constants of the field windings are given in Appendix F 

(Figs.F-1 to F-8). 
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Fig. 5.2 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the d-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.0 p.u.; power factor at 
infinite bus = 0.9 lagging ) 

Rotor Angle (Degree 

78 



-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 
0 

-0.005 

-0.01 

-0.015 

-0.02 

-0.025 

-0.03 

-0.035 

-0.04 
Sensitivity of Eigenvalue Real Part (s-1/p.u. time) 

Fig. 5.3 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the d-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.4 p.u.; power factor at 
infinite bus = 0.9 lagging ) 

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 
0 

-0.005 

-0.01 

-0.015 

-0.02 

-0.025 

-0.03 

-0.035 
Sensitivity of Eigenvalue Real Part (s-1/p.u. time) 

Fig. 5.4 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the d-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.8 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.5 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the d-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 1.2 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.6 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the q-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.0 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.7 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the q-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.4 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.8 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the q-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 0.8 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.9 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the q-axis field winding of an uncontrolled dual-
excited synchronous generator connected to an infinite bus as a 
function of the rotor angle (V = 1.0 p.u.; P = 1.2 p.u.; power factor at 
infinite bus = 0.9 lagging ) 
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In order to directly perceive the performance of the steady-state stability sensitivity 
to the change in the output power, the sensitivity of the swing mode eigenvalue to 

the change in the time constants of the field windings for the output power range 

from 0.0 to 1.2 p.u. has been marked on the loci of the swing mode eigenvalue as a 

function of the output power. Figures 5.10 to 5.13 give the sensitivities to the 

change in the d-axis field winding time constant, while Figs. 5.14 to 5.17 give 

those to the change in the q-axis field winding time constant for various operating 

rotor angles. 
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Fig. 5.10 Sensitivity of the swing mode eigenvalue to the change in the time 

constant of the d-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = 0° ; power factor at infinite bus = 
0.9 lagging ) 
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Fig. 5.11 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the d-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of t 
he output power (V = 1.0 p.u.; 8 = -90'; power factor at infinite bus 
= 0.9 lagging ) 
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Fig. 5.12 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the d-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = -180°; power factor at infinite bus 
= 0.9 lagging ) 
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Fig. 5.13 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the d-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = 60'; power factor at infinite bus 
= 0.9 lagging ) 
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Fig. 5.14 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the q-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = 00 ; power factor at infinite bus = 
0.9 lagging ) 
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Fig. 5.15 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the q-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = -90'; power factor at infinite bus 
= 0.9 lagging ) 
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Fig. 5.16 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the q-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = -180°; power factor at infinite bus 
= 0.9 lagging ) 
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Fig. 5.17 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the q-axis field winding of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function of 
the output power (V = 1.0 p.u.; 8 = 60° ; power factor at infinite bus 
= 0.9 lagging ) 
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As can be seen from Figs.5.2 to 5.17, the sensitivity of the swing mode eigenvalue 
real part to the change in the time constants of both the d- and q-axis field 
windings of an uncontrolled dual-excited synchronous generator connected to an 

infinite bus is a function of both the operating rotor angle and output power. For 

the case of the sensitivity to the change in the d-axis field winding time constant, 

the sensitivity is zero at the operating rotor angles 0° and ±180° and increases to a 
negative maximum at ±90°. For the case of the sensitivity to the change in the q-
axis field winding time constant, the sensitivity is zero at the operating rotor angles 
±90° and increases to a negative maximum at 0° and ±180°. In both cases, the 
negative sensitivity over the whole range of the rotor angle decreases slightly with 
the increase of the output power. Thus, these sensitivities of the swing mode are 

negative over the whole range of the rotor angle and the output power. Increasing 
the time constants of both the d- and q-axis field windings enhances the steady-

state stability of the dual-excited synchronous generator, while decreasing them 

degrades its stability. 

5.4 Steady-State Stability Sensitivity to the Change in the Time Constant of 

the Excitation Controller of a Dual-Excited Synchronous Generator with 

an Excitation Controller Acting on the D-Axis Field Winding Using a 

Terminal Voltage Signal 

The state space equation in this case of a dual-excited synchronous generator 

connected to an infinite bus with an excitation controller acting on the d-axis field 

winding using a terminal voltage signal is given by equation (4.1) and is rewritten 

here again for convenience: 

0 
—k2q

woM coots
pAco 1 0 0 
pAs3 —k4q —1 
pAE; Td10 k 3q 7:110

PAE; 
— k 4d
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pAE fd 
T' q0 

0 —k;ke 
—kek6q

TQ
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k3dT:0

—Icek6d
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1 A8 

Td0  AE' 

0  AE; 

AF ' fd 
—1 

(5.16) 
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From equation (5.16), the coefficient matrix A can be obtained as follows: 

-- ke) 
q 

_k 2d 0 
w0 M w0M w0 M 

1 0 0 0 0 
—k4q —1 1 0 0

Td10 k Ts 3q dO T:10 A= 

0 
k4d

0 
—1 

0 
q0 k3dT7'0

0 
—k;ke —kek6q —kek6d —1 

Te Te Te Te _ (5.17) 

Using equations (5.9) and (5.17), the expression for calculating the steady-state 

stability sensitivity to the change in the time constant of the excitation controller of 

a dual-excited synchronous generator connected to an infinite bus with an 

excitation controller acting on the d-axis field winding using a terminal voltage 

signal can be found as follows: 

where 

ax  a T _  e a Te 1)7)1

aA 
a Te

0 

0 

0 

0 0 

0 0 

0 0 

0 0 0 
k;ke kek6q 0 ( Te )2 ( T )2 

(5.18) 

