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Abstract

This paper shows the variation of the fundamental parameters of synchronous machine two-axis equivalent circuits due to magnetic
saturation. The different magnetic states of the machine are obtained using finite-element magnetostatic solutions. This way the permeability
patterns of the saturable parts of the machine can be stored and used in a specially designed finite-element program that outputs the standstil
frequency response (SSFR) of the machine. A hybrid genetic algorithm, capable of finding global extrema is then applied to obtain the
parameters of two equivalent circuit structures for thaxis. The process is repeated for each magnetic state, so that the variation of
parameters can be seen. The magnetic states of the machine are validated by comparing the measured open-circuit characteristic with the
one calculated from the finite-element model. In order to validatel#vds equivalent circuit parameters identified, they have been adopted
in the simulation of a synchronous machine short-circuit and the results obtained have been compared to those calculated by a transient
finite-element program.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction knowledge of the flux paths is required to properly locate
the magnetic reluctances of the model. Finite-element mod-
Accurate prediction of synchronous machine performance elling [7] is now accepted as one of the most powerful
is a very important step in the design, analysis and operationtools to simulate synchronous generators, but computer re-
of electric power systen{4]. Several approaches have been quirements are usually high. Hence, it is not at the moment
taken to model the complex behaviour of the synchronous feasible to implement, for example, multi-machine stability
machine: (a) two-axis equivalent circuftg], (b) magnetic studies with this technique. Nevertheless, it is desirable
equivalent circuitg3] and (c) finite-element modelling}]. to translate the accuracy achieved with the finite-element
The two-axis equivalent approach is easy to implement and method to the low-order two-axis models. Some work has
requires little computer resources, but its parameters are dif-been made in this directiof8], where finite-element sim-
ficult to obtain, even for the smallest (traditional) two-axis ulations are used to obtain two-axis circuit parameters.
equivalent circuif5]. The magnetic equivalent circuits have Advances in system identification techniques have allowed
also successfully simulated steady-state and transient perthe determination of two-axis high-order equivalent cir-
formance of synchronous generatf8t These circuits can  cuits from actual test$9], especially from the standstill
be more precise than the traditional two-axis approach, asfrequency response test (SSFR). However, the optimization
they can portray the distributed nature of the magnetic field problem involved with the identification process is usually
inside the machine with higher accuracy. However, previous performed using deterministic methods that can get stuck
into local extrema. This may lead to wrong conclusions
msponding author. Tel452 55 5318 9584; fax#52 55 5394 about the meaning and gtilization OT the ideptified param-
7378, T T eters[10]. The incorporation of hybrid genetic algorithms
E-mail address: r.escarela@ieee.org (R. Escarela-Perez). into the optimization problem has alleviated this drawback
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(see Refs[8,11]). As a result, it is now possible to perform 20000 : : : :
more reliable comparisons between parameters of different
circuit structures and to obtain the right high-order equiva-
lent circuit for a given machine. One of the problems associ-
ated with the standard SSFR test is that magnetic saturation
cannot be accounted for in the test itself and corrections are
usually performed in the calculated magnetizing inductances
[12].

There has been a continuous interest nevertheless in the £
impact of magnetic saturation in the circuit parameters of
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synchronous generators. Several methods have been pro- . | |
posed to achieve this goal through saturation fagt8s15}
by which cross-magnetizing effects can be accounted for.

These techniques, although based on sound physical and the-
oretical basis, are at most a good approximation to reality, 0 : : : :
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since it is assumed that saturation merely affects the mag-
netizing inductances of the machine. However, it is worth
mentioning that these approximations usually lead to bet- Fig. 1. Open-circuit Characteristic. Finite-element and test results.
ter results, that is, the matching between test and simulation
results is normally improveflL4].

