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Abstract—In this article the influence of higher frequendieets
in addition to a special damper design on the etattbehavior of a
synchronous generator main exciter machine is tigasd. On the
one hand these machines are often highly stresskdrimonics from
the bridge rectifier thus facing additional eddyreat losses. On the
other hand the switching may cause the excitatibrdangerous
voltage peaks in resonant circuits formed by thedés of the
rectifier and the commutation reactance of the nmechTherefore
modern rotating exciters are treated like synchuengenerators
usually modeled with a second order equivalentudgirdience the
well known Standstill Frequency Response Test (§SR&thod is
applied to a test machine in order to determinarpaters for the
simulation. With these results it is clearly showimat higher
frequencies have a strong impact on the converdtiegaivalent
circuit model. Because of increasing field dispraeat effects in the
stranded armature winding the sub-transient reaetaneven smaller
than the armature leakage at high frequencies. rhateer of fact this
prevents the algorithm to find an equivalent schefifés issue is
finally solved using Laplace transfer functionslyfutlescribing the
transient behavior at the model ports.
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|. INTRODUCTION

OTATING brushless exciters are well established

providing the field current for synchronous generst
The advantages against slip rings with a stationeciifier are
the self-excitation by an auxiliary exciter and thaw
maintenance effort. The exciter system itself cstssiof a
voltage regulator, a main and an auxiliary exaiechine and
a rotating bridge rectifier. The aim of this pajgethe detailed
analysis of the main exciter machine as part of whhmle
exciter system. The examined machine type hase® thinase
armature winding in the laminated rotor, a concett
salient-pole field winding in the laminated statand no
explicit damper winding. The function of a dampeprovided
by the stator steel lamination where eddy curreatur. Its
sheets are thicker compared to the armature sheetsion-
insulated against each other. This damper treatroantbe
derived from a massive pole shoe. Several authirs [4]
proposed exciter models and simulated the operatghgvior.
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In [1] a standard second order model was usedterm@e
stresses of the several components in the powtgrsysvhere
the parameters were used from advanced calcul&igneven
in the stationary operation of the generator thdtexmachine
is always stressed by voltage and current harmanidhe
rotor and in the stator winding due to the feedbfrokn the
bridge rectifier. In addition to that the switchimguse the
excitation of high frequent voltage peaks in resorarcuits

formed from the capacitance of the diodes and the

commutation reaction of the machine. This reactasoeainly
calculated from the sub-transient values of tharti g-axis.
Accordingly the frequency range of conventionalchynonous
generator models is extended by orders. Besidadhanced
calculation, extended efforts were made to meadhee
parameters at standstill. Actually two standardsdbd [6]
provide a good base for the SSFR method. Apart fotimer
authors dealing with these tests [7] - [9] focusedthe low
frequency generator application this article alsacentrates

transfePN the high frequency behavior at several kHz.

Il. DETERMINATION OF THE FREQUENCY BAHAVIOR

A. Application of the SSFR method

N The conditions for the measurement are derived ftioen
idea of two individual axis with no cross couplifigx effects
during standstill in Fig. 1. The tests were carioed as shown
in Fig. 2 with currents of about 1% of the nomioatrent.
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Fig. 1 Two-port network equivalent circuits

7| Power
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I

Fig. 2 Measurement scheme, S: Switch to shortefigliewinding, ©: angle
of alignment between field and armature winding
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As a first step the armature winding is fed by tpltases
connected in series. At the same time the rotsh@ted and
turned until the maximum current is observed in fletd
winding. Thus both magnetic axis are aligned. kit fhosition
the input impedance of the d-axjg and the current transfer

function G are measured [5]:
z,=1/20, /i, =y, lig lug =0 (1)
-pGy :\/5/2[%1 lig=ig lig uy =0 (2)
The reactance operatgy, results from the impedancg, :
i (V) = (zg(jv)=r) 1 iv ®3)
As a third relation the transfer impedance is fobgdeaving
the field winding open and measure the inducedageit
Zyo =312y, iy = Uy fig liy = O (4)

The last step is a re-alignment of the rotor i@ quadrature
axis by finding the minimum field current.

z,=1/200, /i, =u, /i, (5)
The reactance operator again results from the iapesiZ, :

X,(iv) = (z,(iv)-r,)! v (6)
The measurement covered a wide frequency range frohiz
to 10kHz.