0 0 

0 0 

0 0 

0 0 

kek6d 1 
( I le ) 2 ( Te )2 

(5.19) 
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For the system used in the investigations of this thesis (Fig.2.2) and the 

corresponding data given in Appendix D, the steady-state stability sensitivity to 

the change in the time constant of the excitation controller of a dual-excited 

synchronous generator connected to an infinite bus with an excitation controller 

acting on the d-axis field winding using a terminal voltage signal as a function of 

the rotor angle has been calculated using equations (5.17) to (5.19). Figures 5.18 

to 5.21 show the sensitivity of the swing mode eigenvalue real part to the change 

in the excitation controller time constant, while the results of the sensitivity of the 

swing mode eigenvalue imaginary part to the change in the excitation controller 

time constant are shown in Appendix F (Figs.F-9 to F-12). Also, the sensitivity of 

the swing mode eigenvalue to the change in the time constant of the excitation 

controller for the output power range from 0.0 to 1.2 p.u. has been marked on the 

loci of the swing mode eigenvalue as a function of the output power in Figs.5.22 to 

5.25. 
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Fig. 5.18 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.0 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. 5.19 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.4 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. 5.20 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.8 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. 5.21 Sensitivity of the swing mode eigenvalue real part to the change in 
the time constant of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 1.2 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. 5.22 Sensitivity of the swing mode eigenvalue to the change in the time 

constant of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the output power (V = 1.0 p.u.; 8 = 0° ; power factor at 
infinite bus = 0.9 lagging ) 

91 



0.2318 

0.1776 
P = 1.2 p.0 

Imaginary Part of Eigenvalue (rad. s -1) 
- 9 

Sensitivity of Eigenvalue Imaginary Part 

L (rad. s -1 /p.u.time) 

Sensitivity of Eigenvalue Real Part 
(s-1 /p.u.time) 

0.5396 

1 0.0422 

P = 0.8 p.u. 

Real Part of Eigenvalue -1) 

- 8 

- 7 

0.0000 _ 6 

0.0011 0.0000 

0.0549 
- 5 

P = 0.0 p.u. 

P = 0.4 p.u. - 4 

  3 

-8.53 -7.53 -6.53 -5.53 -4.53 -3.53 -2.53 -1.53 
Fig. 5.23 Sensitivity of the swing mode eigenvalue to the change in the time 

constant of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the output power (V = 1.0 p.u.; 8 = -90°; power factor 
at infinite bus = 0.9 lagging ) 
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Fig. 5.24 Sensitivity of the swing mode eigenvalue to the change in the time 
constant of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the output power (V = 1.0 p.u.; 8 = -120°; power 
factor at infinite bus = 0.9 lagging ) 

92 



Imaginary Part of Eigenvalue (rad. s -1) 
— 11 

— 10 
P = 1.2 p.u. 

0.0195 —9 
P = 0.8 p.u. 

0.0153 0.0099 —8 
P = 0.4 p.u. 

0.0093 0.0067 7 

P = 0.0 p.u. 0.003 
0.0002 

6 

5 Sensitivity of Eigenvalue Imaginary Part 
(rad. s -1 /p.u.time) 

0.0012 Sensitivity of Eigenvalue Real Part 
4 

Real Part of Eigenvalue (s -1) (s-1 /p.u.time) 3 

2 

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 
Fig. 5.25 Sensitivity of the swing mode eigenvalue to the change in the time 

constant of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the output power (V = 1.0 p.u.; 8 = 60° ; power factor 
at infinite bus = 0.9 lagging ) 

As can be seen from Figs.5.18 to 5.25, the sensitivity of the swing mode 

eigenvalue real part to the change in the time constant of the excitation controller 

of a dual-excited synchronous generator connected to an infinite bus with an 

excitation controller acting on the d-axis field winding using a terminal voltage 

signal is also a function of both the rotor angle and output power. The pattern of 

the change of this sensitivity with the rotor angle depends on the magnitude of the 

output power. 

When the generator is unloaded, the sensitivity is zero at the operating rotor angles 

0°, ±90° and ±180°. At all the other rotor angles, the sensitivity is positive. 

However, the sensitivity is almost equal to zero in the range of operating rotor 

angle -90° /0° 490° and, thus, the change in the excitation controller time constant 
will not have any significant effect on the steady-state stability performance in this 

range of operating rotor angle. In the operating rotor angle ranges from -90° to 
—180° and from +90° to +180°, the sensitivity increases from zero to a maximum 

positive value. The values of the sensitivity in these ranges of operating rotor angle 
are relatively small. Thus, in this case, increasing the time constant of the 
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excitation controller will slightly degrade the steady-state stability of the system, 
while decreasing it will slightly enhance its stability. 

When the generator is loaded, the sensitivity is either positive or negative. 
However, it is relatively small in the positive range of the operating rotor angle 
and, in this case, the enhancement or degrading of the steady-state stability due to 
the change in the excitation controller time constant will not be significant. In the 
negative range of the operating rotor angle, i.e., the range of the optimal 
performance, the sensitivity is negative in a range between 0° and an angle very 
close to the optimal operating rotor angle. In this range, it has a maximum negative 
value at an angle very close to the optimal operating rotor angle. In the rest of the 
negative range, the sensitivity is positive with a maximum positive value at an 
angle also close to the optimal operating rotor angle. Thus, the enhancement or 
degrading of the steady-state stability due to the change in the excitation controller 
time constant in this range of operation will depend on the operating rotor angle 
and becomes very sensitive to the change in the operating rotor angle in a narrow 
range around the optimal rotor angle. 

As mentioned before, the sensitivity is a function of the output power and, as the 

figures show, the maximum positive and negative sensitivities increase with the 
increase of the output power. Thus, the maximum enhancement or degrading of 
the steady-state stability due to the change in the excitation controller time 
constant will be more significant with the increase of the output power. 

