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Identification of Physical Parameters of a
Synchronous Generator From Online Measurements

M. Karrari and O. P. Malik, Life Fellow, IEEE

Abstract—A new method to determine physical parameters of
a synchronous generator based on an online measurement of the
electrical power, terminal voltage, and field voltage, following a
small perturbation of the field voltage, and the rotor angle at the
same steady-state operating condition is described in this paper.
A multivariable linear transfer function, identified using the sam-
pled input-output data, is converted to the parameters of the Hef-
fron-Phillips model. Using the relations of the Heffron-Phillips pa-
rameters with the physical parameters, the physical parameters
are estimated. These estimated parameters are then used in a non-
linear structure to model the synchronous generator. Experimental
results with the proposed method applied to a micromachine show
good accuracy of the model and also show that the identified non-
linear model is valid at other operating conditions. At dramatically
different operating conditions, however, to include the effects of un-
structured nonlinearities such as magnetic saturation, the param-
eters of the nonlinear structure can be slightly adjusted for better
performance.

Index Terms—Parameter estimation, power system identifica-
tion, power system modeling, synchronous generators.

I. INTRODUCTION

AS power systems become more interconnected and com-
plicated, analysis of dynamic performance of such sys-

tems becomes more important. Synchronous generators play a
very important role in the stability of power systems. A valid
model for synchronous generators is essential for a valid anal-
ysis of stability and dynamic performance. Almost three quar-
ters of a century, after the first publications in modeling syn-
chronous generators [1], [2], the subject is still a challenging
and attractive research topic.

The first and traditional methods of modeling of syn-
chronous generators are well specified in IEEE standards [3].
These methods assume a known structure for the synchronous
machine, using well-established theories like Park transfor-
mation. They address the problem of finding the parameters
of the known structure (which are called physical parameters
in this paper). Usually the procedures involve difficult and
time-consuming tests. These approaches include short-circuit
tests, standstill frequency response (SSFR) and open circuit
frequency response (OCFR). These tests can mainly be carried
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out when the machine is not in service. The traditional methods
do not take into account the parameter deviations due to
changes in loads and other parameters such as temperature.

In modeling synchronous generators, there are two kinds of
nonlinearities. The first kind of nonlinearities (structured), are
those which are modeled in the well-known nonlinear structures
of synchronous models. One example is the sine and cosine
functions of the rotor angle. The second kind of nonlinearities
(unstructured), are those which are not usually considered in the
structure of the models. One example is the magnetic saturation
in the iron parts of the rotor and stator. Although some attempts
have been made to define some model structures for magnetic
saturation [4]–[6], the derived models can hardly show all the
realities, as the saturation curves also depend on the operating
conditions. The fact is that there is no unique nonlinear struc-
ture to define all the system behavior when dealing with a prac-
tical synchronous generator with dramatic changes in the oper-
ating conditions. The unstructured nonlinearities can be consid-
ered by adjusting the physical parameters of the nonlinear model
using online measurements.

To overcome the shortcomings of the traditional methods,
and, to some extent, include unstructured nonlinearities, online
identification methods have been suggested [7]–[20]. These pa-
pers can be divided into two categories. Papers in the first cat-
egory [7], [8], deal with black-box modeling of synchronous
generators using input-output data. In these papers the structure
of the model is not assumed to be known a priori and no phys-
ical parameters are estimated. Their only concern is to map the
input data set to the output data set.

The second category [9]–[20] of papers assumes a known
structure for the synchronous machine (as the traditional
methods), and tries to estimate the physical parameters from
online measurements. The main advantage of this category is
that it yields the physical parameters. Each parameter has its
physical meaning, which sounds good especially for power
engineers. Many different methods have been used for such a
purpose. Singular value decomposition (SVD) [9], subspace
identification methods [10], neural networks [11], extended
Kalman filter [12], conjugate gradient method [13], maximum
likelihood [14], evolutionary programming [15], orthogonal
series functions [16], and Hartley series [17] are among the
methods used for identification of parameters of a synchronous
generator.

Along with the identification strategy, papers differ in the
model structure and the kind of system disturbance during mea-
surements. The conventional online tests for machine modeling
involve large disturbances, such as load rejection and three-
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phase short circuit [18]. However some approaches are based
on small-disturbance responses such that it would not interfere
with normal operating conditions [19], [20].

