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Simultaneous Parameter Identification of
Synchronous Generator and Excitation
System Using Online Measurements

Behrooz Zaker, Gevork B. Gharehpetian, Senior Member, IEEE, Mehdi Karrari, and Naghi Moaddabi

Abstract—In this paper, a new method is presented to simul-
taneously identify parameters of synchronous generator and
its excitation system (EXS) using measurement data. These
measurements could be provided by metering devices such as
data acquisition system or fault recorders of the power plant.
Since a smart grid is capable of providing synchronized measure-
ments using phasor measurement units, the desired data could
also be provided by these devices. In the proposed method, the
reference voltage of the EXS is considered as the input sig-
nal, while the terminal voltage and output active power of the
machine are considered as output signals. The desired parame-
ters are classified into three categories using a sensitivity analysis:
1) the parameters that affect the terminal voltage; 2) the param-
eters that affect the active power; and 3) the parameters that
do not considerably affect either. A multistage genetic algorithm
optimization is used to iteratively identify the parameters. To
show the effectiveness and accuracy of the proposed method, it
is applied to a single machine with a dc-type EXS connected
to an infinite bus. Using the proposed method, 19 parameters
of synchronous generator and its EXS are identified within four
stages.

Index Terms—Excitation system (EXS), multistage
genetic algorithm (GA), parameter estimation, synchronous
generator.

NOMENCLATURE

ω, δ Rotor speed and rotor angle.
ψd, ψd Flux linkage of direct and quadratic axis.
ψf Flux linkage of excitation winding.
ψD, ψQ Flux linkage of damper windings.
M,D Rotor inertia, damping factor.
Tm Mechanical input torque.
Te,TD Electrical output and mechanical damping torque.
ωb Base speed.
vd, vq Voltage of direct and quadratic axis.
id, iq Current of direct and quadratic axis.
if Current of excitation winding.
iD, iQ Current of damping windings.
xld, xlq Leakage reactance of direct and quadratic axis.
xlf Leakage reactances of excitation winding.
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xlD, xlQ Leakage reactances of damper windings.
xd, xq Total reactances of direct and quadratic axis.
x′

d Transient reactance of direct axis.
x′′

d, x′′
q Subtransient reactances of direct and

quadratic axis.
xf Total reactances of excitation winding.
xD, xQ Total reactances ofdamper windings.
xmd, xmq Mutual reactances of direct and quadratic axis.
ra, rF Resistance of stator and excitation windings.
rD, rQ Resistance of damper windings.
Vt,Pe Sampled vectors of terminal voltage and output

active power of simulated with typical values of
parameters.

V ′
t ,P′

e Sampled vectors of terminal voltage and output
active power of simulated with variant values of
parameters.

N Number of samples.
Vt_est Sampled vector of the estimated terminal voltage.
Pe_est Sampled vector of the estimated output

active power.
X, X̃ Pure and noisy signal.
NWG Additive white Gaussian noise (AWGN).

I. INTRODUCTION

AFTER modeling of a system, the essential requirement
for studying the behavior of the system, which is sub-

jected to small or large disturbances, is a valid knowledge of
parameters of system elements. These elements of a power
system include synchronous generators, power transformers,
transmission lines, and loads. Synchronous generators play an
important role in the continuity of the operation and stability
of power systems. On the other hand, most of the parame-
ters of a synchronous generator are time varying due to aging.
Therefore, identification and estimation of these parameters
have been and are still a challenging issue.

Parameter identification of synchronous generator is classi-
fied into two methods: 1) offline identification and 2) online
identification. In the offline methods [3]–[11], the synchronous
machine is out of service, and its first and traditional one
has been specified in the IEEE standards. Other offline meth-
ods include stand still frequency response [5], open circuit
frequency response, least squares-based [6], and dc excitation-
based methods [3]. These methods are usually time consum-
ing, difficult to apply, and do not take into account the changes
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of parameters values due to aging. However, the main draw-
back of these methods is that the machine must be off-grid
for a relatively long period of time. This kind of interruptions
will lead to economic losses. To overcome the aforementioned
shortcomings of offline methods, online identification meth-
ods have been proposed [11]–[21]. These methods are based
on applying a small disturbance to the synchronous genera-
tor which is in service such that no interference occurs in
the normal operation of the system. The online identification
methods may be classified into two categories: 1) black-
box; and 2) white-box modeling methods [15], [22]. The aim
of the black-box modeling is mapping data sets of input
and output of the system regardless of its physical structure.
Different tools have been used for black-box modeling such as
wavelet transform and neural networks. In white-box model-
ing, a known structure should be assumed for the synchronous
machine.