5.5 Steady-State Stability Sensitivity to the Change in the Gain of the 
Excitation Controller of a Dual-Excited Synchronous Generator with an 

Excitation Controller Acting on the D-Axis Field Winding Using a 

Terminal Voltage Signal 

Using equations (5.9) and (5.17), the expression for calculating the steady-state 
stability sensitivity to the change in the gain of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an excitation 
controller acting on the d-axis field winding using a terminal voltage signal can be 
found as follows: 
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ake 
ake

where 

0 0 0 0 0 

0 0 0 0 0 

aA 0 0 0 0 0 

ake 0 0 0 0 0 

0 
—k6q —k6d

0 

(5.20) 

(5.21) 

For the system used in the investigations of this thesis (Fig.2.2) and the 

corresponding data given in Appendix D, the steady-state stability sensitivity to 

the change in the gain of the excitation controller of a dual-excited synchronous 

generator connected to an infinite bus with an excitation controller acting on the 

d-axis field winding using a terminal voltage signal as a function of the operating 

rotor angle has been calculated using equations (5.17), (5.20) and (5.21). Figures 

5.26 to 5.29 show the sensitivity of the swing mode eigenvalue real part to the 

change in the excitation controller gain, while the results of the sensitivity of the 

swing mode eigenvalue imaginary part to the change in the excitation controller 

gain are shown in Appendix F (Figs.F-13 to F-16). Also, the sensitivity of the 

swing mode eigenvalue to the change in the gain of the excitation controller for the 

output power range from 0.0 to 1.2 p.u. has been marked on the loci of the swing 

mode eigenvalue as a function of the output power in Figs.5.30 to 5.33. 
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Fig. 5.26 Sensitivity of the swing mode eigenvalue real part to the change in 
the gain of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the rotor angle (V = 1.0 p.u.; P = 0.0 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 5.27 Sensitivity of the swing mode eigenvalue real part to the change in 
the gain of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the rotor angle (V = 1.0 p.u.; P = 0.4 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 5.28 Sensitivity of the swing mode eigenvalue real part to the change in 
the gain of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the rotor angle (V = 1.0 p.u.; P = 0.8 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 5.29 Sensitivity of the swing mode eigenvalue real part to the change in 
the gain of the excitation controller of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
acting on the d-axis field winding using a terminal voltage signal as 
a function of the rotor angle (V = 1.0 p.u.; P = 1.2 p.u.; power 
factor at infinite bus = 0.9 lagging ) 
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Fig. 5.30 Sensitivity of the swing mode eigenvalue to the change in the gain 

of the excitation controller of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller acting 
on the d-axis field winding using a terminal voltage signal as a 
function of the output power (V = 1.0 p.u.; 8 = 0° ; power factor at 
infinite bus = 0.9 lagging ) 
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Fig. 5.31 Sensitivity of the swing mode eigenvalue to the change in the gain 

of the excitation controller of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller acting 
on the d-axis field winding using a terminal voltage signal as a 
function of the output power (V = 1.0 p.u.; 8 = -90° ; power factor 
at infinite bus = 0.9 lagging ) 
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Fig. 5.32 Sensitivity of the swing mode eigenvalue to the change in the gain 

of the excitation controller of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller acting 
on the d-axis field winding using a terminal voltage signal as a 
function of the output power (V = 1.0 p.u.; 8 = -120°, power factor 
at infinite bus = 0.9 lagging ) 
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Fig. 5.33 Sensitivity of the swing mode eigenvalue to the change in the gain 

of the excitation controller of a dual-excited synchronous generator 
connected to an infinite bus with an excitation controller acting 
on the d-axis field winding using a terminal voltage signal as a 
function of the output power (V = 1.0 p.u.; 8 = -60° ; power factor 
at infinite bus = 0.9 lagging ) 
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As can be seen from Figs.5.26 to 5.33, the sensitivity of the swing mode 
eigenvalue real part to the change in the gain of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an excitation 
controller acting on the d-axis field winding using a terminal voltage signal is also 
a function of both the rotor angle and output power. 

When the generator is unloaded, the sensitivity is negative in two ranges around 
the two optimal operating rotor angles with negative maximums at the optimal 
operating rotor angles. Outside these ranges, the sensitivity is either positive or 
zero. Thus, the change in the excitation controller gain will result in the 
enhancement or degrading of the steady-state stability depending on the operating 
rotor angle. However, the values of the sensitivity for this operating condition are 
relatively small and, thus, the steady-state stability will only be slightly enhanced 
or degraded as a result of the change in the excitation controller gain. 

When the generator is loaded, the sensitivity is also negative in a range around the 
optimal operating rotor angle with a negative maximum at the optimal operating 
rotor angle. Outside this optimal operating rotor angle range, the values of the 
sensitivity are relatively small and they are either positive or negative depending 
on the operating rotor angle. Thus, increasing the excitation controller gain will 

enhance the steady-state stability of the system and decreasing it will degrade its 

stability in a range around the optimal operating rotor angle, Outside this range, 
the enhancement or degrading of the steady-state stability due to the change in the 

excitation controller gain is dependent on the operating rotor angle. However, the 

enhancement or degrading will be relatively small or even zero outside the range 
of the optimal operating rotor angle. 

As the figures show, the maximum negative sensitivity first increases with an 
increase in the output power until it reaches a maximum value at a certain output 
power (=.; 1.0 p.u. for the system used in the investigations of this thesis). 
Increasing the output power beyond this value results in a decrease in the 

sensitivity. Thus, the maximum enhancement or degrading of the steady-state 
stability due to the change in the excitation controller gain is dependent on the 
value of the output power. 
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5.6 Summary 

In this chapter, the effect of the change in some of the system parameters on the 

steady-state stability performance of dual-excited synchronous generators as a 
function of both the rotor angle and the output power has been investigated. The 
results of these investigations have shown the following: 

1. The sensitivity of the swing mode eigenvalue real part to the change in the time 

constants of both the d- and q-axis field windings of an uncontrolled dual-

excited synchronous generator is negative and it changes from zero to a 
maximum negative at the optimal operating rotor angles. Thus, the increase or 

decrease of the time constants of both the d- and q-axis field windings will 

result in the enhancement or degrading of the steady-state stability of the dual-

excited synchronous generators. The highest enhancement or degrading occurs 

in ranges around the optimal operating rotor angles. 

2. The sensitivity of the swing mode eigenvalue real part to the change in the time 

constants of both the d- and q-axis field windings of an uncontrolled dual-

excited synchronous generator changes slightly with the output power. Thus, 
the enhancement or degrading of the steady-state stability of the dual-excited 

synchronous generator due to the change in the time constants of the d- and q-
axis field windings does not change significantly with the change in the output 
power. 