The results presented [6,17] represent major steps in
the formal determination of the influence that saturation has 9 (U%> + 9 (U%> —_J (1)
on the dynamic circuit parameters of two-axis synchronous 0dx ox ay ay ¢
machines models using the SSFR test. The studies performed .
in these references are based on actual SSFR tests, where WhereAZ andJ; are tha—components Of_ the magnetic vectg_r
was possible to perform experiments at different magnetiza- potential and current density, respectively. These quantities

tion levels. Estimated resulf$6] showed that saturation has ?re al\t/vaysdwectgd allo ng the axtlal_dlrecft 'on ththe machine
an influence on most circuit parameters and that the main or a two-dimensional representation ot synchronous ma-

part of saturation could actually be captured by the magne- chines, and_) _represents the reluct|V|ty_ pf mattgq. (1)is
tization main inductances. totally specified when boundary conditions (Dirichlet, Neu-

This paper shows the application of finite-element tech- mann and Periodic) are given. Finite-element discretization
nigues to assess the impact of saturation in the circuit pa—Of (1) leads to a non-linear system of equations, which can

rameters of synchronous generator models. This numericalbe written as

approach attempts to complement the experimental work[s]{A} = {1} 2)

presented iff16,17], as an experimental approach is prob-

ably not realistic in high-power machin¢$6] due to the where § is a matrix that is a direct consequence of the

required currents to achieve saturation. In this work, a rep- left-hand side of (1). It embodies the geometry information

resentative 150 MVA, 120 MW, 50 Hz turbine generator is of the machine as well as its electric and magnetic proper-

analyzed to determine the parameters of two-axis equiva-ties. {I} is a vector of known injected currents at element

lent circuits. The open-circuit characteristic is first simulated nodes and it results from the right-hand side of (B} is a

to obtain different magnetic states (saturation levels) of the vector of magnetic vector potentials at element nodes. The

machine, which are then used to obtain the SSFR of the ma-reluctivities of each finite element are stored to be used in

chine for each state. A hybrid genetic algorithm is applied the finite-element SSFR calculatidfig. 1 shows the com-

to determine the circuit parameters. This leads to a mean-parison between test and finite-element results. It can be

ingful comparison between the different sets of parameters,seen that a good match is achieved. This validates the mag-

as deterministic methods may lead to local extrema. Prob-netostatic finite-element computation and it also provides

lems associated with actual tests are avoided by numericallyconfidence in the different calculated reluctivity patterns of

determining the magnetic state and SSFR of the machine. the machine. These magnetic states (from linear to saturated
condition) are used for evaluating the impact of saturation on
the fundamental parameters of two-axis equivalent circuits.

Field Current (A)

solved in the rotor reference frame[§

2. Calculation of magnetic saturation

The determination of the machine saturated condition 3. SSFR calculation
is readily established as a two-dimensional current-driven
problem[7] and it is solved using a simple finite-element The methodology used in this work for calculating the
magnetostatic program. The basic equation that must beSSFR of the machine by the finite-element method is fully
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described in18], but a brief discussion of the basic equa- fer functions that completely characterigE9] the d-axis
tions is given here for the sake of completeness. The basictwo-port network of the machine:
relationship that must be solved in the frequency domain is

given by[11]: _ wohg
~ < Xa(jo) = —
i va—AZ + 3 v% _ _jz +j6001:\z (3) ld g-asix stator winding open and field winding shorted
ox ox ay ay + leakage overhang term (6a)
where w is the electrical angular frequency aadis the joG(jo) it 6b
conductivity of matter. The symbot (on top of variables) wo i (6b)
d| .o — . -
g-axis stator winding open and field winding shorted

denotes complex quantities/phasors. The second term of the
right-hand side of (3) represents the eddy currents induced in ol
the rotor body. The field winding must be shortened during Xaso(jw) = S—f
the test, leading to a problem where the field current is ld
unknown before the solution and cannot be pre-specified in

(3). As aresult, the circuit equation of the field winding must where, and i are the flux linkages with the-axis and
be solved simultaneously with (R)8] to obtain a consistent  field windings, respectivelyyg is the nominal electrical an-
system of equations. This extra equation is given by gular frequencyX;(jw) is thed-axis operational reactance,
joG(jw)wo is the ratio of thed-axis stator current to the
field current. Xa0(jw) is the mutual operational reactance

whereiis is the voltage at the field winding terminaig,and ~ between thel-axis and field windings.