The common structure that has been assumed in
many papers is the third-order model of the synchronous
machine [13]-[15], [18]–[20]. In these studies, excitation sys-
tem (EXS) has not been considered and the field voltage has
been perturbed as the input of the system. In [16], a fourth-
order model of the synchronous machine has been studied
ignoring EXS. In [17], subtransient model of synchronous
generator and its parameters have been used to simulate the
model but they have not been considered in the estimation
of the model. In [19], a closed-loop identification method has
been studied considering automatic voltage regulator (AVR)
as a simplified EXS. In [23], a genetic algorithm (GA)-based
method is proposed to identify the parameters of a third-order
synchronous generator and a first-order AVR in the frame of
Heffron–Phillips model using online measurements data. The
main defect of this paper is that the subtransient parameters of
the synchronous generator and other parameters of EXS have
not been considered.

Along with these researches, some studies have been
conducted on parameter identification of EXS using operat-
ing point data [24]–[29]. In most of these studies [25]–[27],
a direct closed-loop identification procedure has been used
which means that the field voltage (EFD) should be accessible
and measureable. In these cases, it is not necessary to model
the synchronous generator with known parameters. In [29],
an indirect closed-loop parameter identification of a brushless
EXS has been presented, where EFD has not been accessible.
Therefore, the synchronous generator modeling was necessary.
In these cases, the synchronous generator has been mod-
eled as a first-order system using a known gain and time
constant [29].

In recent years, phasor measurement units (PMUs) have
been widely used in power systems to provide high-quality
online data in order to monitor, control, and protect network’s
components [30]. PMUs have two basic rates: 1) sampling
rate; and 2) phasor transferring rate. Todays, PMUs can pro-
vide a sampling rate of 10 kHz and phasor transferring
rate of 1 sample per each cycle. These accurate measure-
ments can be used for parameter validation, calibration, and
identification purposes [31]. However, it is also possible to
use a data acquisition system with a proper sampling rate

instead of PMUs. Besides that, fault recorders data of a spe-
cific experiment and measurement could be used for these
purposes.

Indirect closed-loop parameter identification of an EXS con-
sidering a full-order synchronous generator has been a chal-
lenging problem due to large numbers of unknown parameters.
Generally, in system identification and modeling problems, the
increase in number of parameters that should be estimated is
one of the main challenging issues. For example, in black-box
modeling using polynomial structure the number of parame-
ters that should be estimated increases significantly with the
increase in the polynomial order. To overcome this problem,
some auxiliary methods such as orthogonal matching pursuit
have been proposed [32]. In this paper, a new method based
on parameters classification and multistage GA is presented
to simultaneously identify the parameters of the synchronous
generator and its EXS with low estimation error using online
measurements. In the proposed method, the reference voltage
of EXS is considered as the input signal which is perturbed
with a pseudo random binary sequence (PRBS) [14], while
the terminal voltage and output active power of the machine
are considered as output signals. This method does not require
additional measurements such as the rotor angle used in [14].
It is assumed that the field voltage (EFD) is not accessi-
ble and measureable (e.g., in brushless EXS). The desired
parameters are classified into three categories using a sen-
sitivity analysis: 1) effective on voltage (EOV); 2) effective
on active power (EOP); and 3) neutral (NEU). Thereafter,
the parameters of each category are iteratively identified
using the corresponding output signal in the identification
procedure.

This paper is organized as follows. The synchronous gen-
erator and EXS models are outlined in Section II. The
proposed identification method is explained in Section III. In
Section IV, the simulation results are presented and finally,
Section V concludes this paper.