3. The sensitivity of the swing mode eigenvalue real part to the change in the 

time constant of the excitation controller of a loaded dual-excited synchronous 

generator with an excitation controller using a terminal voltage signal is either 

positive or negative. It has maximum positive and negative values at angles 

very close to the optimal operating rotor angle, and its value becomes 

relatively small outside the range of the optimal operating rotor angle. Thus, 

the enhancement or degrading of the steady-state stability due to the change in 

the excitation controller time constant is at its highest at angles very close to 

the optimal operating angle. In the narrow range between these two angles, the 

enhancement or degrading is very sensitive to the change of the operating rotor 

angle. Outside the range of the optimal operating rotor angle, the enhancement 
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or degrading of the steady-state stability due to the change in the excitation 
controller time constant is insignificant. 

4. When a dual-excited synchronous generator with excitation controller using a 
terminal voltage signal is unloaded, the sensitivity of the swing mode 

eigenvalue real part to the change in the time constant of the excitation 

controller is only positive with maximum positive values in ranges around the 

optimal operating rotor angles. However, in this case, the values of the 

sensitivity are relatively small and, thus, the change in the excitation controller 

time constant will not significantly affect the steady-state stability 

performance of the generator. 

5. When a dual-excited synchronous generator with excitation controller using a 

terminal voltage signal becomes loaded, the maximum positive and negative 
sensitivities mentioned in (3) increase with the increase of the output power. 

Thus, the maximum enhancement or degrading of the steady-state stability due 
to a change in the excitation controller time constant is more significant with 

the increase of the output power. 

6. The sensitivity of the swing mode eigenvalue real part to the change in the gain 

of the excitation controller of a dual-excited synchronous generator with an 

excitation controller using a terminal voltage signal is either positive or 

negative. It has maximum negative values in ranges around the optimal 

operating rotor angles. Outside these ranges, the sensitivity is relatively small. 

Thus, the enhancement or degrading of the steady-state stability of the system 

due to the change in the gain of the excitation controller is only significant in 

the ranges of the optimal operating rotor angles. 

7. The values of the sensitivity due to the change in the gain of the excitation of 

an unloaded dual-excited synchronous generator with an excitation controller 

using a terminal voltage signal are relatively small and, thus, the change in the 

excitation controller gain will not significantly affect the steady-state 

performance of the generator. 

8. When a dual-excited synchronous generator with excitation controller using a 

terminal voltage signal becomes loaded, the maximum negative sensitivity to 
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the change in the excitation controller gain increases with an increase in the 

output power until a certain value of the output power. Beyond this output 

power, the sensitivity starts to decrease slightly with further increase in the 
output power. Thus, the maximum enhancement or degrading of the steady-

state stability due to the change in the excitation controller gain will be more 

significant with an increase of the output power up to a certain value of the 
output power. Beyond this output power, this maximum enhancement or 

degrading will be less significant. 
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6. SUMMARY AND CONCLUSIONS 

In this thesis, theoretical investigations to explore the effect of the rotor angle, the 

output power and the change in some of the system parameters on the steady-state 

stability of dual-excited synchronous generators are presented. The eigenvalue, 

damping torque coefficient and sensitivity techniques have been used to carry out 
these investigations. 

6.1 Summary of the Thesis 

In Chapter 1, an introduction of the subject of the dual-excited synchronous 
machines is presented. Some of the applications of dual-excited synchronous 
machines are briefly reviewed. The problem of the steady-state stability of power 
system and the techniques, namely, the eigenvalue and damping torque coefficient 

techniques, which will be used for the related investigations of this thesis are also 

briefly discussed. At the end of the chapter, the purpose of this thesis is 

summarized. 

In Chapter 2, general equations for the dual-excited synchronous machines are 

developed. These equations are expressed in the d-q frame in terms of the no load 

and transient EMFs of the machine. Using these nonlinear equations, a linearized 
model is derived. For the sake of simplifying the analysis and identifying the 
various components of the damping torque separately, the linearized model is 

simplified. 

The effect of the operating rotor angle and the output power on the steady-state 
stability of an uncontrolled dual-excited synchronous generator is studied in 

Chapter 3 using the eigenvalue and damping torque coefficient techniques. For the 

optimal operating rotor angles, the various components of the damping and 

synchronizing torque coefficients of this machine are identified using a derived 

block diagram. 

The investigations are extended in Chapter 4 to study the effect of various schemes 
of excitation controllers using a terminal voltage signal on the steady-state stability 
performance of dual-excited synchronous generators. For each scheme, the steady-
state stability performance of the system as a function of the operating rotor angle 

104 



and the output power is investigated. For the optimal operating rotor angles, the 
various components of the damping and synchronizing torque coefficients for the 
controlled machine are also identified. 

In Chapter 5, the effect of the change in some of the generator and excitation 
controller parameters on the steady-state stability performance of dual-excited 
synchronous generators is explored using a sensitivity technique. A general 
formula for calculating the steady-state stability sensitivity to the change in a 
parameter is developed. Using this formula, the sensitivity of the real part of the 
swing mode eigenvalue, i.e., the sensitivity of the steady-state stability, to the 
change in the field winding and excitation controller time constants and the 

excitation controller gain of a dual-excited synchronous generator as a function of 

both the rotor angle and output power is investigated. 

6.2 Conclusions 

From the investigations conducted in this thesis, several conclusions can be drawn 
and are summarized as follows: 

1. The reduced model of dual-excited synchronous machines developed in this 
thesis provides an accurate means to determine the swing mode eigenvalue of 
the system and to calculate its damping and synchronizing torque coefficient 

components. 

2. Dual-excited synchronous generators, even when they are uncontrolled, have 

enhanced steady-state stability performance in comparison to controlled 
equivalent conventional synchronous generators. 

3. The steady-state stability performance of an uncontrolled dual-excited 

nonsalient-pole synchronous generator is independent of the operating rotor 

angle. If the generator has saliency, the steady-state stability performance 
depends on the operating rotor angle and the operating rotor angles for optimal 
performance are a function of the parameters of the generator. 

4. The total damping torque coefficient of an uncontrolled dual-excited 
synchronous generator is almost constant and decreases slightly with an 
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increase in its output power. On the other hand, the total synchronizing torque 

coefficient is always positive and increases with an increase in the output 
power. 

