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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 applied to the time
responses of the mechanical variables. Boundaries of the dynamically stable operation regions have been
determined under the action of both the automatic veltage regulator; AVR and the automatic angle regulator,
AAR. Then, the thermal limits iinposed by the heating problem and the mechanical limits imposed by the
mechanical system have been incorporated to determine the capability diagram of the deal-field alternator.

List of Symbols

. induced voltage, p.u

. current, p.u

: inertia constant, sec.

: damping and synchronizing torque coefficients
: normalized time derivative operator
. clectromagnetic 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/scc

. field copper loss ratio
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Subscripts

1,2,... : damper circuit numbers

a,fk : armature, field and damper respectively
b,r  : bar and ring respectively

d,q : direct and quadrature-axis respectively
h . harmonic

I . lcakage

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; AVR, 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-ficld alternator connected to an infinite bus-bar through a short tie line (Fig.1). 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.
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Fig. 1. Schematic diagram of the dual - excited alternator.
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Synchronizing and damping torque coefficients have been used to cvaluate the
dynamic stability of alternators since 1927 {6-8]. Many attempts have heen done to
improve both the method of calculation of these coefficients [6-8] and the model
representing the machine [8-13], Previous authors [11-13] have adopied the conventional
equivalent circuit to model the dual excited alternator. This model represeats 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 1in the present paper by representing the machine in the dqo reference frame by
detailed circuit model based on the fealures 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
publications [5,16] have neglected the electromagnetic nonlinearity effects, while others
[2,11,12] consider the saturation bascd on the open circuit characteristic. All these
authors assume that only the mutual reactances are influenced by saturation, while the
leakage reactances are assumed unsaturable. Harley [12] assumes different d- and q- axis
saturation levels neglecting the mutual d/q saturation effects because of the saltency
¢lfects. On the other hand, Kapoor [2] and Soper [11] assume the same degree of
saturation in both axcs which is determined corresponding to the resultant [lux.
Considerahle error has been introduced by most of the previous authors as they usc the
saturated chord reactances to calculate both the rotational and transformer voltage terms
of the equation describing the machine performance. Kapoor [2] avoided this error by
using chord reactance for rotational veltage and incremental reactance [or 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 valucs
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 torquc is such that it gives a negative damping torque component except when
the alternator is supplying low active powcer 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 ceincides with the axis of the resultant air gap flux. The g-axis excitation, in
this case, provides the excitation that balances the armature reaction component in the g-
axis. This, together with controlling the q-axis excitation through a rotor position signal;
8, 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-ficld alternators.

q-axis\\

d - axis

(a) (k)

Fig. 2-a. Single-field alternater phasor diagram. Fig. 2-b. Dual-field alternator phasor diagram.”

Modelling of the System

Modelling of the alternator

Linville-Rankin equivalent circuits [14,15] have been adopted to represent the dual-
excited alternator. The g-axis circuit has been modified to represent the additional g-axis
ficld 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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1) 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.
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Fig. 3. Equivalent cireuit.
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The dynamic performance of the system is governed by the following equations:

[v] =[R][i] + [x]p[i] + p@ [GIIi] (§))]
Ty = Te + 203, H p%8 (2)
po =1 +pd (3)
where;
[vi=[vsind, v¢y,0,0,...,-v cosﬁ,qu,O,O]T 4
[)=lid- ifds ikdds ikadrmriq ifgs Tlage ikge-1T )
Te = \lldiq - \pqid (6)

The mechanical torque of the prime-mover; Ty, is considered constant during a
small oscillation of the alternator around the steady-state point. [R], [x] and {G] are the
alternator resistance, transformer-voltage reactance and rotational-voltage reactance
matrices respectively. The tic-linc resistance and reactance are added to the armature
resistance and leakage reactance respectively.

Modelling of the regulators

Vi in the alternator cquation is governed by the AVR, while Vy, is governed by the
AAR. Static types of these rcgulators are used Lo control the dual excited alternator.
With the aid of the IEEE excitation modecls {17], the regulators are modelled by the block
diagrams shown in Figs, 4 and 5.

VX

Vi

1+ TS

KpyS

1+TFVS

Fig. 4. Block diagram of the AVR.
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K, S

1+ TeaS

Fig. 5. Block diagram of the AAR.

Saturation representation

As the magnetization characteristics of the allernator iron core are not linear, the

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

i}

i)

iii)

iv)

Saturation affects the direct-axis of the machine only. The g-axis is considered
unsaturated as the suggested excitation sharing between the two ficld 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 g-axis fluxes [8,16].

Mutual saturation exists between the d-axis main and leakage fluxes [ 16}. 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.

