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Methodology Development for Estimation of Armature Circuit and Field Winding
Parameters of Large Utility Generators
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Abstract: This paper presents a methodology to estimate
armature circuit and field winding parameters of large utility
generators using the synthetic data obtained by the machine
natural abe frame of reference simulation. First, a one-
machine infinite bus.system including the machine and its
excitation system is simulated in abe frame of reference by
using parameters provided by the machine manufacturer. A
proper data set required for estimation is collected by
perturbing the field side of the machine in small amounts.
The recursive maximum likelihood (RML) estimation
technique is employed for the identification of armature
circuit parameters, Subsequently, based on the estimates of
armature circuit parameters, the field winding and some
damper parameters are estimated using an Qutput Error
Estimation (OEM) technique. For each estimation case, the
estimation performance is also validated with noise corrupted
measurements. Even in case of remarkable noise corruption,
the agreement between estimated and actual parameters is
quite satisfactory,

Keywords: Generator modeling, parameter estimation, on-
line tracking, field winding degradation.

L. INTRODUCTION

The need for on-line estimation of synchronous generator
parameters has arisen in recent years. On-line estimation is
attractive since it does not require service interruption to
identify machine parameters, Also, machine parameters can
deviate substantially during on-line operation at different
loading levels. This is primarily due to saturation, internal
temperatyre, machine aging and incipient faults within the
machine [1]. The motivation for on-line estimation is to
detect incipient failures that slowly develop. Based on this,
preventative maintenance measures can be taken into
consideration before a forced outage is dictated.
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The parameter identification problem . of synchronous
generators has been studied by many researchers [1-9]. Most
of these studies are mainly conducted based on conventional
dgo frame of reference models of synchronous generators. In
spite of its simple structure, dge models are not capable of
simulating unbalanced and rectifier type loading conditions
[10-111. Also, due to simplifying assumptions associated with
these models, it is difficult to include the higher space
harmonics, which exist in the real machine, A more accurate
approach to this problem is to simulate the system with direct
phase quantities. By this way, various loading conditions such
as sudden application and removal of balanced and
unbalanced loads, rectifier loads, symmetrical and
asymmetrical faults can be easily investigated,

In this study, an asSumed large utility generator is simulated
in the abc reference frame and small excitation disturbance
data are generated. It is assumed that the machine model
order is known (i.e. the number of differential equations). The
generated data are used to estimate the machine parameters.
The effects of measurement noise corruption, which is
inevitable in real time data acquisition, are also investigated.
For large noise corruption levels, which deteriorate estimation
performance, the effect of initialization on outcome of
estimation is also studied. It has been shown that the
parameter estimates for both identification procedures are
quite satisfactory even with noise corrupted measurements,

II. PROBLEM DEFINITION

The objective of this study is to investigate and develop a
methodology to determine the armature circuit and field
winding parameters of a large utility generator. Fer this
purpose, the following problems are studied:

1. Machine modeling and simulation in direct phase
quantities {abec frame of reference) to generate small
excitation disturbance data

2. Estimation of armature circuit parameters

Estimation of field winding parameters along with d-axis
damper winding parameters

4. Performance  validation with noise  corrupted

measurement for each estimation procedure
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The small disturbance test data are generated by changing the
excitation system reference voltage in such a way that the
field voltage of the machine is stepped up or down by 2% to
10%. These data are later used for estimation of machine
parameters by using recursive maximum likelthood (RML)
and output error method (OEM) techniques, These techniques
are explained in the following paragraphs.

A. Recursive Maximum Likelihood Method
Consider the system defined by the following model,
Y=H0+V 8]

where, Y is the system output vector, H is the measurement
transformation matrix, @ is the parameter vector to be
estimated and V is the measurement noise (assumed to be
Gaussian and independent). The RML algorithm can be used
to identify the vector 8 as follows: since the algorithm is
recursive i.e. processing the data one sampling instant at a
time, Y and H need to be represented as ¥y and H; at the data
sampling instant k. Then based on the measurement update,

- the unknown vector, 8, can be estimated recursively by the
following steps [4]:

1. Measurement noise variance and mean update, ;. and
Myt

1 k
Oy =0y [——(Ym _mk)z'“o-kil

+k+1 k+1
(2)