5. A dual-excited synchronous generator with excitation controllers using a 
terminal voltage signal acting on one or both of its field windings has an 
enhanced steady-state stability performance in comparison to an uncontrolled 
dual-excited synchronous generator. 

6. The steady-state stability performance of dual-excited salient- or nonsalient-
pole synchronous generators with excitation controllers using a terminal 
voltage signal acting on one or both of their field windings is dependent on 
both the rotor angle and the output power. The rotor angles for optimal 

performance change with variation in the output power. 

7. The optimal operating rotor angle range of a dual-excited synchronous 
generator with excitation controller using a terminal voltage signal depends on 

whether one or both field windings are controlled, on which field winding (d-

axis or q-axis field winding) the excitation controller is acting in the case of 

using only one controller and on the polarity of the terminal voltage signal of 

the excitation controllers. 

8. The steady-state stability performance of dual-excited synchronous generators 

with an excitation controller using a terminal voltage signal acting on one of 

the field windings does not improve significantly by having a second excitation 

controller acting on the second field winding. 

9. The optimal steady-state stability performance of dual-excited nonsalient-pole 

synchronous generators with excitation controllers acting on one of the field 

windings is independent of which field winding the excitation controller is 

acting on. However, in the case of salient-pole generators, the optimal 

performance depends on which field winding the excitation controller is acting 

on and this, in turn, depends on the parameters of the generator. 

10. The dual-excited synchronous generators with excitation controllers using a 

terminal voltage signal have higher damping torque coefficients than those of 
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uncontrolled generators when both operate in the ranges of their optimal rotor 
angles. 

11. The dual-excited synchronous generators with excitation controller using a 
terminal voltage signal have lower synchronizing torque coefficients than those 
of uncontrolled generators when both operate in the ranges of their optimal 
rotor angles. 

12. A change in the time constants of both the d- and q-axis field windings of an 
uncontrolled dual-excited synchronous generator will result in the enhancement 
or degrading of the steady-state stability of the system. The highest 
enhancement or degrading occurs in ranges around the optimal operating rotor 
angles. The enhancement or degrading of the steady-state stability of the 
system does not change significantly with the change in the output power. 

13. When a dual-excited synchronous generator with excitation controller using a 
terminal voltage signal is unloaded, a change in the excitation controller time 
constant will not significantly affect the steady-state stability performance of 
the generator. When the generator is loaded, the enhancement or degrading of 
the steady-state stability due to a change in the excitation controller time 
constant will be more significant with increase in the output power. The 
highest enhancement or degrading occurs in ranges around the optimal 
operating rotor angles. 

14. The change in the excitation controller gain of a dual-excited synchronous 
generator with an excitation controller using a terminal voltage signal will 
result in the enhancement or degrading of the steady-state stability of the 
system. The highest enhancement or degrading occurs at the optimal operating 
rotor angles. The values of the maximum enhancement or degrading of the 
steady-state stability of the system due to the change in the gain of the 
excitation controller depend on the output power. 
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A. Natural Frequency of a Dual-Exicted Sychronous Generator 

The natural frequency (mechanical oscillation mode) of a synchronous generator 

connected to an infinite bus can be determined from its mechanical equations only. 

These equations can be expressed as follows [211: 

ppoi=  1 (kA + DA(o) (A-1) Mw0

pAs3 = Aw (A-2) 

where k and D are the total synchronizing and damping torque coefficients of the 
system respectively, and both are function of the natural frequency itself. Figure 

A-1 shows a block diagram which represents the mechanical equations of the 

system, i.e. equations (A-1) and (A-2). 

k 

ATM= 
1 

sM (oo 

D 

A (0 1 
S 

AO 

Fig. A-1 Block diagram represented the mechanical equations 

of a synchronous generator connected to an infinite bus 
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Using equations (A-1) and (A-2), the characteristic equation of the system can be 

derived as follows: 

s2 +  D s+ 
k  

=0 
Mwo Mwo 

(A-3) 

Solving equation (A-3), the eigenvalues of the system can be found as follows: 

—D±VD2 —4Mcook
X,= 

2Mwo
(A-4) 

Thus, the natural frequency of a generator connected to an infinite bus can be 

expressed as follows: 

(on
2Mcoo

114Mcook — D2
(A-5) 

Practically, the natural frequency of a synchronous generator connected to an 

infinite bus is almost equal to its undamped natural frequency, i.e. if D is assumed 

equal to zero. In this case, equation (A-1) will become: 

pACO =  1 1(108 
Mwo 

where k1 is the total synchronizing torque coefficient for this case. 

(A-6) 

Using equations (A-2) and (A-6), the natural frequency of a generator connected to 

an infinite bus can be approximately found as follows: 

w =  1

Mwo 
(A-7) 
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B. Steady-State Performance of Dual-Excited Sychronous Generators 

For the system used in the investigations of this thesis, Fig.B-1, the steady-state 

voltage equations can be found from equations (2.9), (2.10), (2.17), (2.18), (2.40) 

and (2.41) as follows: 

Vd = —(r + Ol d +(xq + xe)Iq — Ed

vg = —(r+re)Id —(xd + xe)Id +Eq

(B-1) 

(B-2) 

Taking the d-axis as the real axis and the q-axis as the imaginary axis as shown in 

Fig.(B-2), equations (B-1) and (B-2) can be expressed in phasor relationship as 

follows: 

where 

17d =—(r+re)id — j(xq +xe )1q + E d

V:7 = —(r + re )1 q — j(xd + xe)i d + Eq

Vd = Vd ; V 7 = jVg

I d = i d ; I q = ji g

E d = —E d; Eq = jEq

I P Infinite bus 

Fig. B-1 Schematic diagram of the system investigated in this thesis 

(B-3) 

(B-4) 
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Combining both equations (B-3) and (B-4), the voltage and current relationship of 

the system can be derived as follows: 

V =—(r+re)i — j(xd + xe)id — j(xq + xe)iq + (B-5) 

where 

=Vd - F 

1  =i d +  iig =t+ig
E=—Ed +fEq =Ed i-Eq

(B-6) 

(B-7) 

(B-8) 