II. SYNCHRONOUS GENERATOR AND EXCITATION

SYSTEM MODELS

A. Synchronous Generator Model

The effect of stator and damper windings are considered in
seventh-order nonlinear model of a synchronous machine com-
pared to low-order linear structures such as Heffron–Phillips
model [1]. In the basic model of the synchronous generator
for single machine system, flux linkages are chosen as state
variables. This model contains two state equations of rotor
dynamics and five for stator, damper, and field windings. These
equations are as follows:

ω̇ = 1/M(Tm − Te − TD)

δ̇ = ωb(ω − 1)

ψ̇d/ωb = vd + raid + ωψq

ψ̇q/ωb = vq + raiq − ωψd

ψ̇f /ωb = vf − rf if
ψ̇D/ωb = −rDiD
ψ̇Q/ωb = −rQiQ (1)
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Fig. 1. IEEE-T1 EXS.

TABLE I
EXS SIGNALS AND PARAMETERS

where
⎡
⎣
ψd

ψf

ψD

⎤
⎦ = 1

ωb

⎡
⎣

Xd Xmd Xmd
Xmd Xf Xmd
Xmd Xmd XD

⎤
⎦

⎡
⎣

−id
if
iD

⎤
⎦

[
ψq

ψQ

]
= 1

ωb

[
Xq Xmq

Xmq XQ

][−iq
iQ

]
. (2)

The reactances are defined as follows:

Xd = Xld + Xmd

X′
d = Xld + (Xmd||Xlf) = Xld + (Xmd · Xlf)/Xf

X′′
d = Xld + (Xmd||Xlf||XlD)

Xq = Xlq + Xmq

X′′
q = Xlq + (

Xmq||XlQ
)
. (3)

The details of the high-order nonlinear modeling have been
completely discussed in [1].

B. Excitation System

The EXS, considered in this paper, is the IEEE Type 1
exciter, which is a dc EXS. The block diagram of this EXS
is shown in Fig. 1. This model has five blocks of rectifier,
AVR, exciter, saturation, and EXS stabilizer. The param-
eters of each block and signals of this model are given
in Table I.

The saturation signal is modeled as follows [2]:

Sat = A · e(B.EFD) · EFD. (4)

Fig. 2. Identification procedure flowchart.

III. PROPOSED IDENTIFICATION METHOD

This paper aims at the simultaneous parameter identi-
fication of the synchronous generator and EXS without
measuring the EFD. The solution of this paper is based
on a multistage GA which is shown in Fig. 2. The fun-
damentals of GA are well explained in [33] and [34].
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The identification procedure is explained in the following
steps.

Step 1: For a specific operating point, the reference voltage
of EXS is considered as the input signal that is
perturbed using a PRBS with domain of 5% of the
nominal value.

Step 2: The simulated input and output signals using actual
parameters of the system are sampled. The termi-
nal voltage (Vt) and output active power (Pe) are
considered as output signals.

Step 3: Sensitivity analysis is run. For this purpose, a sin-
gle machine connected to an infinite bus which is
case study of this paper is considered. The syn-
chronous generator and EXS parameters are set to
the typical values depending on the machine and
EXS type. According to the standards, each param-
eter can vary in a specific range between a lower
and upper bounds [30]. Each time, a parameter is
selected. It is initialized with the lower bound value
while the other parameters are set to their typi-
cal values. The simulation is run using a PRBS
as the input signal that perturbed reference volt-
age. The terminal voltage and output active power
are sampled as output signals. Using the follow-
ing equations, the errors of the voltage and active
power are calculated:

ErrorV =
√√√√ N∑

i=1

(
Vti − V ′

ti

)2

ErrorP =
√√√√ N∑

i=1

(
Pei − P′

ei

)2
. (5)

Then, the selected parameter is set to the next step
of its allowed range and simulation is run again.
This procedure is done for each parameter while its
value reaches to the upper bound value. Thereafter,
according to the calculated errors for each param-
eter, it will be obvious that these parameters can
be divided into three categories: 1) EOV; 2) EOP;
and 3) NEU.

Step 4: This step is the first stage of the identification
procedure. EOV parameters are set as GA deci-
sion variables while EOP and NEU parameters are
initialized with the mean value of their allowed
range. Optimization is run subject to minimize the
following objective function:

OFstage1 =
√√√√ N∑

i=1

(
Vti − Vt_esti

)2
. (6)

Estimated parameters of this stage are called EOV1.
Step 5: EOP parameters are set as GA decision variables

while EOV parameters are set to EOV1 and NEU
parameters are still initialized with the mean value
of their allowed range. Optimization is run to

minimize the following objective function:

OFstage2 =
√√√√ N∑

i=1

(
Pei − Pe_esti

)2
. (7)

Estimated parameters of the second stage are
called EOP2.

