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Abstract - Saturation effects in salient pole synchronous
machines are generally modelled by assuming that the
saturation effect is primarily limited to the field pole.
However, saturation of the stator teeth and core can also
become saturated such as when operating as a generator
with a leading power factor load. This paper addresses the
modeling and simulation of simultaneous saturation of
both the stator and rotor taking into account the correct
components of flux linkage which contribute to these
effects. Suitable saturation curves are computed using
finite element methods. Simulation results are shown using
the new saturation model.

1. INTRODUCTION

Saturation effects in salient pole synchronous machines are
typically modelled by assuming that the saturation effect is
primarily limited to the field pole and the effect is, hence, a
function of the field flux linkages. However, situations occur in
which saturation of the stator teeth and core also become
saturated such as operation as a generator with a leading power
factor load. The saturation effect of the stator cannot be simply
lumped with the field pole saturation since stator core
saturation is the vector sum of d— and g-axis stator flux
linkages while the field pole is essentially dependant only on
d-axis flux linkage components. Hence, depending upon load,
saturation of a synchronous machine may have either stator
saturation, field pole saturation or simultaneous saturation of
both components. This paper addresses means for modeling
and simulation of simultaneous saturation of both the stator
and rotor taking into account the correct components of flux
linkage which contribute to these effects. Suitable saturation
curves are computed using finite element methods. Typical
simulation results of the improved model are shown.

I1. d-q REPRESENTATION OF A SYNCHRONOUS MACHINE

Park’s model of a salient-pole synchronous machine,
represented in the rotor reference frame, is shown in Figure 1.
The quantities ry, 7y, rg, and 4 correspond to the stator, d—
axis rotor amortisseur, g—axis amortisseur and field winding
resistance all referred to the stator by the appropriate tumns
ratio. The quantities Ly and Ly, are the d— and g— axes

magnetizing inductances respectively. In Figure 1 the stator
leakage inductance typically expressed a L has been separated
into two portions namely L, and L;.; to denote the leakage

inductances which correspond to the end winding and the core
portions of the leakage flux linkages respectively. The two
portions of the stator leakage inductances have been separated
since saturation of the stator core only involves that portion of
the stator leakage flux which passes through the stator core.

The equations corresponding to the circuit of Figure 1 are,

dh
Vs = rszqs+—d—;f—s+mrkds. m
) dh gy,
Vas = Tslgs ™ dt —('Orxqs )
dh
Ygr = rquqr+_d'f_r )

d\ .

Var = rdridr+ dff‘ (4)
o,

vfr = rfrlfr+ —d'tzr: (5)

For purposes of simulation Eq. 5 is usually manipulated to the
form

- . O‘)bLmddx’ ¥
e, = “)bLmd’fr+ n 7 (6)
where e, = w,(L,,/ rfr)v . and w,is a selected base

frequencfy. The amortisseur voltages v, and vy, are zero except
for special cases.

The flux linkages in Egs. 1-5 are defined by referring to
Figure 2, They are,

Mgs = Liesigs™ Rges (N
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har = Ligrlar + Mna (10)
b = Lyig+ Ay (an




The electromechanical torque produced by the machine is
typically expressed as [1]

Mg = Lingligs +igy) (12)
3P . .
L 7, = (3)(8)gige—n 16
}”md = Lmd(lds+ldr+lfr) (13) ¢ 2/\2 ( dslqs qslds) (16)
A =L, i A (14) Finally, since the machine is generally tied to an external
ges les'qs ~ Tmg . o . .

load/prime mover, in its simplest form the equation which
Ages = Licsias T Mna (15)  describes coupling between the electrical and mechanical

system can be written as

_ (2 do,
T, - Tload - (ﬁ)‘]_d? )]
where Tj,,; 1s the load torque (negative if the “load”
corresponds to a prime mover torque) and ./ is combined inertia
of machine and load.