My =my + TC‘I_H(YkH —ny)
2. Error covariance update, Ry,

Rin =Ry = RyH oy (H{ R H sy +Op)  HinRe )
3. Estimation update, é,ﬁ,

ék+1 =ék + Ry Hin O™ Yoo — H{Hék) {4)

In Egs. (2)-(4), ék and ék + are the estimated vectors of 8

based on the measurement up to k th and (k+ 1) th data points.
In addition, the recursions by Eq. (2) to (4} are started using
8, = 0 and very large R;.An assumption of a very large value
of R, specifies the absence of confidence in the initial value

of 6, (i.e. §,=0).
B. Output Error Estimation Method
The output error cstimation method is based on the

minimization of the cost function of estimation error. This
cost function can be stated as follows:

Input (L)

Output (V)

SYSTEM TO BE
IDENTIFIED

»

S&'I\‘EM MODEL
Parameters ( 9)\

OEM
ESTIMATION

error (e)

Fig. | OEM identification scheme

N
V) == [ (6Bl 6)) )
N

where V is the value of the cost function, 8 is the parameter
vector to be estimated, N is the number of samples required
for estimation and e is the error between estimated and
measured output. : '

The cost function V can be minimized by using the iterative
Gauss Newton method [5]. The iterative identification
scheme for OEM estimation is shown in Fig. 1. The algarithm
steps can be found in Appendix 2.

C. Validation with Neise Corrupted Measurements

Measurement data acquired from testing of a synchronous
machine is generally noise corrupted, The excitation system
AC to DC conversion process, quantization errors in sensors
and the surrounding electromagnetic interference are some of
the contributing factors. Te be able to analyze the effect of
noise on the outcome of estimation, measurements obtained
from the simulation of the one-machine infinite-bus system
are corrupted by adding zero mean independent white noise to
the synthetic data. The noise corruption equation is given by,

sa(k) = s(k) + -ofk) vik) ‘ (6)

where s, and s represent noise corrupted and noise free
measurements, respectively, and v(k) is the white noise signal
with normal distribution n(C,1). The ofk) term is defined as

N 142
PR
SNR = 'Tk:l—'—'"
> (kvky
k=]

ofk) =

EG)
SNR

where SNR is the signal to noise ratio,



Noise corruption is performed for different levels of SNR
from which RML and OEM estimation performance is
determined.

I11. MACHINE MODEL IN DIRECT PHASE
QUANTITIES

The structure of the machine model in natural abe axis can be
obtained by simply using the following basic electromagnetic
cireuit equations for stator and rotor side [12-13],

Yabes = 'Rs i:rlu's + p)ﬂbcr (7)
Vadr = =Ry bygr -+ P;an'r 8)

where p denotes titme derivative, also, flux linkages,
Autes = <Ly bgses + L iqa‘r @

A‘qtlr = "(L.\-r)Tillbcs + Lr iqa’r . (10)
A detailed discussion of these equations can be found in
reference [12]. Since inductance matrices for this model are
functions of rotor angle 6, (except rotor self inductance
matrix L), their time derivative should be taken into account
for simulation. Then, in general form (7), (8), (9) and (10) can
be combined as follows by defining currents as system states
and voltages as inputs,

v={-R+ apL(8}}i+L(0}pi (11)
The whole system can be illustrated as follows:
Machine
Vi R L
— Infinite
Bus

Transmission
Vi Line

:-é)«
Vrﬂf

Excitation
System

Fig.2 One-machine infinite-bus system

The excitation system (with 2nd order linear structure)
controls the terminal voltage V, based on reference voltage
V..s by adjusting the field voltage vy

This simulation provides measurable synchronous generator
qQuantities, Vas Vew Vey fuw Ibw ice O and iy which are then
transformed in dg axis and used for estimation of machine
parameters. [n addition, measurable generator quantities are
neise corrupted and then the effect of noise on the estimation
process is evaluated.

