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Abstract The dual-field alternators have been developed to improve the stability of the power systems. This 
paper presents an accurate study of the dynamic stability of such alternators. Assessment of stability is 
performed based on calculation of the synchronizing and damping torque coefficients. The alternator is 
represented by a detailed circuit model which incorporates properly the saturation effects. Based on this 
model. the torque coefficients have been calculated using a least square algorithm which is applicd to the time 
responses of the mechanical variables. Boundaries of the dynamlcally stable operation regions have been 
determined under the action of both the automatic voltage regulator; A VR and the automatic angle regulator, 
AAR. Thcn, the thermal limits imposed by the heating problem and the mechanical limits imposed by the 
mechanical system have been incorporated to determine the capability diagram of the dual-field alternator. 
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List of Symbols 

induced voltage, p.u 
current, p. u 
inertia constant, sec. 
damping and synchronizing torque coefficients 
normalized time deri vati ve operator 
electromagnetic torque, p.u 
alternator terminal voltage, p.u 
bus bar terminal voltage, p.u 
flux linkage, p.u 
rotor position, electrical radians 
rotor angle, electrical radians 
saturation factor 
base speed, rad/sec 
field copper loss ratio 
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Subscripts 
1 ,2,. . . damper circuit numbers 
a,f,k armature, field and damper respectively 
b,r bar and ring respectively 
d,q direct and quadrature-axis respectively 
h harmonic 
I leakage 

Superscripts 
s static saturated 
u 

* 
unsaturated 
dynamic saturated 

Introduction 

The dynamic stability margin of dual-field alternators is clearly improved by using an 
automatic voltage regulator; A VR, on the d-axis field and an automatic angle regulator; 
AAR, on the q-axis field [1-5]. This paper studies the dynamic stability of a saturated 
dual-field alternator connected to an infinite bus-har through a short tie line (Fig. I). The 
study aims at determining the stable operating regions. These, together with the 
constraints imposed on the alternator operation regions by the thermal and mechanical 
endurance limits, are used to determine the machine capability diagram. 

Reference 

Rotor angle 
transducer 

..... ~I-- Reference 

Fig. 1. Schematic diagram of the dual - excited alternator. 

Infinite bus 
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Synchronizing and damping torque coefficients have been used to evaluate the 
dynamic stability of alternators since 1927 [6-8]. Many attempts have heen done to 
improve both the method of calculation of these coefficients r6-81 and the model 
representing the machine l8-13]. Previous authors [11-13] have adopted the conventional 
equivalent circuit to model the dual excited alternator. This model represents the damper 
winding approximately by one lumped coil on each axis. Also, it assumes equal mutual 
reactances between the armature, field and damper windings in each axis. This is 
corrected in the present paper by representing the machine in the dqo reference frame by 
detailed circuit model based on the features of Linville-Rankin equivalent circuits 
[14,15]. 

The performance of the dual-field alternator like the other electrical machines is 
greatly affected by the magnetic saturation. Nevertheless, most of the previous 
puhlications [5,16] have neglected the electromagnetic nonlinearity effects, while others 
l2, I 1,12 J consider the saturation based on the open circuit characteristic. All these 
authors assume that only the mutual reactances are influenced by saturation, while the 
leakage reactances are assumed unsaturahle. Harley [12] assumes different d- and q- axis 
saturation levels neglecting the mutual dlq saturation effects hecause of the saliency 
effects. On the other hand, Kapoor r21 and Soper r II] assume the same degree of 
saturation in both axes which is determined corresponding to the resultant nux. 
Considerahle error has been introduced by most of the previous authors as they usc the 
saturated chord reactances to calculate hoth the rotational and transformer voltage terms 
of the equation describing the machine performance. Kapoor [2] avoided this error by 
using chord reactance for rotational voltage and incremental reactance for transformer 
voltage. In this paper, saturation is treated using a developed method that considers 
mutual saturation effects between the main and leakage fluxes. Also, two different values 
of each saturated reactance are used according to the voltage term in which it appears; a 
static saturated reactance for the rotational voltage and dynamic saturated reactance for 
the transformer voltage [16]. 