Equations (B-5) to (B-8) can be represented by a phasor diagram as shown in 

Fig.B-2 

Iq j(Li +Xe) 

A 

Id j(Xd +Xe) 

  d - axis 
Ed Id \ Id 

Fig. B-2 Phasor diagram of a dual-excited synchronous generator 
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From the phasor diagram of Fig.B-2, the steady-state operating conditions can be 

calculated as follows: 

P 
I = (B-9) V cog() 
I d = I sin(8 + (p) (B-10) 

/q = / cos(8 + 9) (B-11) 

Vd = V sin 8 (B-12) 

Vg =V cos8 (B-13) 

Vtd = vd —/qx, + I d r, (B-14) 

Vtg = Vq, + i d xe + I q r, (B-15) 

Vt Vvtd +vt 
Ed =—Vd ±(Xq + Xe )lq —(r +re )Id

Eq =Vq +(xd + xe )Id — (r + re )Iq

(B-16) 

(B-17) 

(B-18) 

E = VEd2 + E q2 (B-19) 

Ed = —Vd + (x; + xe)Ig — (r + re )Id (B-20) 

Eq =Vq. + (x'd + xe)Id +(r + re )I q (B-21) 

7 = tan-, ( d ) 
Eq

8e  8 — 7 

(B-22) 

(B-23) 

The d- and q-axis current components can be obtained in terms of the infinite bus 

voltage and the no load EMFs from equations (B-17) and (B-18) as follows: 

_(Eq —Vq )(xq + xe )— (Ed + Vd )(r + re ) 
Id — 

(1' -Fre )2 -F(Xd + Xe )(Xt 1 d - Xe ) 
(B-24) 
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(Ed +Vd )(xd +xe )+(Eq —Vq )(r+re ) 
I q = 

(r+0 2 +(xd +xe )(xq +xe ) 

Under steady-state operation, the output power equation (2.79) becomes: 

(B-25) 

P=I dVd +IqVq (B-26) 

Substituting equations (B-24) and (B-25) in equation (B-26) and neglecting the 

system resistances, the steady-state output power can be expressed as follows: 

E —V E p = qv+  d+V dv

Xd 
d 

Xe q Xe 
q

VE
 sin8 +  VEd cos8+ 

V2 
( 

1 1 
)sin28 

Xd Xe Xq + Xe 2 Xq + Xe Xd + Xe (B-27) 
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C. Comparison between the Steady-State Stability Results of the Complete 

and Reduced Models of a Dual-Excited Synchronous Generator 

C-1 An Uncontrolled Generator 

Using equations (2.58) and (2.90), the state space equations corresponding to the 

complete and reduced models of an uncontrolled dual-excited synchronous 

generator connected to an infinite bus can be written as follows: 

(a) Complete model: 

0 0 
—k15 —k16 —k17

—k18

Moo Moo 1110) Me) pAw Do 

pA8 1 0 0 0 0 
-1 

0 08 

pAE; 0 0 0 0 0 AEq 

pAE; 
Td10 

—1 DEd 

pAEg
0 0 0 0 0 

AEIT' q0 

pAEd k1 k2 k3 k4 k5 k6 AEd

k8 k9 k10 k11 k12 k13 (C-1) 

(b) Reduced model: 

pAw 

pA8 

pAE; 

pAE' d _ 

0  
(1)0'1

1 0 

0 
—k4q 

Tao 

0 k4d 
Tq'0 

k2 q

0)0m 
0 
-1 

k3q Td0 

0 

k2d 

woM 
0 

0 

k T' 3d q0 

Do 

08 

AEI q 

AE; 

(C-2) 

Based on equations (C-1) and (C-2) and the data given in Appendix D, the locus of 

the swing mode eigenvalues and the total damping and synchronizing torque 

coefficients of the system for the whole output power range can be found as shown 

in Figs.C-1 to C-3. 
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Fig. C-1 Locus of the swing mode eigenvalues of an uncontrolled dual-

excited synchronous generator connected to an infinite bus as a 
function of the output power (V = 1.0 p.u.; power factor at infinite 
bus = 0.9 lagging; 8 = -90° ) 

41---- Reduced Model 

A Complete Model 

Total Damping Torque Coefficient (p.u./p.u. speed) 
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• 4---__a___________4 

.-- Reduced Model 

• Complete Model 

Power (p.u.) 

0 0.2 0.4 0.6 0.8 1 1.2 

Fig. C-2 Total damping torque coefficient of an uncontrolled dual-excited 
synchronous generator connected to an infinite bus as a function 
of the output power (V = 1.0 p.u.; power factor at infinite bus = 

0.9 lagging; 8 = -90° ) 

Total Synchronizing Torque Coefficient (p.u./rad.) 
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Complete Model 

Power (p.u.) 

0.6 0.8 1 1.2 

Fig. C-3 Total synchronizing torque coefficient of an uncontrolled 
dual-excited synchronous generator connected to an infinite bus as 
a function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging; 8 = -90° ) 

C-2 A Generator with an Excitation Controller Using a Terminal Voltage 
Signal Acting on the D-Axis Field Winding 

Using equations (2.58) and (2.90), the state space equations corresponding to the 

complete and reduced models of the system can be written as follows: 

(a) Complete model: 

pAco 

pA8 

pAE; 

pAE; 

pAE1

pAE d

PA E fd 

= 

0 0 

1 0 

—k15

moo 
0 

— k 16 

MC°0 

—kr  —k" 

*IWO MW0 
0 0 0 

—1 
0 0 0 0 0 

T:10 Tc110 
— 

0 0 0 0 0 
T q'1 

0 
o

k1 k2 k3 k4 k5 k6 k7

k8 k9 k10 k11 k12 k13 0 

—keki9 —kek20 —kek2i —kek22 —ke k23 —kek24 —kek25 — 1 

0 

0 
1 

Te Te Te Te 7; 7; Te _ 

(C-3) 

(b) Reduced model: 

Aw 

AS 

Ar

AF; 

AFq
AEd

_AEfd .... 
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pAw 

0 

1 

—Ic —k2g —k2d
0 

0 Aw(1)0111 
0 

w0 M 
0 

w0 M 
0 

pA8 
0 

—k4q —1 
0 

1 A8 

pAE; = Tcf 0 k3g Td'o Td'o DEQ 

pAE:i

pAEfd 

0 
—k4d 

0 
—1 

0 DES 

AEfd 
T' q0 k3drgo 

0 — k:k e — kek6g —ke k6d —1 

Te, Te Te Te (C-4) 

Based on equations (C-3) and (C-4) and the data given in Appendix D, the locus of 

the swing mode eigenvalues and the total damping and synchronizing torque 

coefficients of the system for the whole output power range can be found as shown 

in Figs.C-4 to C-6. 
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0.8 

P= 1.2 p.u. 