Depending on the desires and aim of the user, the model struc-
ture of a synchronous generator can significantly change. Syn-
chronous generators are usually connected in a network. If the
parameters of a synchronous generator are required for investi-
gating the stability and oscillation of an overall multi-machine
system, a third order model structure is adequate. Nevertheless
the nonlinearities are very important, since the operating con-
ditions of the synchronous generators vary considerably due to
load demand changes.

In this paper, a third order nonlinear model is identified for a
synchronous generator. The method used in this paper, identifies
the physical parameters of the nonlinear structure using online
measurements and has these features:

a) It uses Heffron-Phillips model, as an intermediate step
to derive the nonlinear model of a synchronous gener-
ator. All formulas are well-known and easy to derive. The
mechanical parameters (i.e., rotor inertia and damping
factor) as well as the electrical parameters are estimated.

b) It requires only the electrical power and the terminal
voltage as the outputs of the system with small perturba-
tion of the field voltage.

c) The unstructured nonlinearities are reflected in the
changes in the parameters of the nonlinear structure.

d) It requires the rotor angle to be measured only at steady-
state conditions. Noise can significantly affect the accu-
racy of the measurement. This accuracy can be much im-
proved by averaging the measurement over a long period
of time. This is not possible if the rotor angle is required
to be measured at each sampling instant, as required by
the similar published approaches [10], [13] to calculate
direct and quadratic variables at each sampling instant.

e) Although the derived model is a third order model, it in-
cludes all structured nonlinearities. For highest accuracy,
usually an 8th order model is considered. The derivation
of the whole set of parameters for such a detailed model,
involves extensive calculations. In [13] a vector of 61 pa-
rameters is estimated, each of which has a complicated
nonlinear relation with the physical parameters. However,
in a noisy environment, when the number of required pa-
rameters is increased, the set of acceptable parameters,
from transfer function point of view, is wider [21], [22].
Therefore, determination of the exact values of the phys-
ical parameters is much more difficult and inaccurate. For
a third order model, however, the number of required pa-
rameters is dramatically reduced. Therefore the effects of
noise and the variance of the estimated parameters are ef-
fectively reduced.

The paper is organized as follows:
In Section 2, the proposed method is outlined. The nonlinear

model structure considered for the simulation and modeling
of the synchronous generator is explained in Section 3. The
linearized model is also described. This linear model is used
in an intermediate step to extract the physical parameters.

Extracting physical parameters from the estimated linear model
is addressed in Section 4. In Section 5, the application of the
proposed method on a micromachine is carried out and the
experimental data is compared with the simulated nonlinear
model of the synchronous generator. Section 6 concludes the
paper.

II. PROPOSED METHOD

The method proposed in this paper is based on the fact that
a well-defined linear and nonlinear structure is defined for the
system. The linear structure is used as an intermediate step to
extract the parameters of the nonlinear structure. To identify the
parameters of the nonlinear structure, first a particular operating
condition is selected. It is clear that the parameters of the linear
transfer function would depend on the operating conditions and
the physical parameters. The idea is to first identify the linear
model (Heffron-Phillips model), then extract the physical pa-
rameters using the identified linear model. The nonlinear model
is next simulated using the estimated physical parameters. The
procedure is outlined below:

1) A particular operating condition is selected (e.g., nom-
inal operating condition). The rotor angle at this operating
condition is measured.

2) An exciting input signal is applied to the field of the
synchronous generator. This input signal is added to the
normal values. It should have enough frequency spectrum
to excite the various modes of the system and the magni-
tude should be small, such that it would not interfere with
the normal operation of the system. A psuedo random bi-
nary sequence (PRBS) with 5% of the nominal value is
an appropriate input signal.

3) The applied input signal along with the terminal voltage
and electrical power are sampled using a data acquisition
system (DAS).

4) A multivariable linear transfer function is obtained for the
system using the well-known identification methods for
linear time-invariant systems (e.g., maximum likelihood).

5) Parameters of the identified transfer function are con-
verted to the parameters of the Heffron-Phillips structure.

6) Physical parameters of the synchronous generator are
extracted from the parameters of the Heffron-Phillips
model.

7) The nonlinear structure is simulated with the estimated
physical parameters.

8) The nonlinear model is used in some different oper-
ating conditions. At dramatically different operating
conditions, the parameters of the nonlinear structure are
adjusted for a better performance.