The system parameters can be found in Appendix 1.
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IV. ESTIMATION OF ARMATURE CIRCUIT
PARAMETERS

After the one-machine infinite bus system is simulated for a
specific steady state cperating point defined by rotor angle
and field current, only measurable states and inputs are
collected for estimation. Note that, the machine field is
disturbed in this stage of estimation for proper identification
of armature circuit parameters {4]. The quantities needed to
be used for the estimation pracedure are Vi, Yoy Ves bao fhp foo
3, ip.

The following model which is used for estimation of armature
circuit parameters can be established in terms of dg axis
variables assuming the damper winding currents and the rate
of change of stator flux linkages are zero,

. . ‘R!l
ve| |7 5 0 @i 0 alyy " an
vl |y S@in O —@dy | Ly | (v ]
Ld

The above equation is in the form of ¥ = H@ + V that was
described in Equation (1), where, a=N/N, is the field to
stator turns ratio, v; and v, represent the measurement noise.
Measurement noise elements v, and v, are varied (o examine
their effect on the estimation procedure,

These are the well known steady state equations of a
synchronous machine for the armature side in rotor reference
frame [12]. In order to be able to use this model, measurable
quantities are needed to be converted to dg axis equivalents as
follows [4]:

1) Find the terminal voltage peak value V,

V= (0 + 02 050715 (13)

2) Find d and g axis voltages v, and v,

Va = V, sind
vy =V, cosb (14
3) Compute active and reactive powers P and g

P =iVt Dy + Gy,

Q = (Vables+ Vacay + Veulns 3 (15)

where, Vap=Vour-Vas » Voe=VorVer » Vea™VesVas -
4) Find 4 and ¢ axis voltages i, and {,

iy={Psind + Qcosd)/ 1.5V,

i, = (P cosb - Qsind)/ 1.5V, (16)
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Fig. 3 Simulated small discurbance responses with noise corruption for which parameter estimates converge

Having calculated vy, iy, v,, i, and i, quantities, estimation
procedure can be initialized. The parameter vector to be
estimated is 8 = [ R, .al,y L, L, ] The RML method is
employed to estimate 8 from measurable quantities. All
paratmeters are initialized at zero.

Table 1: The estimates of armature circuit parameters from one machine
infinite bus simulation (steady state parts used)

Case R, (€0) | ely, (mH) L, (mH) Ly (mH)
Initial Values 0 0 0 0
Actual Values 0046 58.5838 45719 4.7845
Noise Estimates | .0046 58.5822 4.5719 4.7838
Free % Brrors 0.00 0.00 0.00 0.01
SNR= Estimates 0046 58,5872 4.5719 4.7860
10000: 1 % Errors 0.00 0.0t 0.00 0.03
SNR= Estimates [ .0047 58.6131 4.5720 4.7934
1000:1 % Errors 2.17 0.05 0,00 0,19
SNR= Estimates X 59.2250 4.5726 5.0872
500:1 % Errors X 1.09 0.02 6.32
SNR= Estimates X 60,1955 45824 53847
100:1 % Errors X 2.75 0.23 12,5

-x: did not converge

The measurement data obtained from the one machine infinite
bus simulation is manipulated in such a way that the
contribution of damper winding currents and.the rate of
change of stator tlux linkages can be neglected. To do this,
only the steady state pieces of the data (given in Fig.3) before
and after the disturbance are utilized for estimation. The

estimation results given in Table 1 for 2% v disturbance
shows the perfect agreement between estimated and actual
values in case of no notse corruption. Also, the algorithm is
tested for different levels of SNR as explained in Section IL.C,
As can be seen from Table 1, for randomly initialized values,
parameter estimates are reasonably reliable up to SNR =
500:1 except for R, which can not be recovered beyond the
SNR = 1000:1 level. Noise corrupted measurements and
estimated parameter trajectories for SNR = 1000:1 are given
in Fig, 3 and Fig, 4, respectively:

Table 2: Noise corrupted estimates of armature circuit parameters for fixed
R,=.0046 (steady state parts used)

Case al, GuH} | L, {mH) L (mH)
Initial Valucs i} 0 1]
Actual Values 58,5838 4.5719 4,7845
SNR= Estimates 58.5748 45719 4,7800
500:1 o Brrors 0.02 (.00 0.09
SNR= Estimates 59.1658 4.5726 5.0767
100:§ % Errors 0.99 002 6,11
SNR= Estimates 59.5369 4.5716 5.2596
50:1 % Errors 1.63 0.01 9.93