II. SIMULATION OF A SYNCHRONOUS MACHINE USING FLUX
LINKAGES AS VARIABLES

d-axis equivalent circuit

Since the differential equations of the machines, Egs. (1)-
(5), contain mixed variables either flux linkages or currents
could be eliminated from the differential equations by means
of the algebraic relations, Egs. (7)-(15)(15). Modelling of
saturation is best achieved by retaining flux linkages as the
state variables. The current can be solved in terms of the flux
linkages as,

g-axis equivalent circuit A —A
. . lys = —‘]s—L——-‘]iS (18)
Figure 1 d-q axis equivalent circuit of a salient pole synch- les
ronous machine where the stator leakage inductance has been 2 N
separated into saturable (core) and non-saturable (end iy = —ds _ Tdcs 19)
winding) portions. : Lys
N i = tar—tmg 0)
qr L
Iqr
A=A
. dr md
igp = ———— 21
' ler
hp — A
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L Ifr
d-axis equivalent circuit Eliminating A, , and A q from Eqgs. (18)+(20) using Eq. (14)
and (15) an substituting the result into Eqgs. (20)+22),
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io= A+ ) (23)
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g-axis equivalent circuit
Figure 2 Flux linkages used as state variables. i = Ayt LLCS Mg L—I-S-ch P (25)
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(26)

s Llcs + Lles

The internal stator core flux linkages A ;.. and k can
now be written in terms of the total stator and rotor flux
linkages as

L, (L L Ly L L, (L
xdcs les ( lcs+ md ]kds ( md ]kdﬁ [ md )x’f
Lls Lles Lls Lls L Ll Llfr

@7)
L L L, (L _*
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Lls Lles Lls Lls qur
where
L= ! (29)
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These results can be inserted into the differential equations
described by the circuit of Figure 1. Upon solving for the time
derivative terms and integrating, the result is,
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The flow of signals for simulation of a salient pole
synchronous machine is shown in Figure 3.
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Figure 3 Signal flow diagram for a salient pole synchronous
machine.

III. MODELING OF SATURATION

In many cases the saturation of the stator teeth for field pole
dominate in which case saturation can be taken into account
accurately by expressing the air gap flux linkage as a non-
linear function of the air gap MMF. While the air gap MMF is
difficult to determine under a loaded condition, the required
relationship can be established of the motor is operated under
an open circuit in which case the MMF is clearly proportional
only to field current since the stator current is, in this case,
zero. If the open circuit voltage is plotted versus the field
current the saturation curve of Figure 4(a) can be established.
The slope of a line drawn from the origin to a point on the
straight line (unsaturated) portion of the curve is equal to the
stator d—axis mutual reactance. If the abscissa of Figure 4(a) is




multiplied by the d—axis mutual reactance and the ordinate by
1/, the normalized curve of Figure 4(b) results in which the
abscissa remains proportional to MMF while having the units
of webers. The slope of the unsaturated portion of the curve is
now clearly unity. The difference between the saturated and
unsaturated values of air gap flux linkage can be defined as
AR, g 33 illustrated on the figure.
'y AirGa\p:ine
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Y

(a) Open circuit saturation curve
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Figure 4 (a) Open circuit saturation curve and (b) derived
curve.

In general, the same approach can be used to model the
saturation of the stator core. In this case the core flux linkage is
noted as A, and the deviation from the unsaturated value as
A),, . The value of AL . can now be plotted as a function of
the unsaturated value of stator core flux linkages A, s(unsat) -
Since saturation does not result in a phase shift in the
fundamental component of flux linkages and only decreases
the amplitude, both the &~ and g— components of saturated core
flux should be decreased by the same value. Thus,

A
Akdcs — chs!unsat!A}\‘cs (37)
cs(unsat)
A
A)"qcs ~ gcs!unsat!Axcs (38)
cs(unsat)
where
2 2
xcs(unsat) = A/(}”dcs(unsat)) +(>”dcs(unsat)) (39)
and
Ax‘cs = f(;‘cs(unsat)) (40)

represents the saturation curve.