Step 6: In the third stage, the search space of EOV and
EOP parameters are limited according to the esti-
mated values of two last stages (EOV1 and EOP2).
This will help to find desired values faster. Both
EOV and EOP parameters are set as GA decision
variables while NEU parameters are still initial-
ized with the mean value of their allowed range.
Optimization is run to minimize the following
objective function:

OFstage3 =
√√√√ N∑

i=1

(
Vti − Vt_esti

)2

+
√√√√ N∑

i=1

(
Pei − Pe_esti

)2
. (8)

The estimated parameters of this stage are called
EOV3 and EOP3. It will be shown in next sec-
tion that the estimated parameters are close to
the desired parameters values with a very good
accuracy.

Step 7: In the last stage, NEU parameters are set as
GA decision variables while EOV and EOP param-
eters are set to the found values, i.e., EOV3 and
EOP3. Optimization is run to minimize (8) and
finally NEU parameters values are estimated which
are called NEU4. Current set of estimated param-
eters (i.e., EOV3, EOP3, and NEU4) are the final
results.

IV. SIMULATION RESULTS AND DISCUSSION

The case study is a single machine infinite bus sys-
tem as shown in Fig. 3. The EXS is dc IEEE Type 1.
The specifications of the salient pole synchronous machine,
power transformer, transmission lines, and EXS are given in
Tables II and III. It should be noted that because the machine is
salient pole type, the transient reactance of quadratic axis (X′

q)
does not exist. A PRBS with a domain of 5% of the nominal
value as shown in Fig. 4 is added to the reference voltage
as the input signal. The output signals, terminal voltage, and
output active power are shown in Fig. 5. AWGN is added
to the output signals using MATLAB command to make the
identification procedure more practical as follows:

X̃ = X + NWG. (9)

The signal-to-noise ratio has been set to ten in the simulations,
which is higher than the actual noises added to either output.

The sensitivity analysis is applied as explained in
Section III. The results of this analysis are shown in Figs. 6–9,
where the vertical axes of these figures represent the calculated
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Fig. 3. Single machine infinite bus system.

TABLE II
SYSTEM PARAMETERS

TABLE III
EXS PARAMETERS

Fig. 4. Input signal (PRBS).

errors using (5). The specific range of each parameter varia-
tion is given in Table IV [2], [35]. These ranges are used to
carry out the sensitivity analysis and identification procedure.

Considering Figs. 6–9, it is obvious that some parame-
ters have more considerable impact on ErrorV or ErrorP than
others. According to results, 19 parameters of the synchronous
machine and EXS are classified to EOV, EOP, and NEU
groups. It is noticeable that some of these parameters such as
Xd and Xq are effective on both Vt and Pe but some of them
such as H, D, T ′

do, T ′′
do, and X′′

d are clearly effective on Pe.
Therefore, these last five parameters are selected as EOP.

Fig. 5. Sampled output signals.

Fig. 6. Sensitivity analysis for parameters Xd − T ′
do.

Fig. 7. Sensitivity analysis for parameters T ′′
do − Ta.

Four parameters T ′′
qo, X′′

q , Tf , and Tr are explicitly
NEU. Among the remaining ten parameters, almost all of
them are both EOP and EOV but, it should be noted that the
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Fig. 8. Sensitivity analysis for parameters Kf − B.

Fig. 9. Sensitivity analysis for parameter Tr .

TABLE IV
SEARCH SPACE OF PARAMETERS

main purpose of parameters classification is to identify them
using a multistage procedure which makes it easier to handle
the identification of a large number of parameters. Therefore,
when a parameter is effective on both voltage and power it
could be considered either in EOV or in EOP category as
required. Therefore, the remaining ten parameters that have
impact on Vt are selected as EOV in spite of their consider-
able impact on Pe. The classification of these parameters is
given in Table V.