In order to improve estimates of alL,, , L, and L, beyond
SNR=500:1, R, is fixed to its actual value and estimations are
repeated. As seen from Table 2, the estimates are rcasonably
corrected by fixing R,=.0046, However, beyond SNR=50:1, it
is still impossible to recover some parameters.
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Fig. 4 Trajectories of recursively estimated armature circuit parameters for SNR=1000:1

VI, ESTIMATION OF FIELD WINDING AND DIRECT
AXIS DAMPER WINDING PARAMETERS

A model which also includes damper winding contributions is
presented in this section. To establish this medel, the
synchronous machine standard d-axis circuit [13] (Fig. 5)
should be taken into consideration.

T

o] — Rut
Iy

Vi Vi L I

Vi/u

L

Fig. 5 Synchronous machine standard d-axis model

Normally, d- and g-axis models are coupled due to the speed
voltages, ¢,0, and ¢, In order to decouple the model, the
voltages V,” and Vq* should be computed as follows. The
stator voltages in rotor reference frame are,

a7)

(18)

Vg = 'Rn irl - ¢qwr + P(bd
Vg = "Ru iq + ‘;briwr + P(pr,u-

From (17) and (18), flux dynamics are established as,

0 o |9 Vg + R,
P ¢n! - ¥ (Pi + o ‘.d (19)
9, -w, 0 ¢, v, + R,
Once tlux terms are computed using (19), the voliages v,f and
v,” can be found as,

Vd* = Vb ¢qwr (20)
v, = V- G0, 2n
Finally, based on v,", the decoupled d-axis dynamic is,
- _
vy - Rrr 0 0 iy
vfd = 0 ‘Rfd ¢ iﬂf -+
0 0 0 Ry, |¢
L 1d 1d 22)
- (L,n + L(ld) aLad /1.5 Lad id
—aly @ Ly +Ly)1S  al,  |plig
| —Lu aly /1.5 Liy +Lyy | Lia

The model (22) is not in proper form for estimation. To
render it amenable for state space representation, it should be
rearranged. This is accomplished by taking current vector i as
outputs and voltage vector v as inputs of the system, then the
state space form is, -
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pi=-L'Ri+ L'y, (23)
Armature circuit parameters obtained from the first test are
fixed in model (22). Then the parameter vector to be
estimated is @ = [ Ry Ly Ryq Ljs 1. Note that the parameters
to be estimated are not only field side parameters but also d-
axis damper winding parameters.

By using modél {23) with OEM estimation, the parameter
vector @ can be estimated, The estimation results for noise
free and noise corrupted measurements for 2%, 7% and 11%
excitation disturbances are given in Tables 3, 4 and 5,
respectively. All parameters are initialized to 20% of the
actual values.

Table 3: The estimates of field winding and d-axis damper winding
parameters for 2% excitation disturbance

Table 5: The estimates of field winding and d-axis damper winding
parameters for 11% excitation disturbance

Case Ry (Q) | Lp(uH) | Ry(Q) | Ly(mH)
Initial Values (.0304 0.0607 0.0025 0,0219
Actual Values 0.1521 03134 0.0126 0.1096
Noise Estimates 0,1521 0.3127 0,0126 0.1137
Free % Etrors 0.00 0.22 (.00 3,74
SNR= Estimates 0.1521 0.3132 0.0126 0.1143
10000:1 | % Errors 0.00 0,06 0,00 447
SNR= Estimates 0.1521] 0.3124 3.0125 0.1134
5000:1 % Errors 0.00 (.32 0.79 3.47
SNR= Estimates 0.1520 0.3206 0.0131 (.1254
3000:1 % Errors 4.07 2.30 3.97 14.4
SNR= Estimates 0.1521 0.2986 00117 0.0946
1000:1 % Errors 0.00 4.72 7.14 i3.7