Lengr are the resistance and end-winding inductance of the The g-axis one-port network only requires one transfer
field winding. E; is the internal voltage generated within ~function; in this case thg-axis operational reactaneg(s).

the finite-element domain of the field winding, wheréas It is worth mentioning here that the finite-element program
is the complex current circulating in the field winding. The solves the complex version of the diffusion equatjdig8]
short-circuit condition required by the SSER?] is readily ~ Using a constant reluctivity pattern supplied by the user. The
incorporated by settings = 0+j0. Egs. (3) and (4re com- reluctivity patterns calculated iBection 2(16 points were
plemented with appropriate boundary conditions (Dirichlet, obtained) were used to obtain the SSFR of the machine under
Neumann and Periodic). Finite-element discretization of (3) different levels of saturation.

and (4) leads to a linear system (if the permeability char- ~ Fig. 2shows the variation of magnitude of theaxis op-
acteristics of matter are considered invariant) of equations, €rational reactance due to saturation. Curves are plotted for

(6c)

g-axis stator and field winding open

its = i (rf + joLenar) + E (4)

which can be written afL8] 16 different magnetization levels, which go from the linear
. N condition to the saturated one. It can be observed that as the
[S1  {Ni} Al ! 5) machine saturates the magnitude of thaxis operational
(Ni}T K —i[ |o+jo inductance decreases. This is an expected result since satu-

ration increases the reluctivity of the machine components.
where {N¢} is a winding vector{18], while K is a com- However, it is very interesting to note that the 16 curves con-
plex constant quantity that is obtained from (4). The verge to the same value as frequency increases. This can be
finite-element model substitutes the actual three phase statoreadily explained since the magnetic field is screened from
by two sinusoidally distributed winding48]. The complex the rotor body as the frequency steps up and it is, therefore,
solution of the system of equations (for a given frequency) forced into leakage paths with nearly constant permeability
are processed to obtain the complex values of three transpatternsFig. 3shows the variation of the phase angle of the

Magnitude (PU)
=
- [6;]
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Fig. 2. Magnitude of thal-axis operational reactancg;(s) at different magnetization levels.
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Fig. 3. Angle of thed-axis operational reactanc§(s). Linear and saturated conditions.
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Fig. 4. Magnitude of the ratio of thd-axis stator current to field currenb@G(jw)/wp. Linear and saturated conditions.

d-axis operational reactance, only for the linear case (lowestby the magnetization inductances, as at high frequencies the
excitation level considered in this work) and for the most values of the transfer functions converge to the same value.
saturated case, so as to avoid confusion with overcrowdedThe angle differences observed in the figures are most likely
curves in the same graphigs. 4—7show the limiting cases  produced by the non-uniform distribution of saturation of
for the magnitudes and angles of the ratio of thaxis sta- the iron coresFigs. 8 and $how the variation of thg-axis

tor current to field current transfer function and mutual op- operational reactance. The magnitude of this transfer func-
erational reactance between thaxis and field winding. It tion is mainly affected by saturation at low frequencies, but
can be seen that saturation mainly affects the magnitudes ofthe phase angle is affected in most frequencies. This re-
the three transfer functions. The phase angles are also afsult may be explained by the fact that as saturation in the
fected but the impact of saturation is smaller. It is also re- d-axis (calculated from the open-circuit characteristic) be-
markable to note that the saturation effect is stronger at low comes important, not only thekaxis reluctance is modified
frequencies. This may explain the result§18], where it is but also theg-axis magnetic path for each magnetic state is
concluded that the main part of saturation can be capturedchanged.
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Fig. 5. Angle of the ratio of the-axis stator current to field currenbG(jw)/wg. Linear and saturated conditions.
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Fig. 6. Magnitude of the operational reactan¢go(jw). Linear and saturated conditions.
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Fig. 7. Angle of the operational reactan¥gp(jw). Linear and saturated conditions.

4. Two-axis equivalent circuit parameters ing, while n is the number of damper branches used in the
d-axis. Theg-axis equivalent circuit can be obtained from
The SSFR tesf12] is mainly performed to obtain the Fig. 10by eliminating the differential leakage inductances
parameters of two-axis equivalent circuitdg. 10 shows and the field winding branch (letter substitutes subscript
an established equivalent circuit struct(g, which is of- d). The d-axis system identification problem can be set-up
ten employed for determining circuit parameteks. and as[11]
ra are the leakage inductance and resistance of the sta-

N 3
tor windings. Lmgs is the magnetizing inductance of the pp _ [ @ rrdy2 7 7d 2]