Saturation of the g—axis can now be incorporated if Egs. (7)
and (9) are modified to the form,

qs Llcsiqs + chs(sat) (41
= Llcsiqs * }“qcs(unsat) _qucs (42)

When combined with Eq. (12), the g—axis portion of the
unsaturated value of flux linkage is

L L
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where, for convenience, the following quantities have been
defined,

1

L= (45)
S S U U
Lmq LlesLmq Lles Llesqur
1
Lea® = (46)
d
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Saturation of the field pole can be implemented in the usual
fashion. Specifically, the equation for field flux linkages, Eq.
(11), with the help of Eq. (13), be modified to the form

Lmd _ ernd
Lmd+ Llfr s L/fr + Lmd

Ly = Ggstig) @D

When the field pole is saturated extra field current must be
added to account for saturation. Eq. (47) becomes

2

Eonatpr)san = Mt Almalyr) = L_;f—TL— Uas *ar)

Lypat Ly
(48)

The proper value of A(L mdifr ) is typically discerned from the
open circuit saturation curve, Fig. 4(a). Signal flow models of
the two saturation effects are implemented in Figure 5.

IV.  FINITE ELEMENT ANALYSIS

When saturation of the magnetic circuit of a synchronous
machine is lumped in terms of a single saturation curve, the
information need to determine the degree of saturation can be




Ades(aaty A4,
o N 95 Desiunsaty |
- { - S
- l- Aes{unsat
ok ] Eq.26 S Eq. 36
3“(}3 s Eq. 26
i (2
Lpg | .
& Bt ed . 3
Al et T Aicsiunsst - R
ur Lige i i { foesfunsar)  Aestussety [REo
oy ; By
- ¥ j .
PR > »
(M‘;{M
g Aestursaty
! 5 Eq. 38
(s o Eq.39

R

[ LE?
L qr

Agesgeat

-

1lp Xfrr LZ A(Lmdifal——:
,——-b

(Lmdlfr)sat

Eq. 47

» Eq.6

®)

Figure 5 Flow diagram for simulation of (a) stator core
saturation and (b) field pole saturation.

discerned from the open circuit saturation curve as described in
Section III. However, since the two saturation effects under
consideration exist in series for the no load test, the individual
saturation curves can not be determined without an arbitrary
assumption concerning the split of the MMF drops across the
two iron portions. A preferable alternative is to employ finite
element analysis, assuming that the basic geometry of the
machine is known. Figure 6 shows the FEM model used to
verify the solution. The saturation curves can be determined by
systematically first setting the stator iron permeability to
infinity and then setting the rotor iron permeability to infinity.
The results of the calculations are shown in Figure 7. The two
saturation curves deduced from Figure Figure 7 is shown in
Figure 8.

V. MATLAB/SIMULINK RESULTS

The simulation flow diagrams are readily implemented in
Matlab/Simulink or similar computer programs. Figure 9
shows traces for a line start using the flow diagrams of Figs. 3
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Figure 6 Dimensions of one pole of synchronous machine
studied using finite elements.
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Figure 7 Saturation curves produced by finite elements.

Figure.6 FEM analysis result
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Figure 8 Core and Pole saturation curves.

and 5. In, general the time for acceleration increases by about
20% compared to an unsaturated model and is less damped
when the machine pulls into synchronism.

VI. CONCLUSION

This paper has presented a method for modelling both
stator core and field pole saturation. Simulation studies
indicate that the overall behavior is less damped than with
simple field pole saturation. Use of this new model should
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Figure 9 Torque and Speed during acceleration from rest.

prove particularly beneficial in motor drive applications in
which large torque demands (g—axis stator current) are made
on the machine resulting in heavy stator core saturation even
when accompanied by a relatively modest value of field
current.
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