Principle of Excitation 

Previous literatures [7,8] have shown that the AVR of a single-excited alternator 
gives a positive synchronizing torque component when the alternator supplies high active 
power together with high capacitive reactive power. At other loading conditions, the 
AVR gives negative synchronizing torque component. The effect of the AVR on the 
damping torque is such that it gives a negative damping torque component except when 
the alternator is supplying low active power together with high capacitive reactive power. 
The effect of the regulator regarding the synchronizing and damping torque is nearly 
canceled when the machine delivers or absorbs pure reactive power. In this case, the 
rotor d-axis nearly coincides with the resultant air gap flux. 
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Accordingly, the dual-excited machine field excitations are adjusted such that the 
rotor d-axis coincides with the axis of the resultant air gap flux. The q-axis excitation, in 
this case, provides the excitation that balances the armature reaction component in the q­
axis. This, together with controlling the q-axis excitation through a rotor position signal; 
0, will improve the dynamic stability limits of the dual-excited alternator. Figure 2 
shows the voltage phasor diagrams of both the single-field and the dual-field alternators. 

q-axisl 
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I 
I 
I 
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--
-----

d - axis 

(a) 

Fig. 2-a. Single-field alternator phasur di,.gram. 

, , . 
~ q - axIS , , , , , 

I, 

d - axis ----

(b) 

Fig. 2-b. Dual-field alternator phasor diagram.·--

Modelling of the System 

Modelling of the alternator 
Linville-Rankin equivalent circuits r 14, 15] have been adopted to represent the dual­

excited alternator. The q-axis circuit has been modified to represent the additional q-axis 
field coiL Figure 3 shows these equivalent circuits for an arbitrary number of damper 
bars equal to five bars per pole shoe. The developed circuit has the following 
advantages: 
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i) it represents the mutual coupling between the rotor coils properly through the total 
air gap flux instead of the fundamental flux only. 

ii) the damper winding is represented accurately by several nested coils on both axes. 
iii) Ideal transformers appear in the equivalent circuit to avoid wrong coupling between 

the field coils and damper coils through the end ring segments. 
iv) the parameters are developed using the MMF-base per-unit system [14] which leads to 

discrete mutual reactances. This enables individual treatment of each saturable reactance. 

1 

(a) d- axis 

Ylq 

(b) q-axis 

Fig, 3, Equivalent circuit. 
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The dynamic performance of the system is governed by tbe following equations: 

where; 

[v] = [R][i] + [x]p[i] + p8 [G][i] 
Tm = Te + 2% H p20 

p8=I+po 

[Y] = [v sin /), Yfd ,O,O, ... ,-v cos/), Vfq ,0,0] T 

(1) 
(2) 

(3) 

(4) 

(5) 

(6) 

The mechanical torque of the prime-mover; T m, is considered constant during a 
small oscillation of the alternator around the steady-state point. lRJ, lxJ and lGJ arc the 
alternator resistance, transformer-voltage reactance and rotational-voltage reactance 
matrices respectively. The tic-line resistance and reactance are added to the armature 
resistance and leakage reactance respectively. 

Modelling of the regulators 
V,c! in the alternator equation is governed by the AVR, while Ve,] is governed by the 

AAR. Static types of these regulators are used to control the dual excited alternator. 
With the aid of the IEEE excitation models [l7J, the regulators are modelled by the block 
diagrams shown in Figs. 4 and 5. 

Vref 

+ 

VT 1 K K AV 
Evx 

f 
Vfd 

1 + TRVS 1 + TAVS 

EVn 

KFVS 

1 + TFV8 

Fig. 4. Block diagram of Ihe A YR. 
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Fig. 5. Block diagram of the AAR. 