After sensitivity analysis and classification, the identifica-
tion procedure is started according to Fig. 2. The imple-
mentation parameters of the GA optimization are given in
Table VI. The results of the identification procedure are shown
in Figs. 10–13 and Table VII. The simulated signals using
actual parameters and estimated ones are compared in these
figures.

TABLE V
PARAMETERS CLASSIFICATION

TABLE VI
GA OPTIMIZATION PARAMETERS

Fig. 10. Comparison of simulated and estimated output signals using stage 1
set of parameters.

As it is shown in Fig. 10, in stage 1, the estimated and sim-
ulated signals of Vt have a good agreement with each other
while these signals of Pe show a considerable mismatch. This
is because of using (6) as objective function in which only Vt

has been considered to estimate EOV parameters. In stage 2,
a vice versa phenomenon has been occurred. As shown in
Fig. 11, estimated and simulated signals of Pe match with
a good accuracy, while these signals of Vt show mismatches.
This is the result of using (7) as objective function in which
only Pe has been considered to estimate EOP parameters.
Since both of Vt and Pe have been considered in the objec-
tive function of (8), to estimate EOV and EOP parameters,
both of estimated output signals match to their correspond-
ing simulated signals with a very good accuracy as shown
in Fig. 12.
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Fig. 11. Comparison of simulated and estimated output signals using stage 2
set of parameters.

Fig. 12. Comparison of simulated and estimated output signals using stage 3
set of parameters.

Fig. 13. Comparison of simulated and estimated output signals using stage 4
set of parameters.

The results of the identification given in Table VI show
the improvement of accuracy through stages 1–3. Finally,
in stage 4, NEU parameters are identified using (8). Since
these parameters have not a considerable impact on neither Vt

TABLE VII
IDENTIFICATION RESULTS

TABLE VIII
ERRORS OF ESTIMATIONS

nor Pe, the estimated output signals of this stage are similar
to the last stage. Final results of the parameter identification
are given in “stage 4” column of Table VII.

To show the accuracy of the estimated parameters, the error
index is defined as follows:

Error(pk) =
√∑

i

(
Vti − V̂ti

)2

+
√∑

i

(
Pei − P̂ei

)2
k = 1, . . . , 19 (10)

where, pk is the kth parameter of Table VII, Vt and Pe are
sampled vectors of the simulated system when all parameters
have their actual values, and V̂t and P̂e are sampled vectors
of the simulated system when all parameters have their actual
values (from the sixth column of Table VII) except kth param-
eter which has its estimated value (from the fifth column of
Table VII). Indeed, this index shows the effect of kth parameter
on the estimated signals. The results are given in Table VIII.
The last row of Table VIII shows the error when all the param-
eters have their estimated values. The results show that most of
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Fig. 14. Comparison of simulated and estimated output signals (validation
test).

the parameters have been accurately estimated. Although esti-
mations of some parameters such as X′′

d , X′′
q , T ′′

do, A, and Tr

seem not very accurate according to the results of Table VII,
the errors of Table VIII prove that these estimations have
acceptable accuracy.

For validation purpose, a step change is applied to the input
mechanical power to change the operating point. The simu-
lation has been carried out using both actual values of the
parameters and estimated ones. The results show the good
accuracy of the estimated parameters for new operating point
as shown in Fig. 14.

It should be noted that since the proposed method uses
local measurements of the synchronous generator terminals
(Vt and Pe), the identification procedure will be the same
when the generator is not connected to a multimachine power
system. Indeed, the type of network that generator is con-
nected to is important in such identification methodologies
that are based on the white-box model of the system such
as [13], [14], and [20], where the main idea is identifying the
parameters of the state space model of the system which
depends on the network configuration. But the proposed
approach of this paper just tries to estimate the desired param-
eters in order to fit the simulated outputs (Vt and Pe) to the
measured ones regardless of the system configuration.

V. CONCLUSION

A new multistage GA-based method has been presented
to simultaneously identify the parameters of the synchronous
generator and its EXS using online measurements which could
be provided by PMUs in a smart grid. Due to large number
of parameters (19, in this paper), the simultaneous closed-
loop parameter identification was a challenging problem which
has been solved using the proposed method. This method has
been applied to a single machine infinite bus system and the
simulation results show its effectiveness. In addition, a val-
idation test has been done using a step change in operating
point which shows that the estimated parameters are valid for
different operating points.
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