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

X5 = l“‘;u (N

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

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

ply] = p{x*1[i]} = [x*Ipli] (8)
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which is corrected by using a dynamic saturated matrix; [x'], in place of [x°] such that;
plw] = p{IX°1i} =[x IpEi] 9

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

RoFd
RoFd +05¢Rspd +RpF

Ragforx,,qandx,q) =

R oFd

Lsg (Tor X, and Xy} =
Rgrd *Rspa T OpRpF

R ¢Rd

Mg (FOr Xexna and Xaxng) =
gFd * Rspg + Rpp

O5aR grd A
eFd *9g4Rsrd *RpE X,

Hag (for xag) = 1-

GPRPF
Hea (for xpg) = 1- (10)
gfd T Rspd *OpRpE

Repg 15 the direct-axis air gap reluctance to the flow of the fundamental flux. Rggq
and Rypr 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. Gsq and cp are
the stator and rotor leakage tlux coefficients respectively. A is the slot plus the®ooth
leakage flux permeance, 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 [x} as follows [16];

N axs-
* i jm
xjw_x§w+mz-l]m alw (ll)

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
alternator torque variation around a steady-state point into two compenents related to its
speed variation and rotor angle variation as follows [8],

ATe(t) = kyA AT () = kg AB() + K AB(E) () + ksAS(E) (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 K, [8). This algorithm yields
the following equation,

SAT.)A) =kg TAFZ(D) +kg T ABN).AS() (13)

T AT (0.A8(1) = ks T ABDAS®) + kg ZAH (M) (14)
Solving these equations, K, and K, 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 by keeping the armature
current not more than the rated value. The field copper losses of the dual-field machine
depend on both the d- and g-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 dual machine. So,
I iy of the dual-field alternator is less than I; of the single-field alternator. When saturation
is considered, the d-axis for both single-field and dual-field alternators are greatly
affected 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 E, (Fig.2). Although Iy
of the dual alternator is required to produce Eg, while I; of the single alternator is
required to produce the higher voltage B, the higher saturation level of the dual causes
Iy to approach the value of I On the other hand, the q-axis of the dual machine is not
affected by saturation. At low lagging power factor, the g-axis field current is
approximately equal to the component of the field current of the unsaturated single field
alternator in the new g-axis direction of the dual machine. In general, I;,, should give the
ampere-turns that balance the effect of L.
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If the résis[ances 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; v, of the two
machines is estimated as follows:

- 2 42 2
Y= [Ifd+lfq )/If

No heating problem exists if ¢ is less or very near to unity. If y> 1, 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 been devcloped 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 AVR while the AAR is either:

1) not activated,
i} activated with negative feed-back rotor position signal, or

i) 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-back leads to unsiable operation at
leading power factor operating conditions. The torque coefficients including saturation
effects arc shown in Figs. 8 and 9. Saturation results in slight increasc 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; Ka,, on the alternator stability has been examined. The resulls are shown, as an
cxample, 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 Kss improves the synchronizing torque coefficicnts only at no-load conditions
accompanied by high leading reactive power. On the other side, the damping torque
coefficicnts decrease for all loading conditions with the increase of Kaa. For negative
feed-back action of the AAR, both K and Ky increase slightly with K, at lagging power
factor condition, and decrease noticcably with K4 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 K4 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 g-axis winding improves
noticeably the synchronizing torque coefficient, and also improves the damping torque
coefficient except at light load conditions.
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Fig. 6. Synchronizing torque coefficients neglecting the saturation.
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Fig. 7. Damping torque coefficients neglecting the saturation.
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Fig. 9. Damping torque coefficients including the saturation.
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Fig. 11. Variation of damping torque coefficient with K,,.
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Fig. 12, Synchronizing torque coefficient of a dual-field alternator compared with a single-excited alternator.
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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 ficld 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 g-axis field
current of the dual machine with loading condition is shown in Fig. 16. To compare the
field copper losses, the ratio v has been computed considering saturation, and depicted in
Fig.17. In general, the dual losses are higher.

2.5 1T __3— dualfield alternator

—0O— single field aiternator

If' Ifd

| ] | | I | ] |

|
| I | 1 | 1 1 1 1
-M 06 04 02 0j0 02 04 06 08 10

Q, pu

-0.5—

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



220

P=0.8

A.A. Al-Ohaly and M.A. Abdel-Halim

L2 40T —*— dual field alternator
- ~—0O— single field alternator
ey

3.5

301
25T

P

|
5 08

06 -04

0.2 00 0.2
05—+

Fig. 15. D-axis field currents considering saturation.
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Fig. 16. Q-axis field currents for the dual-ficld alternator.
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Fig. 17. Variation of the ratio y with the reactive power.

A capabhility diagram for the dual ficld 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 direci-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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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
machine is not lightly loaded. The performance of the dual excited alternator is very
sensitive to the gain of its AAR and the type of feedback. Positive 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
coefficient, but it decreases the damping torque coefficient. 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.
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Appendix
Data of the System

Alternator parameters
494 KVA, 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 Xafd =1.311 Xakld =0.740
Xyaa=1.110 Xeg = 1.260 X =0.612
Xy =0.953 r, =0015 Xag =0.102
ra =0.002 Xm =0.141 Iy =0.047
Xh = (1.061 g = 0.003 I2d = 0.005
Xaa =0.0007 Xaa =0.001 Teq =0.002
X, =0.630 Xug =0560 Xy =0.627
Xak2g = 0.356 Xffq =0.550 xkqu =0.676
Kz = 0.334 Xyq =0.105 g =0.006
fo = 0.004 Xng =0.002  Xg =0.001
AVR Parametrs

TRV = 0.023 sec., TAV =0.22 sec., KAV = 200, TFV ={.18 sec, KFV =0.01 6, va =19.9

p.u
E,. =-19.9 p.u

AAR Parameters
TRA = 0.023 s€C., TAA =0.220 scc., KAA = 05, TFA =(.18 seC., KFA = 0016, EAx =19.9

p.u
Ean=-199pu

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