Saturation representation 
As the magnetization characteristics of the alternator iron core are not linear, the 

reactances of its circuit model are not constant. These will be affected by the saturation 
of the iron. Accurate representation of saturation in the dual-excited alternator is based 
on the following points: 

i) Saturation affects the direct-axis of the machine only. The q-axis is considered 
unsaturated as the suggested excitation sharing between the two field windings 
results in a zero q-axis flux. Also, the machine saliency is a diminishing factor for 
the mutual saturation effects between the d- and q-axis fluxes [8,16]. 

ii) Mutual saturation exists between the d-axis main and leakage fluxes lI6]. Thus, all 
the main and leakage reactances are affected by saturation. It is believed that the 
saturation has slight effect on the leakage reactances of the damper bars. Therefore 
it will be neglected. 

iii) The linkage fluxes are calculated using static-saturated reactances. Each is related 
to the unsaturated reactance through a relevant saturation factor such that; 

(7) 

These static saturated reactances are used III the rotational voltage term of the 
machine equation. 

iv) Calculation of the transformer voltage term necessitates the derivation of dynamic 
saturated reactances to avoid the error introduced by previous authors who used 

(8) 
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which is corrected by using a dynamic saturated matrix; [x'], in place of [x'j such that; 

p['I'] = p{[xs][i]J = [x']p[i] (9) 

Taking the previous points into account, the direct axis saturation factors for the 
main and leakage static saturated reactances are formulated as follows [8J; 

flad (for xaad and xad) 

R gFd 
flkd (for Xkknd and Xaknd) = ----"'-----­

R gFd + R SFd + R PF 

(10) 

Rgrd is the direct-axis air gap reluctance to the flow of the fundamental flux. RSFd 

and RpF are the direct-axis stator and rotor reluctance to the flow of the fundamental flux 
respectively. These are obtained from the relevant magnetization curves corresponding 
to the sum of the main and leakage fluxes flowing in the respective part. O'Sd and O'p are 
the stator and rotor leakage flux coefficients respectively. Ast is the slot plus the~ooth 
leakage flux permeanee, while A" is the armature total leakage flux permeance. 

The elements of the dynamic matrix [x'] are calculated in terms of the elements 
of the static matrix [xs) as follows [16]; 

* N. Oxjm 
Xjw = xjw + L. Im~ 

m::;l Olw 
( II) 

where N is the matrix order, j and w specify the element position. 
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Assessment of the Dynamic Stability 

The synchronizing and damping torque coefficients are used as indices for the 
dynamic stability. Whenever one of these is negative, the alternator is unstable. The 
damping and synchronizing torque components can be obtained by resolving the 
alLernator torque variation around a steady-state point into two components related to its 
speed variation and rotor angle variation as follows [8], 

(12) 

Having the small oscillation time responses of the torque, speed and rotor angle, a least 
square error algorithm is applied to determine both K, and l<,t [8]. This algorithm yields 
lhe following equation, 

( 13) 

(14) 

Solving these equations, K, and Kd are obtained for any steady state operating point. 

Electrical Loading and Heating Problem 

The armature and field copper losses beside the core losses are the major source of 
heat inside the alternator. The armature copper loss is controlled hy keeping the armature 
CUlTent not more than the rated value. The field copper losses of the dual-field machine 
depend on both the d- and q-axis field currents. If saturation and saliency are neglected, 
the d-axis field current of the dual-field alternator will be the component of the field 
current of the single-field alternator in the new d-axis direction of the duall1)achine. So, 
lid of the dual-field alternator is less than Ir of the single-field alternator. When saturation 
is considered, the d-axis for both single-field and dual-field alternators are greatly 
atfected but to different degrees. The d-axis saturation level in the dual alternator will 
correspond to the resultant air gap flux which produces E .. while in the single alternator 
the level is less, and will correspond to the flux which produces Ellg (Fig.2). Although Ird 
of the dual alternator is required to produce Eafq, while Ir of the single alternator is 
required to produce the higher voltage Ellh the higher saturation level of the dual causes 
Ird to approach the value of Ir. On the other hand, the q-axis of the dual machine is not 
affected hy saturation. At low lagging power factor, the q-axis field current is 
approximately equal to the component of the field current of the unsaturated single field 
alternator in the new q-axis direction of the dual machine. In general, Irq, should give the 
ampere-turns that balance the effect of Iq. 
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If the resistances of the two fields of the dual machine are the same, and equal to 
that of the field of the single-field machine, the field copper loss ratio; 'Y, of the two 
machines is estimated as follows: 

No heating problem exists if'Y is less or very near to unity. If'Y> I, more heat is 
produced in the dual machine compared with a single machine of the same rating. 