B. Model Parameter |dentification

Having determined the amplitudes and phase shifthe
sinusoidal voltages and currents at the portsfdbe transfer
functions X, (p)> X,(P)» G (P)+ Zyo(p) are known at the

measured points. In order to get a continuousiosldtetween
the input and output quantities linear transfercfions (LTF)
of n-th order are used as an approach. The nestiequstarts
exemplary with the complex admittance operatorstfier g-
axis which is the same for the direct axis.

L :i+(_1,__1JGJQUq'+
X, (Jw) X, Xy X ) 1+ jod,

()

iwlT (n)
m+(x](.”) X (:I”-‘l)]Dl: war "
q q q

The parameter determination of these functions ftom
measurement ends up in a complex Least Square imation
problem. With the help of conventional mathematiol$ the
transfer functions are best fitted by applying eitthe Newton
Raphson or Levenberg-Marquardt algorithm.

Q.= Zi|1/xmea&i =1/ X poa; >~ min! (8)

Solving the least square (LS) equations for the levho
frequency range the results are statedrign 3 Fig. 4 and in
Tables | and Il. The higher the order of the fiftifunction is
the smaller its remaining least square error besome
Especially the second order fit for the quadrataxis leads to
unacceptable discrepancies in the medium frequeange.
The third order approximation is found to be readde. From
the low frequency limits the OHz values are exttafeal to:

X40 =0.865pu, x,, =0.680pu, r, =0.01pu
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Fig. 3 Direct axis reactance transfer function
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Fig. 4 Quadrature axis reactance transfer function

TABLE |
D-AXIS REACTANCE AND TIME CONSTANTS 1E-3 TO 1063 Hz
symbol  lI™order  IMorder  IV"order
Xg 0.326 0.336 0.351
X4 0.077 0.278 0.334
Xq - 3.216m 0.281
X 4 - - 7.946m
T, 0.333 0.353 0.383
T, 6.953 254.4 0.049
T, - 197.5n 292.7u
T, - - 501.7n
Error 1.496 0.518 0.471
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TABLE Il

Q- AXIS REACTANCE AND TIME CONSTANTS 1E-3 TO 10E3 Hz

Vol:6, No:3, 2012

This condition is neither kept for the d-axis nor the g-
axis. The reason for that is the increasing fieéfhldcement at

symbol 11" order I order  IV" order higher frequencies taking effect in the armatumssbn the
, stranded winding. In contrast to standard synchusno
Xq 0.418 0.558 0.582 machines for generator application this high fremyeeffect
X4 0.058 0.388 0.554 is mostly not considered because the recommendeer up
< 0.385 frequency limit for the measurement is three tirtes rated
a 0.028 ) frequency (150-180Hz). In order to keep the conoeal
X q 0.015 model structure the fitting process is cut off dteqjuency of
T, 1.34m 0.226 0.528 about 1kHz. Nevertheless the results are still irgand
. agreement till the middle of this order of magnéutVith this
qu 4.861 arr.a 0.042 limitation the following results were achieved:
T, 2.105) 454.2 TABLE Ill
D-AXIS REACTANCE AND TIME CONSTANTS 1E-3 7O 1E3 Hz
T, - - 1.04u
Error 1753 0458 0383 Symbol ” nd Order ”Ird Order I\/h Order
Xy 0.334 0.342 0.354
C.Equivalent Circuit Model X, 0.223 0.314 0.337
In the literature [8], [11] the way from the reautas and X', - 0.179 0.313
time constants determined in B to an easy to imphlm
. . . . . X d - - 0.179
equivalent circuit is described thoroughly. Theyorgquired ,
quantity to calculate in advance is the armaturekdge Tnd 0.349 0.366 0.393
reactance x,_ =0.177. This leakage reactance is either T4 122.64 1.709m 0.045
analytically calculated or by means of a detailedgnetic T, - 54.841 1.35m
equivalent circuit as described in [10]. With theolvledge of T, . . 54 42,
the armature leakage and main field reactance aldeer
. o 0.394 0.197 .
network for the damper and the field winding isaibéd by Error 0177
the separation from the frequency response. Thisoagh is TABLE IV

exemplified for the g-axis in appendix D. For thguivalent

Q- AXIS REACTANCE AND TIME CONSTANTS 1E-3 TO 1E3 Hz

circuit models as shown iRig. 5 andFig. 6t is obligatory to symbol  l1™order  Nf%order  IV"order
have the highest order reactance smaller than rinaquisly :

introduced armature leakage reactance. Xq 0.548 0.571 0.588
x> x 9) X' 0.308 0.445 0.547
oo Ve I Xq - 0.209 0.433
— o X' - - 0.179
T, 0.324 0.492 0.65
_ ‘ T, 188.4u 1.30Im 0.016
B @ I o T, . 5460  941.5
JVXDdn-1 JvXpat [vXga T ""q - - 39.43
Error 0.67 0.181 0.131