: ) o = i(0q) — M)+ (Di(0q4) — D 7
d-axis. Lys1, Lif2, - - . , Lkfn, are leakage differential induc- ;; (#:0a) )"+ (@i6a) i) 0
tances of the rotor circuitd.41, Lg2, . .. , Lgn are the leak-
age inductances of the-axis rotor damper windings and  so that:
ra1, ra2, - - . , ran are their respective resistances.and Ls min EE ®)

are the resistance and leakage inductance of the field wind- ¢

Magnitude (PU)

. ; z : ;
0.001 0.01 0.1 1 10 100
Frequency (Hz)

Fig. 8. Magnitude of theg-axis operational reactancg(jw). Linear and saturated conditions.
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Fig. 10. Two-axis equivalent circuit of the synchronous machine.

The following definitions apply:
MICJZ S Mld C Md Vj

is the set of observable magnitudes of thaxis transfer
functions.

is the set of observabkaxis phase angles.
Mij € M, CcM \4

is the set of calculated magnitudes of thexis equivalent
circuit.

¢ij€<§)iC@ v

is the set of calculated phase angles ofdkexis equivalent
circuit andé is the set of parameters that must be identified
[11]. A hybrid genetic algorithn{8,11] was used to deter-
mine the circuit parameters of two structures: (a) one-damper
winding and (b) five-damper windings. The one-damper cir-
cuit is of interest since it is widely used in power system
calculations. However, its ability to reproduce the SSFR is
not very good8]. The five-damper circuit is able to repro-
duce the SSFR of the machine in a nearly perfect {#4y.

The way to determine the right number of damper branches
needed to achieve this accuracy is describeid 1.

4.1. One-damper d-axis circuit

Fig. 11shows the saturation variation of tdeaxis mag-
netizing reactanc&n,, which decreases as the excitation

levels rise. This behaviour is well known and it does not
need further explanation. However, it should be noted that
this reactance was calculated using the finite-element proce-
dure described ifB] and that this reactance is assumed to be
known during the identification of two-axis circuit parame-
ters. This also applies for the stator leakage reactance (shown
in Fig. 12, which was calculatef8] using the winding vec-

tor concepf{20]. This explains the smooth behaviour of their
variation. These reactances are independent of the two-axis
equivalent circuit structures used in the identification process
and they are, therefore, the same for the two equivalent cir-
cuits considered here. The field to armature turns ratio was
calculated using the finite-element procedure described in
[8]. It was very interesting to find that this parameter remains

1.75

1.7

1.65

Reactance (PU)

1.6

1.55

1.5 1 1 1
5000 10000 15000

Line Voltage(V)

20000

Fig. 11. Variation of the magnetizing reactan¥g, due to saturation.
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Fig. 12. Variation of reactance parameters for the one-dandpxis
circuit.
winding leakage reactance changes . 13 shows the
variation of thed-axis circuit resistances, where it can be ob-
nearly unaffected by saturation, as it only changes 0.8% from served that the armature resistance remains constant, since it
the unsaturated case to the saturated one. The increase d§ assumed to be known during the identification process (see
the stator leakage reactance can look surprising, but it mayRefs.[8,11]for more details). It can also be seen that the field
be explained by the fact that this reactance was calculatedwinding resistance remains nearly constant for all the exci-
using sinusoidally distributed winding vectdk3], which tation levels with a maximum change of 1.6%. The damper
tend to neglect harmonic effects. In other words, the leakagewinding resistance shows a larger variation, of about 14%.
reactance calculated here is a very good approximation of
the real value, but it is not the exact one. Nevertheless, the4.2, Five-damper d-axis circuit
variation of this reactance indicates that saturation does have
an effect on this parameter. It should be emphasized that the The inductance variation with voltage of the five-damper
use of sinusoidal winding vectors perfectly comply with the  g.axis circuit is shown inFigs. 14—16 The differential
theory of two-axis equivalent circuif21] and, hence, the  |eakage inductancéy;; shows the bigger variation with
stator leakage reactance thus calculated can be safely used i change of 17% from the linear case to the saturated
the dynamic simulation of synchronous machines as showngne, whereasyss has the smallest variation of the leakage
in [18]. If a more accurate value of this reactance is required, differential-inductance set, only 6.8%. The leakage induc-
the finite-element procedure @22] can be usedFig. 12 tancel,;, modifies its unsaturated value by 61%, wHilg,
shows the variation with voltage of the remaining reactancesis the inductance showing the smallest variation within the
of the One'dampad'aXiS circuit. Although the variation in |eakage_inductance set with a Change of 128%@6]_@
each case may seem small, the damper leakage readlance The damper resistance variation is showiFig. 17, where
changes 22% from the lowest excitation level (used in this the largest variation (45%) is given Iy, while the small-
WOfk) to the hlghest one. The differential Ieakage reactance est deviation (26%) is presented QM It can be observed
Xi shows a corresponding 8% variation, while the field that saturation changes are bigger for the five-dardggetis
circuit structure than for the one-damper circuit. It is also
important to observe that some of the leakage inductances