Results and Discussions 

A 494 KVA dual-excited alternator has been chosen for the present study. The 
alternator and its regulator parameters are given in Appendix 9. A computer program 
have heen developed to simulate the alternator. Using the program, the synchronizing 
and damping torque coefficients of the alternator have been computed for wide range of 
operating conditions. The alternator is disturbed from its steady-state through a small 
step change in its prime-mover torque. The coefficients have been determined including 
the action of the A VR while the AAR is either: 

i) not activated, 
ii) activated with negative feed-hack rotor position signal, or 

iii) activated with positive feed-back rotor position signal. 

Samples of the results are shown in Figs. 6 and 7 for two extreme power limits. 
These results show that the action of the AAR with positive feed-back is acceptable over 
all the operating range, while the negative feed-hack leads to unstable operation at 
leading power factor operating conditions. The torque coefficients including saturation 
effects arc shown in Figs. 8 and 9. Saturation results in slight increase in the values of 
the synchronizing torque coefficient, and on the other side slight decrease in the values of 
the damping torque coefficient. Effect of the variation of the value of the ARR forward 
gain; KAA, on the alternator stability has been examined. The results are shown, as an 
example, for loading conditions of zero active power and different reactive powers in 
Figs. 10 and 11. It is clear that for a positive feed-back action of the AAR, increasing the 
value of KAA improves the synchronizing torque coefficients only at no-load conditions 
accompanied by high leading reactive power. On the other side, the damping torque 
coefficients decrease for all loading conditions with the increase of KAA. For negative 
feed-back action of the AAR, both K, and K.t increase slightly with KAA at lagging power 
factor condition, and decrease noticeably with KAA at leading power factor conditions. 
The effect of the second field winding with positive feedback on the alternator stability is 
examined by comparing the values of both K. and K.t when this winding is excited with 
those obtained when only the d-axis winding is excited. The results are shown in Figs. 
12 and 13 at different loading conditions. It is clear that the q-axis winding improves 
noticeahly the synchronizing torque coefficient, and also improves the damping torque 
coefficient except at light load conditions. 
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.·ig. 6. Synchronizing torque coerocients neglecting the saturation. 
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Fig. 7. Damping torque coefficients neglecting the saturation. 
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x 

-0- Without feedback 
---x--- Negative feedback 
- - - - - Positive feedback 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Q,p_U 
Fig. 8. Synchronizing torque coefficients including the saturation. 

--<r- Without feedback 
···K--· Negative feedback 
----- Positive feedback 

Q, p.U 

Fig. 9. Damping torque coefficients including the saturation. 
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I·'ig. 10. Variation of synchronizing torque coefficient with KAA. 
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Fig. 11. Variation of damping torque coefficient with KAA-
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2.0 

x-x-x­
x'--/' x-x_ 

x.;---x ~ 
0. 

• 1.5 

.J.' 
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P91 

-x-Dual excited 
-.- Single excited 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Q,p.U 

Fig. 12. Synchronizing torque coefficient of a dual-field alternator compared with a single-excited alternator. 

Fig. 13. Damping torque coefficient of a dual-field alternator compared with a single-excited alternator. 
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To investigate the heating problem associated with field currents of the dual-field 
alternator, the field currents have been computed for a wide range of operating 
conditions considering and neglecting the saturation. Figures 14 and 15 show that 
neglection of the magnetic saturation leads to great error in the predicted values of the d­
axis field current for both single and dual-field alternators. When saturation is 
considered, the field currents increase and the d-axis field current of the dual-field 
alternator approaches that of the single-field alternator. The variation of the q-axis field 
current of the dual machine with loading condition is shown in Fig. 16. To compare the 
field copper losses, the ratio y has been computed considering saturation, and depicted in 
Fig. 17 . In general, the dual losses are higher. 