Fig. 5 Equivalent circuit for the direct axis dugiatandstill =0

iq fa [VXae

Togn Tpgt
JVXDan JVXDat
O & \ & R

Uq vxg(v) >

Fig. 6 Equivalent circuit for the quadrature axisidg standstill
Uy=0
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Alternatively a ladder network for the armaturekiage as
mentioned in [15] might be used. From these taibleecomes
obvious that even the highest order reactanceedategr than
the armature leakage. The values for the equivaenéemes
from Fig. 5andFig. 6 can be derived accordingly. But still only
two reactance operator functions out of four tranffinctions
were taken into account. As a matter of fact thereru
transfer function as shown ifig. 7 yields only a good
agreement till frequencies of 100Hz. At higher freqcies the
correlation to the measurement becomes even woiséotthe
wrong flux distribution between the damper and fredd
winding which is already described in the literat{ig], [12].
Consequently the models for the direct axis havtake this
current transfer function into consideration withéaisifying
the input impedance. For the second and the thddranodel
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the amplitude and respectively the phase shiftpols | are

considered in the parameter determination proceding up
with the characteristic reactance as pointed oBigrs.
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Fig. 7 Field to armature current transfer function

The following tables state the resulting equivalemtuit
values for the direct axis with and without the refuderistic
reactance. Actually there is no such value fordhedrature
axis.

TABLE V
D-AXIS EQUIVALENT CIRCUIT MODEL PARAMETERS 1E-3 TO 1E3 Hz
Symbol 11" order 111 order IV" order
I 786.41 /723.4 780u /705.9 780u
Xiq 0.204/0.72¢ 0.218/1.79¢ 0.245
X1 -/-0.532 -/-1.371 -
Xic2 - -/-0.228 -
Moa1 0.956/13.73: 0.439/40.23! 0.027
Xpd1 0.064/2.88¢ 0.855/66.65¢ 1.463
a2 - 1.149/7.13¢ 0.612
Xpg2 - 1.795m /0.51¢ 0.951
Tbas - - 1.153
Xpa3 - - 1.795n
fooon VXao VXron1 VXret id—
—

Ddn-1

Ug vxa(v)

Ij"th

jVXDdn-1 JVXed

b Py

Fig. 8 Equivalent circuit for the direct axis catesiing the common
leakage

International Scholarly and Scientific Research & Innovation 6(3) 2012

307

TABLE VI
Q-AXIS EQUIVALENT CIRCUIT MODEL PARAMETERS 1E-3 TO 1E3 Hz
symbol 11" order IIl"order V" order
o1 0.0038t 0.00320 0.00300
Xpq1 1.438 1.851 2.314
Tbg2 1.363 0.630 0.187
Xpq2 0.203 0.904 3.742
b3 - 2.084 0.878
Xpga - 0.036 0.913
Mbqa - 2.162
Xpqa - 0.001784

D.Transfer function model

The equivalent circuit approach was historicallyosén to
speed up the simulation. Nowadays the simulatiotinefar
transfer functions (LTF) is well established. Manicuit
simulators are able to include Laplace transferctions in
their modeling code. Therefore, the transient asialpf the
complete system consisting of generator, grid axaitagion
can be combined with transfer functions. Contrarysimple
LTF models for a regulator [14] the implementationo a
simulation background leads to the problem of coraive
electric nodes which need to have the coinciddotatulation
because of the unknown energy flow direction. Thainm
difference compared to the equivalent circuit mougis the
unimportance of the physical flux location. Onlgthlectrical
behavior at the machine ports is of interest. walhg the
formulas in [13] the differential system of equaso is
transferred by Laplace transform. The Normalizatainthe
guantities strictly follows the literature. But tmis not
normalized to not complicate the simulation mo@&alside the
exciter it also includes the rectifier, the generaand the
voltage regulator where pu-port quantities would ok
disadvantage. Especially because the generatathanekciter
have different reference angular velocities. Althlodhe inner
model is supposed to be in pu values the terminahtties
are supposed to give the real values as showngin9iAs a
consequence, the additional factgy, will appear in the

equations. By using the mere frequency transfectfans no
limitation with regard to the frequency range iguieed.
n

l

u A
[ S— F

v o*
o d,q,0

W, —=©°-
[o S—

le

Fig. 9 Blackbox modeling of the machine, F: Fieltaing, A: Armature
winding with phases U/V/W, E: Neutral/Ground conii@t, n: speed
(coupled to generator), d/g/0: model quantitieenreld to armature winding
and pole coordinate system
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The subsequent system of equations includes the fou
mandatory transfer functions to reproduce the nreasu
system behaviors. The initial conditions are setdw. This
first set of equations yields a formulation foredit axis flux
linkage and the field current:

[i.gf:] ) [‘ pxéB(: z P) Gf;de)()pD)rUN ] Eﬁifd] "o

with

Ffd(p)= pl:Gfd(p)/ZafO(p) (11)
The last equation shows the quadrature axis fhkalje.
Y, =x,(p)d, (12)

The measured parameter values for the reactanceatope
functions x; (p) and Xq(p) correspond with (7) and the

values in Table | and Il for the third order modEhe last two
transfer functions are found in accordance withshigsequent
equations.

pG, = p0.794s /( 1+ p[1.038) (13)
~pB42.20°s (1+ p[R40.8110°s)

Z =

= (1+ pB15.5010°s) ( ¥ p68.94 10s)

The set of equations for the full model descriptign
supplemented by the voltage equations in appendix B

(14)

Ill. COMPARISON OF THE TWO MODELS AND QUALITY OF FIT

For the upper frequency limit which is to take into
consideration important frequencies need to be kndith
the Turbine-Generator-Exciter machine train rotatat grid
frequencyfgr of 50 or 60Hz and the machine having multiple

pole pairs n, =4 the resulting electrical frequency is
f, = Ny ngr =200/24Mz. Due to the bridge rectifier this

frequency is multiplied by the characteristic facwf the
rectifier which is six in the example. With the rsaeement
presented it is obvious that the application of¢beventional
equivalent circuit structure might not be suffidiefor
modeling especially the commutation effects strapsihe
diodes and the resonances in the range of sevétal k
Therefore the upper frequency limit was pushedbi@yond
the recommended frequency in [5] and the grid feeqy of
the synchronous generator. The application of tI&FFS
method revealed important information about the hiree
behavior especially confirming the efficiency ofetdamper
construction. Although the stator is laminated eddyrents
occur and filter out harmonics from the field wingi In
addition to that the limits of the common equivaleircuit
could be shown and the advantage of the LTF mods w
examined for the usage in a transient simulaticextNjraphs
summarize the results of the measurement extraubléd
100kHz. The fourth order approximation was replabgdhe
LTF model in the graphs.
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Fig. 12 Current transfer function
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Fig. 13 Comparison of the Transfer impedances

APPENDIX

A.Nomenclature

Indices

0 Zero Sequence

a Armature (winding)

d Direct axis

D Damper

f Field (winding)

meas measured

mod model

q Quadrature axis

o Leakage

Symbols

j Complex number

n Relative speed

p Laplace variable, for zero damping - jw
r, X Resistance in pu, Reactance in pu
T Time constant in s

z Complex impedance

v=wlw, Relative frequency

w Angular frequency

W), Nominal angular frequency

B. Voltage equations for the transfer function model

ud:rljld+p[(lpd_wd,t:olp)/wN_nl]Pq (15)
uq:rllﬂq+p[(LPq—lquv[:O/p)/a)N+nB4Jd (16)
uo:ro[ﬂo"'pD(o[(io_iot:o/ p)/wN (17)

C.ldentification of the equivalent damper/field branches

In order to calculate the elements of the laddéevok for the
equivalent circuit the admittance is a sum of tterapel
branches of the in series connected resistorseaudance:

Y =2 (n+ jvx) (18)
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Using the input impedance based on the equivalectitin
(19) the branch impedance is obtained in (20).

v (V) = v By, + v By /(14 v D, Y, ) (19)
11X = 0 B 0%y (V) = X0 )/ (X + %o =%, (1)) (20)
Resulting in the fraction (20) the constant paramsebf the

partial fraction elements are easily calculatedusjng the
Heavy-side cover up method.

R/Q = (X + Xoy =X, (IV))/
(iv Do (%, (iV) =%, )) = X A /(B + V)

Finally the reactance and the resistance of théeladetwork
are determined with (22) and (23).

(21)
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