1 
0.8 

0.6 

0.4: 
0.6 

Real Part of Eigenvalue (s -1) 

Imaginary Part of Eigenvalue (rad. s -1) 

- 10 

- 9 
- 8 

0.8096   - 7 

- 6 
- 5 

0.2 - 4 
- 3 
- 2 

0.4 

IP-- Reduced Model 

• Complete Model 

0.2 

- 1 
0 

-8 -7 -6 -5 -4 -3 -2 -1 
Fig.C-4 Locus of the swing mode eigenvalues of a dual-excited 

synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the 
d-axis field winding as a function of the output power (V = 1.0 

p.u.; power factor at infinite bus = 0.9 lagging; 8 = -100°) 
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Fig.C-5 Total damping torque coefficient of a dual-excited synchronous 
generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal acting on the d-axis field winding 
as a function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging; 8 = -100°) 
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Fig.C-6 Total synchronizing torque coefficient of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal acting on the 
d-axis field winding as a function of the output power (V = 1.0 
p.u.; power factor at infinite bus = 0.9 lagging; 8 = -100°) 
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C-3 A Generator with Excitation Controllers Using a Terminal Voltage 
Signal Acting on Both the D- and Q-Axis Field Windings 

Using equations (2.58) and (2.90), the state space equations corresponding to the 

complete and reduced models of the system can be written as follows: 

(a) Complete model: 

pArt) 

p.A8 

pAEq' 

pAF
pAF:q

PA rd 

PAEfd 
pAEfq

0 0 
—k15 - k16 —k17 —k18

Mw0 Mw0 Mw0 MCN 
1 0 0 0 0 

0 0 0 0 
—1 

0 
7:0 

—1 
0 0 0 0 0 

kl

k8 

—kek19

Te 
—keki9

k2

k9
—kek20

—kek20

k3 k4 k5

k10 kll k12 
—kek2i —kek22 —kek23

Te Te T 
—kek2i —kek22 —kek23

_ 1; 7; 1; 1; 

(b) Reduced model 

qo 
k6

k13 
—kek24

kek24

0 0 

1 
To 

0 

k7

0 
kek25

—kek25

0 

1 
q0 

0 

k14 

kek26 

kek26
1; 

(C-5) 
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pAco 

pA5 

pAk70',

pAE:i

pAE fd

_pAE fq _ 

= 

0 
—k 

w0M 

k2 q

0)0m 
-k 2d

wom 
1 0 0 0 

—k4 q —1
0 0 

Tdf0 k3q Td0 

0 
—k4d 

0 
—1 

0 0 

0 0 

1 
0 

Tc;0 

0 
1 

T' T'' .70 k 3d Tq'o q0 

0  —k;ke —kek6q —kek6d —1 0 
Te T. Te Te 

0   0—k;ke —kek6q —1 

Te Te Te T.

Act) 

AO 

AE; 

AR; 

AF' fd 

fq_A E _ 

(C-6) 

Based on equations (C-5) and (C-6) and the data given in Appendix D, the locus of 

the swing mode eigenvalues and the total damping and synchronizing torque 

coefficients of the system for the whole output power range can be found as shown 

in Figs.C-7 to C-9. 
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Fig.C-7 Locus of the swing mode eigenvalues of a dual-excited 
synchronous generator connected to an infinite bus with excitation 
controllers using a terminal voltage signal acting on both the B-
and q-axis field windings as a function of the output power (V = 
1.0 p.u.; power factor at infinite bus = 0.9 lagging; 5 = -120°) 
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Fig.C-8 Total damping torque coefficient of a dual-excited synchronous 
generator connected to an infinite bus with excitation controllers 
using a terminal voltage signal acting on both the d- and q-axis 
field windings as a function of the output power (V = 1.0 p.u.; 
power factor at infinite bus = 0.9 lagging; 6 = -120°) 

Total Synchronizing Torque Coefficient (p.u./rad.) 
1 - 

0.9 -
0.8 -
0.7 - 
0.6  
0.5 -
0.4 
0.3 -
0.2 -
0.1 -

0  

•  Reduced Model 

• Complete Model 

Power (p.u.) 

0 0.2 0.4 0.6 0.8 1 1.2 

Fig.C-9 Total synchronizing torque coefficient of a dual-excited 

synchronous generator connected to an infinite bus with excitation 

controllers using a terminal voltage signal acting on both the d- and q-axis 
field windings as a function of the output power (V = 1.0 p.u.; power 
factor at infinite bus = 0.9 lagging; 8 = -120°) 
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D. System Data 

The data of the system used in the investigations of this thesis are as follows: 

X d = 1.862 p.u. 

Xq = 1.792 p.u. 

X ad = 1.716 p.u. 

Xaq = 1.647 p.u. 

X 'd = 0.265 p.u. 

X'q = 0.263 p.u. 

X fd = 1.844 p.u. 

X f q  = 1.774 p.u. 

rfd = 0.0266 p.u. 

rfq = 0 .0325 p.u. 

r = 0.0203 p.u. 

M = 7.5 s 

T 'do = 0.184 s = 69.368 p.u. 

Tiqo = 0.144 s = 54.288 p.u. 

wo = 377 rad/s 

Ke = 10 

Te = 0.02 s = 7.54 p.u. 