--

00 

-0.5 

Fig. 14. D-axis field currents neglecting saturation. 

_*_ dual field alternator 

-0- single field alternator 

0.2 0.4 0.6 0.8 1.0 

Q, p.u 
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-lIE- dual field alternator 
--0- single field alternator 

p=o 

Q,p_U 
Fig. 15. D-axis field currents considering saturation. 

I -0.8 
fq 

-0.6 

-0.4 

-0.2 

P=O.8 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Q ,p.U 
Fig. 16. Q-axis field currents for the dual-field alternator. 
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-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Q 
Fig. 17. Variation uC the ratio "( with the reactive power. 
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A capahility diagram for the dual field alternator has been developed as shown in 
Fig.18(a). This diagram is based on the following limits: 

The armature current not to exceed 1.0 p.u. 
The direct-axis field current not to exceed 2.6 p.u (the rated value of this coil if the 
machine is single excited). 
The quadrature-axis field current not to exceed 1.14 p.u (suitable chosen value). 
The prime-mover power limit is 0.9 p.u. 

It worths to mention that the stability limits are outside the operating region. which 
confirms the advantage of the dual alternator if compared with the capability diagram of 
the single-excited alternator (Fig. 18(b». 
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P,p.U 

Ifqlimit 

1.2 ---<>- 18 limit 

1.0 
prime mover limit 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 Q,p.u 

(al Dual-excited 

P,p.u Ifdlimit 

-0- I. limit 

1.2 IE prime mover limit 

1·0 
--l:r- stability limit 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 Q,p.u 

(b l Single excited 

Fig. 18. Capability diagrams of the alternator. 
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Conclusions 

Addition of an angle-regulated q-axis field winding to the synchronous generator 
improves the synchronizing torque, and also improves the self damping torque when the 
machinc is not lightly loaded. The performance of the dual excited alternator is very 
scnsitive to the gain of its AAR and the type of feedback. Positivc feedback is acceptable 
over all the operating conditions region, while negative feedback leads to unstable operation 
at leading power factor loads. The magnetic saturation increases the synchronizing torque 
coefficieIlt, but it decreases the damping torque coeffilljent. To avoid heating problems, 
machine designers should take care of the unexpected high values of the d-axis field current 
of the dual alternators resulting from the saturation effects. 

References 

[I] Adkins. B. and Harley, R.o. The General Theory "fAltemating Current Machines. London: Chapman 
and Hall. 1975. 

[2] Kapoor, S.c., Kalsi, S.S. and Adkins, B. "Improvement of Alternator Stability hy Controlled 
Quadrature Excitation". Proc. lEE, 116, NO.5 (May 1969),771-780. 

13] Aggarwal, R.K. "Performance of Dual Excited Synchronous Generator at Leading Power Factors". 
Proc. lEE, 112, No.8 (Aug. 1975),813-818. 

14] EI-Serafi, A.M. and Badr, M.A. "Limitation of Increasing the Capacitate Power Loading of Regulated Dual 
Excited Synchronous Condensers". IEEE PES Winter Meeting, New York: N.Y. Jan. 28 - Feb. 2, 1973. 

15J EI-Scrafi, A.M. and Badr,M.A. "Extension of the Under Excited Stable Region of the Dual Excited 
SynChronous Machine". IEEE Trans., PAS-92, No.1 (Jan. - Feb. 1973),287-295. 

[0] Doherety, R.E., and Nickle, C.A. "Synchronous Machine - Part III". AlEE Trans. Power Apparatus 
and Systems, 46 (Feb. 1927), 1-18. 