Case R (82) Ly (mH) Ry () | Lyy (mH)
Initial Values 0.0304 0.0607 00025 0.0219
Actual Values (.1521 0.3134 0.0126 0.1096
Noise Estimates 0.1521 0.3126 0.0126 0.1135
Free % Errors 0.00 0.26 0.00 3.56
SNR= Estimates 0.1521 0.3151 0.0127 0.1175
10000:1 % EBrrors 0.00 (.57 0.79 721
SNR= Estimates 0.1521 0.3153 0.0127 0.1196
5000:1 | % Errors 0.00 . 0.61 0.79 721
SNR= Estitnates 0.1520 (0.3546 00155 [ 0.17%6
3000:1 % Errors (.07 13.1 23.0 63.9
SNR= Estimates 0.1522 0,2275 0.0083 X
1000:1 [~ % Errors 0.07 274 4.1 X

X: did not converge

Table 4: The estimates of field winding and d-axis damper winding
parameters for 7% excitation disturbance

Case Ry (Q) Ly (mH} Ria (£1) L4 (mH)
Initial Values 0.0304 0.0607 0.0025 0.0219
Actual Values 0.1521 0.3134 0.0126 0.1096
Noise Estimates 0.1521 0.3126 00126 0.1136
Free % Errors 0.00 0.26 0.00 3.65
SNR= Estimates 0.1521 0.3116 0.0125 0.1121
10000:1 % Errors 0.00 0.57 0.79 2.28
SNR= Estimates 0.1521 03141 0.0127 0.1159
5000:1 % Errors 0.00 0.22 0.79 5.75
SNR= Estimates 0.1520 0.3243 0.0133 0,1317
3000:1 % Errors 0.07 3.48 3.56 20.2
SNR= Estimates 0.1521 0,3246 0.0134 0.1361
1000:1 % Brrors 0.00 3.57 6.35 24.2

It is clear that the OEM estimation with larger excitation
disturbance has a better noise rejection feature compared to
the results in Tables 3, 4 and 5.

As can be observed from the tables, the field winding
parameter estimates are less sensitive o noise, compared to d-
axis damper winding parameters. Ry estimates are reasonably
accurate and consistent, The estimates of parameters R, and
Ly, stay somewhat reasonable as noise contributien increases,
however estimation error for Ly, becomes significant beyond
SNR=5000:1.

VII. CONCLUSION

A new methodology for estimation of armature circuit and
field winding parameters of large utility generators is
presented. The machine is simulated in the natural gbe frame
of reference to accommodate unbalanced operation modes.
This simulation provides measurable synchronous generator
quantities which are then used for estimation of machine
parameters. In the first stage, armature circuit parameters are
estimated from small excitation disturbance data using the
RMI. estimation method, In the second stage, field winding
parameters along with direct axis damper winding parameters
are estimated for different levels of excitation disturbance.
Estimation results reveal that good estimates of the actual
parameters can be obtained with proper initialization. Also,
estimation procedures are repeated with noiseé corrupted
measurements to investigate noise effects on the estimation
process, The study shows that noise corruption problems can
be effectively handled with the RML algorithm for estimation
of armature circuit parameters up to a certain point, Although
excitation disturbance increase improves OEM estimation
performance, below a certain SNR, estimation of certain
machine parameters is not possible. Future work is required
to improve the noise rejection feature of estimation of field
winding parameters and implement this methodology on a
data set acquired from the real machine.
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Appendix
1. Synchronous Generator Simulation Parameters

The nominal parameters of the 483 MVA, 60Hz, 22.0 KV,
“and 3600 RPM utility generator along with its excitation
system and transmission line parameters used in the
simulation are listed below.

- Table 7: One machine infinite bus simulation parameters

Machine Parameters Excitation System

Parameters

R, 0.0046 X, 200
Ry 0.1521 T, 0.02
Ry 0.0126 7, 13,5
Ry 0.0107 7. I
Ry 0.0164

L 0.4253

Lot 4.3392 Transmission Line
Lig 0.1096 Parameters
L 0.3134 R 0.02
Ly 4.1466 L 0.5848
Liy 1.1125

0.0877

907

All resistances are in units of ohms and all inductances are in
units of millihenries.