Xe = 0.2 p.u. 

re= 0.03 p.0 
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E. Steady-State Stability Analysis of Conventional Synchronous Generators 

with an Excitation Controller Using a Terminal Voltage Signal 

The state space equation of a conventional synchronous generator connected to an 
infinite bus via an external impedance and with an excitation controller using a 
terminal voltage signal can be written as follows [20, 23]: 

where 

pAo) 

pA8 

pAE q' 

pAE fd

0 
—k1
oM 

1 0 

0 
—ke4 

Tm

0 —kc5ke

Te 

wom 
0 
—1 

k3Td'o
—ke6ke 

Te

0 

0 
1 

Td'O 

—1 

Te

kcl =V0 q cos 80 +V02 ( 1 1  ) cos 28 0
X

'E  
+ X d e Xq + Xe Xd  + X e 

sin 80
k =Vo 

+ x d e 

x + x kc 3=  d e 

Xd + Xe

Xd + xe
kc4

+x d e 

1)V0 sin 80

V o [V td0Xq V X'
cos 8 tq0 d  (1-11, 

'c5 0 '3 v  0 
17to Xq + Xe Xd + Xe

VtqoXe

k c.6 = 
V to(x; xe) 

(E-1) 

Using equation (E-1) and the data given in Appendix D, the locus of the swing 

mode eigenvalues of this system can be found as shown Fig.E-1. 
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Fig. E-1 Locus of the swing mode eigenvalues of a conventional 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal as a function 
of the output power (V=1.0 p.u.; power factor at infinite bus = 
0.9 lagging ) 

The system block diagram which represents equation (E-1) and which can help in 

identifying the various components of the torque produced due to small 

perturbation can be found as shown in Fig.E-2. From this figure, the various 

torque coefficient components and the corresponding feedback paths in the block 

diagram for their calculation can be found as follows: 
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c 

—ke

1-1-s Te

Fig.E-2 System block diagram of a conventional synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal 

(a) Ica - path: 

OT = kaA5

(b) kcq. - path: 

(E-2) 

The system block diagram corresponding to this path is given in Fig. E-3. From it, 

the resultant torque produced from this path can be found as follows: 

AT =  
—ka k 3k 4 (1+ sTe ) A8

2 (1+ STdlok c3)(1± ST ) + k c3k 6k e
(E-3) 
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Fig. E-3 kc4-path feedback block diagram of a conventional 
synchronous generator connected to an infinite bus with an 
excitation controller using a terminal voltage signal 

(b) kc5 - path: 

The system block diagram corresponding to this path is given in Fig. E-4. From it, 

the resultant torque produced from this path can be found as follows: 

—kalcc3koke 
A8 OT = 

(1+ si'd'ok,3)(1+ sTe )+1c,31c,61c, 
(E-4) 

Using equations (E-2) to (E-4), the synchronizing and damping torque coefficient 

components and the total synchronizing and damping torque coefficients can be 

obtained as shown in Figs.E-5 to E-6. 
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Fig. E-4 kc5-path feedback diagram of a conventional synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal 
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Fig.E-5 Synchronizing torque coefficients of a conventional synchronous 

generator connected to an infinite bus with an excitation controller 
using a terminal voltage signal as a function of the output power 
(V = 1.0 p.u.; power factor at infinite bus = 0.9 lagging) 
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Fig. E-6 Damping torque coefficients of a conventional synchronous 
generator connected to an infinite bus with an excitation 
controller using a terminal voltage signal as a function of the 
output power (V = 1.0 p.u.; power factor at infinite bus = 
0.9 lagging) 
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Fig. E-7 Total synchronizing and damping torque coefficients of a 
conventional synchronous generator connected to an infinite 
bus with an excitation controller using a terminal voltage signal 
as a function of the output power (V = 1.0 p.u.; power factor at 
infinite bus = 0.9 lagging) 
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F. Results of the Sensitivity of the Swing Mode Eigenvalue Imaginary Part to 

the Change in Some of the System Parameters 

The sensitivity of the swing mode eigenvalue real part to the change in the field 
winding and excitation controller time constants and the excitation controller gain 
has been given in Chapter 5 for various output powers. In this appendix, the 
sensitivity of the swing mode eigenvalue imaginary part to the change in the same 
parameters is documented in Figs.F-1 to F-16. 

Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-1 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the d-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.0 
p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s'1/p.u. time) 
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Fig. F-2 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the d-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.4 
p.u.; power factor at infinite bus = 0.9 lagging ) 

Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-3 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the d-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.8 
p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-4 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the d-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 1.2 
p.u.; power factor at infinite bus = 0.9 lagging ) 

Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-5 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the q-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.0 
p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-6 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the q-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.4 
p.u.; power factor at infinite bus = 0.9 lagging ) 

Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-7 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the q-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 0.8 
p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-8 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the q-axis field winding of an 
uncontrolled dual-excited synchronous generator connected to an 
infinite bus as a function of the rotor angle (V = 1.0 p.u.; P = 1.2 
p.u.; power factor at infinite bus = 0.9 lagging ) 

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 
0.002 
0.001 

0 
-0.001 
-0.002 
-0.003 
-0.004 
-0.005 
-0.006 
-0.007 
-0.008 

Rotor Angle (Degree) 

Sensitivity of Eigenvalue Imaginary Part (rad. s-lip.u. time) 

Fig. F-9 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 p.u.; 
P = 0.0 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. F-10 
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Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.4 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. F-11 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.8 p.u.; power factor at infinite bus = 0.9 lagging ) 

Sensitivity of Eigenvalue Imaginary Part (rad. s-1/p.u. time) 
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Fig. F-12 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the time constant of the excitation controller of a dual-
excited synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 1.2 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. F-13 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the gain of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.0 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s-1) 
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Fig. F-14 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the gain of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.4 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Fig. F-15 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the gain of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 0.8 p.u.; power factor at infinite bus = 0.9 lagging ) 
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Sensitivity of Eigenvalue Imaginary Part (rad. s-1) 
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Fig. F-16 Sensitivity of the swing mode eigenvalue imaginary part to the 
change in the gain of the excitation controller of a dual-excited 
synchronous generator connected to an infinite bus with an 
excitation controller acting on the d-axis field winding using a 
terminal voltage signal as a function of the rotor angle (V = 1.0 
p.u.; P = 1.2 p.u.; power factor at infinite bus = 0.9 lagging ) 
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