[7] DeOliveria, S.E.M. "Effect of Excitation Systems and Power System Stabilisers on Synchronous 
Generator Damping And Synchronising Torques". Proc. lEE, 136, Pt. C, No.5 (Sept. 1989),264-270. 

[8] Shaltout, A.A. and Abdel-Halim, M.A. "Damping and Synchronizing Torques of Salient-pole 
Generators with Accurate Representation of Stauration". IEEE Trans. on EnerNY Conversion, 10, Pll 
(1995),1-7. 

[9] Gal'g, V., Demerdash, N. and Grisby, L. "Generalized Non-linear Synchronous Machine Model with 
Parametrs based on Design Particulars". IEEE-PES Winter Meetinl(, New York, Jan. 26-31, 1975. 

[IOJ Subbarrao, N., Bursdge, E. and Finadlay, R. "Mathematical Models of Synchronous Machines for 
Dynamic Studies". IEEE-PES Winter Meeting, New York, Feb. 4-9, 1979. 

[II] Soper, J .A., and Fagg, A.R. "Divided-winding Rotor Synchronous Generator". Proc. lEE. 116, No.1 
(Jan. 1969).113-126. 

[12] Harley, R.o. and Adkins, B. "Stability of Synchronous Machine with Divided-winding Rotor". Proc. 
lEE, 117, No.5 (May 1970),933-947. 

[13] Abo-Shady, S.E., Ahinad, F.J., EI-Hakim, S.M. and Badr, M.A. "Analysis of Self-dual Excited 
Synchronous Machine - Part I Development of the General Mathematical Model and Steady-state 
Performance Experimental Verification". PES Summer Meeting. San Francisco, July 12, 1987. 

[14] Linville, T.M. "Starting Performance of Salient Pole Synchronous Motor". AlEE Trans., (1930),531-
537. 

[15] Rankin, A.W. "The Direct- and Quadrature-axis Equivalent Circuits of the Synchronous Machine". 
AlEE Trans., (1945), 861-868. 

[16] Manning, C.D. and Abdel-Halim, M.A. "A New Dynamic tnductanceConcept and its Application to 
Synchronous Machine Modeling". Proc. lEE. 135, PI. B, No.5 (Sept. 1988),231-239. 

[I7J IEEE Committee Report "Excitation System Models for Power System Stabilily Studie,". IEEE Trans., 
PAS-IOO, No.2 (Feb. 1981),494-509. 



224 

Alternator parameters 
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Appendix 
Data of the System 

494 KV A, 380 V, 4 bars/pole continuous ring damper winding, H = 3 sec. The 
equivalent circuit constants are as follows in p.u: 

X"d = 1.418 
X ok2d = I. 110 
Xkk2d = 0.953 
rfd = 0.002 
Xh = 0.061 
X,ld = 0.0007 
XOq = 0.630 
X"k2q = 0 .356 
kkk2q = 0.334 
f,2'1 = 0.004 

A VR Parametrs 

Xafd 
Xffd 
fa 
Xfld 
frld 

X,2d 
Xafq 
Xffq 
Xalq 
X'lq 

=I.3I1 
= 1.260 
= 0.015 
= 0.141 
= 0.003 
= 0.001 
= 0.560 
= 0.550 
= 0.105 
= 0.002 

Xaldd =0.740 
Xkkld = 0.612 
Xa/d =0.102 
fb = 0.047 
f,2d = 0.005 
ffq = 0.002 
Xaklq = 0.627 
Xkklq = 0.676 
frlq = 0.006 
X,lq = 0.001 

TRV = 0.023 sec., TAV =0.22 sec., KAV = 200,TFv =0.18 sec, KFv=0.016,Evx= 19.9 
p.u 
Evn = -19.9 p.u 

AAR Parameters 
T RA = 0.023 sec., TAA = 0.220 sec., KAA = 0.5, TFA = 0.18 sec., KFA = 0.016, EA, = 19.9 
p.lI 
EAn = -19.9!p.u 

Tie-Line Parameters 
resistance = 0.05 p.u, reactance = 0.3 p.u 
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