0.0045 w w w are negative. A discussion of the physical meaning that these
0.004- ﬂ\e’\ ]
5 0.0035} - 0.035 . . .
o —e—1ra
g —a—1f 0.03 - E
8 0003  ——ra1 . =
g 2 0025} -
R L - ~
§ 00025 % 002l |
x S
0.002 - 2 S 0015} -
2
0.0015} - = 001r .
=3 =2 =2 B— 0.005 | -
0.001 L L L
0 5000 10000 15000 20000 0 ! ! !
Line Voltage (V) 0 5000 10000 15000 20000

Line Voltage (V)
Fig. 13. Variation of resistance parameters for the one-dardpexis
circuit. Fig. 15. Variation of inductance,; for the five-damped-axis circuit.
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Fig. 16. Variation of inductance parameters for the five-dantpaxis circuit s andL, terms).

0.035 , . . leakage inductance changes may seem large but when the
fundamental inductances (that is the self and mutual in-

0.03 - = -7‘??'< ) ductances between machine windings, see ). are

E 0.025 I i calculated from the magnetizing and leakage inductances,
8 —o—rd1 it can be concluded that the changes are not exaggeratedly
g 002 r o 1 big. The reason for this is that the magnetizing inductance

§ 0.015 L —"—{gg i is always used to calculate the self and mutual inductances

by adding to it leakage inductance values, which are always

0.01 | —N - much smaller than the magnetizing inductance value. For
instance, the self-inductance of the field winding is given

0.005

1 1 1
5000 10000 15000 20000 by the sum of the magnetizing inductance, the leakage in-
Line Voltage (V) ductancels and all differential leakage inductances of the
equivalent circuif2]. For the lowest excitation level and the

Fig. 17. Variation of resistance parameters for the five-dangpaxis . S . . - . )
circuit. five-damper circuit considered in this work it has a per-unit

value of 5.98E-3, while the per-unit value for the most
saturated case is 5.198. This implies a 13.21% change
parameters may have is given[Bi, where it is shown that  from the linear to the saturated case. It is important to note
false conclusions can be obtained from parameters obtainednpat the magnetizing inductance changes 13.17% from the
from frequency response tests. The main reason is that sevynsaturated value to the saturated one. In other words, the
eral sets of parameters can give good fitting characteristicsmagnetizing inductance is responsible for the main part of
since they can be produced by local minima. Moreover, the the change, even though the leakage inductanahanges
identification problem can be constrained to positive values nearly 50%. Similar results can be found for all the other
of inductance8], avoiding negative values and also obtain- ge|f and mutual inductances of the machine. Another im-
ing very good fitting characteristics. So, it is very difficult portant aspect to be considered is that a large change of one
(even impossible) to give a physical meaning to each pa- particular circuit parameter may not have a strong impact
rameter. Perhaps, it is better to say that a set of parametersy the electrical characteristics of the synchronous machine.
is the result of a mathematical process of identification, This has been shown in ReB], where the values of the
which can accurately reproduce the frequency response offitness function used in the-axis parameter identification
the machine. In this work, the identification problem is not process are not greatly affected by large changes of some
constrained and was solved using a hybrid genetic algo- of the parameters. This means that the data used to identify
rithm, which gives the global minimum, that is, the best set the parameters can be neatly reproduced, notwithstanding
of parameters that can reproduce the machine SSFR. the fact that some of the parameters suffer large variations
or even change sigj8]. It is important to mention that the
changes analyzed i8] were artificially produced to study

5. Impact of variation of parameters the sensitivity of the identification fithess function, but they
clearly give insight into the impact of parameter variations.
The substantial changes dfaxis parameters due to sat- The previous argumentation can only be useful when the

uration may lead to the conclusion that two-axis models impact of parameter variation is indeed small in numerical
need to consider these saturation alterations during numer-simulations of synchronous machines. A short-circuit condi-
ical simulations. However, some important aspects must tion of the generator considered in this work was simulated
be considered before reaching definite conclusions. Thewith an established transient finite-element progi@3i,
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Fig. 19. Short-circuit stator current.