2. Output Exror Estimation Method

The iterative OEM procedure steps to determine parameter
vector 6 of an unknown plant is as follows:

1. Define initial estimates for parameter vector 6.

2. Compute the estimation error of ¥(k) for k=1:n

e(k) = Yek) - Yk) (A1)

3. Compute the cost function V(é)
PR . . N
V) == [e" (k.b)ek,0)] (A.2)
N k=0
4. Compute hesstan matrix H and gradient vector G:
V(6 ]
g=2Y0 ;. V) (A3)
a8 d6

5. Update estimate of parameter vector 0:

é\new =éoid - H—IG (A4)

6. Repeat steps (2) through (5) till V(é) is minimized,

BIOGRAPHIES

H. Bora Karayaka received the BSEE and MSEE degrees
from Istanbul Technical University, Istanbul, Turkey, in 1987
and 1990, respectively. Since 1996, he has been a research
associate at The Ohio State University, He is currently
working towards his Ph.D. in the Department of Electrical
Engineering, the Ohio State University, Columbus, Ohio.

Ali Keyhani received Ph.D. degree from Purdue University,
West Lafayette, -Indiana in 1975. From 1967 to 1969, he
worked for Hewlett-Packard Co. on the computer-aided
design of electronic transformers. From 1970 to 1973, he
worked for Columbus Southern Ohio Electric Co. on
computer applications for power system engineering
problems, In 1974, he joined TRW Controls and worked on
the development of computer programs for energy control
centers. From 1976 to 1980, he was a professor of Electrical
Engineering at Tchran Polytechnic, Tehran, Iran. Currently,
Dr. Keyhani is a Professor of Electrical Engineering at the
Ohio State University, Columbus, Ohio, His research interests
are in control and modeling, parameter estimation, failure
detection of electric machines, (ransformers and drive
systems.



908

Baj L. Agrawal was born in Kalaiya, Nepal in 1947. He
received his BS in Electrical Engineering from Birla Institute
of Technology and Science, India, in 1970 and his Masters
and PhD in Control Systems from the University of Arizona,
Tucson in 1972 and 1974, respectively. Dr, Agrawal joined
Arizona Public Service Company in 1974 where he is
currently working as a Senior Consulting Engineer. His
responsibilities include dynamic modeling and simulation of
power system stabilizer application, power system stability
and subsynchronous resonance. Dr. Agrawal has co-authored
several papers and a bock on subsynchronous resonance
published by IEEE. He is registered professional engineer in
the state of Arizona and is a member of the IEEE SSR
Working Group.

Douglas A. Selin was born in Madison, Wisconsin. He
received his BSEE in 1983 from Brigham Young University
and an ME degree from Rensselaer Polytechnic Institute in
1984, In 1984, he joined Arizona Public Service Company
where his responsibilities include subsynchronous resonance
problem analysis and simulation of power system dynamics
and transients. Mr. Selin is a registered professional engineer
in Arizona and a member of Tau Beta Pi and Eta Kappa Nu,

Gerald Thomas Heydt is from Las Vegas, Nevada, He
holds the BEEE degree from the Cooper Union in New York,
and the MSEE and Ph.D. degrees from Purdue University in
West Lafayette, Indiana. He was a Professor of Electrical
. Engineering at Purdue for about 25 years and decided to
come back 1o the West in January, 1996. He presently holds
the position of Professor of Electrical Engineering and Center
Director for the Center for the Advanced Control of Energy
and Power Systems (ACEPS) at Arizona State University in
Tempe. This center, focusing on electric power quality in the
power industry and automatic centrol of electric power
systems, is sponsored by the National Science Foundation
and about 13 electric utility companies and EPRI. He is also
the director of the EPRI sponsored ACEPS Power Quality
Service Center, Jerry has industrial experience with the
Commonwealth Edison Company in Chicago and E. G. & G.
in Las Vegas. He also has industrial experience abroad. In
1995, he was selected by the University of Canterbury as an
Erskine Fellow, an honor accorded to visiting scholars to
New Zealand. He is the author of about 200 technical papers
and three books, one on electric power quality. He is a
registered professional engineer, a member of the National
Academy of Engineering, and a Fellow of the IEEE. In
1995, he was named Power Engineering Educator of the Year
by the IEEE Power Engineering Society. His interests are
electric power quality and computer applications in power
engineering. '