Finite-element and one-damper circuit simulations.
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Fig. 20. Short-circuit field current. Finite-element and five-damper circuit simulations.

that is, a finite-element code already validated against test reratio. The open-circuit magnetic state was also used to cal-
sults. It is important to mention that the SSFR finite-element culate theg-axis SSFR of the machine. As a result, it was
code is completely independent of the finite-element tran- possible to identifyg-axis circuit parameters, which were
sient one. The initial (open-circuit) condition of the ma- kept unchanged through all the numerical simulations per-
chine was used to calculate the magnetizing inductances,formed in this work. It is important to note that the im-
the stator leakage inductance and the field-to-armature turnpact of theg-axis parameters is small, since the no-load
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Fig. 21. Short-circuit stator current. Finite-element and five-damper circuit simulations.
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short-circuit condition analyzed here involves a transient tion solver. The variation for some parameters was found
condition that is mainly developed in theaxis. In order to be large, having changes bigger than 50% in some cases.
to study only the effect of the rotal-axis parameters, the These results tend to confirm the experimental findings of
transient finite-element simulation was performed keeping Refs.[16,17] obtained with laboratory (small) machines. It
the reluctivity pattern of the machine constant (as calculated must be emphasized here that experimental work may not
for the open-circuit condition). This implies that the stator be realistic in high-power machines due to the high currents
leakage inductance and the magnetizing inductances remaimequired to reach saturation. Hence, numerical approaches
constant during the transient condition, so that the variation seem to represent the best way to study the effect of satura-
of magnetizing inductances is no longer a variable during tion on large synchronous generators. Although rdtaxis

the numerical simulations. Two simulations were performed circuit parameters exhibit large changes, it was possible to
for each of thed-axis equivalent circuit structures consid- show that their impact is not as big as it seems. Actually, it
ered in this work, using the following sets dfaxis rotor was observed that the most important impact of saturation
circuit parameters: (a) lowest excitation level and (b) high- is mainly reflected in the magnetizing inductances. This
est excitation levelFigs. 18 and 1%how the comparison complies with the traditional methods, which take satura-
of the finite-element short-circuit currents with the corre- tion into account by modifying these parameters alone. It
sponding one-damper two-axis circuit simulatiokgy. 18 was also very interesting to find that the number of damper
shows the short-circuit current of the field winding, whereas branches is more important in numerical simulations of
Fig. 19depicts the stator short-circuit current. The circuit re- synchronous generators than the influence of rotor circuit
sponses, which correspond to the one-damper two-axis cir-parameter variations. Nevertheless, it is desirable to provide
cuit simulations, show less damping than the finite-element power system analyzers with a single set of parameters. A
one. Both sets of two-axis parameters can be seen to giveglobal estimated model of the machine can be fo[lr&],

very similar results. These figures also evidence the limi- but it is thought that a more simple way to define a unique
tations of one-damped-axis circuit models to properly re-  set of circuit parameters is using the magnetic state of the
produce the transient behaviour of the generdas. 20 open-circuit nominal operating point of the machine to
and 21show the comparison between finite-element results obtain the two-axis circuit parameters. This is justified by
and the five-damped-axis circuit simulations. It is inter-  the fact that parameters from the lowest excitation level set
esting to see that a five-damper equivalent circuit has agive similar results to those from the most saturated one.
much better capability to model the synchronous machine, Although the results are not exactly the same, the work
no matter which set ofl-axis rotor circuit parameters is of taking into consideration these variations in two-axis
used (unsaturated or saturated) in the circuit simulations. It models is not worthwhile.

is pretty clear that the saturation influence is small when

compared with the impact of the number of branches used

to simulate the machine. Moreover, the difference between Acknowledgements
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