In this algorithm, steps 5 and 6 are the main steps. These two
steps are explained in Section 4 in more detail. First the structure
of the nonlinear and linear model is described in Section 3.

III. SYNCHRONOUS GENERATOR MODEL

In this study, a third order nonlinear structure has been
adopted. Compared with higher order nonlinear structures, it
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neglects the effects of damper windings and dynamics of the
stator. These two effects can be neglected, especially when
the very fast dynamics (sub-transients) are not of interest. The
effect of damper windings is approximately considered in the
rotor damping factor. A synchronous machine connected to
infinite bus through a transmission line, Fig. 1, is considered
here as the study system.

The third order nonlinear structure derived in [23], [24] is
used in this study. The only modification is that the parameters
and the variables of the model are not in per unit. The model
then is described by these equations:

(1)

where:

Other variables and the constants are defined in Appendix A.
The linearized form of the above model is:

(2)

In (2), , and are constants depending on
system parameters and the operating conditions (explained in
Appendix A). This model, known as the Heffron-Phillips model,
is used in an intermediate step to extract the physical parameters

from the identified model. This linear model can be
described in state space and transfer function structures as given
in Appendix A.

IV. EXTRACTION OF PHYSICAL PARAMETERS

Although the linear system described in Appendix A, is a two
input, two output system, to make it more practical, only the
field voltage is considered as the input, because the field voltage
is an electric signal and can be disturbed and measured more
easily than the mechanical torque.

Assuming that the transfer function between the outputs
and the input

is known, a procedure to extract physical
parameters is outlined here. Suppose the identified transfer
functions are:

(3)

Fig. 1. Structure of the study system.

It is shown in Appendix A, that:

(4)

Having identified the parameters and using (4), one can
calculate:

(5)

Comparing the parameters obtained in (5) from the transfer
functions with the parameters of the Heffron-Phillips model,
it is clear that not all the parameters of the Heffron-Phillips
model can be calculated from the identified transfer functions.
For example, although the values of and have
been identified, there is no unique value for , and .
Although the whole set of parameters for the Heffron-Phillips
model has not been identified, enough values are known to
calculate the physical parameters of the nonlinear structure,
which are , and . Suppose and
the rotor angle have been measured. Then ,
and can be calculated using (1).

Now, , and can be calculated from the fol-
lowing set of nonlinear algebraic equations (the line and trans-
former resistance can be considered as zero or, for higher ac-
curacy, should be estimated separately using some steady-state
measurements).
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Fig. 2. Experimental setup for the micromachine.

(6)

This nonlinear set of equations can be solved using any of
the well-known numerical approaches like Newton-Raphson
method (using MATLAB software).

Once these variables are calculated, one can calculate:

(7)

Now, the remaining parameters of the Heffron-Philips model
can be calculated, if necessary, though they are not re-

quired. The algorithm described in this section to extract phys-
ical parameters of a synchronous generator is an easy algorithm

to implement compared to other algorithms developed in the lit-
erature. It only requires an online experiment with the generator
in normal operation in which the field voltage is disturbed by an
exciting signal with small magnitude. The defined output sig-
nals are easily measurable.

V. IMPLEMENTATION OF THE PROPOSED METHOD

ON A MICROMACHINE

In this section, implementation of the proposed method on a
micromachine is described.

A. Experimental Setup and Results

The system under consideration is a 3-kVA micromachine,
driven by a dc motor. The micromachine can represent dynamic
response of much larger machines, when the parameters and
variables are considered in a normalized version (per unit
system [23]). The main problem with a micromachine can be
the field time constant, which is much lower than that of the
larger machines. This problem has been overcome using a time
constant regulator, which is used to increase the effective field
time constant to match that of the larger units.

The transmission line is modeled by a lumped element trans-
mission line. It consists of six sections and simulates the per-
formance of a 300 km long 500 kV, double circuit transmission
line connected to a constant voltage bus.

The experimental setup used for the experiment is shown in
Fig. 2. The synchronous generator is driven by a DC motor.
The exciting input signal, PRBS, with a magnitude of 5% of the
field voltage nominal value, is produced in the computer and is
applied to the synchronous machine through a D/A converter.
The field voltage, terminal voltage and the electrical power are
measured and sampled by the data acquisition system.
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Fig. 3. Experimental results.

One important requirement of the proposed method is the
rotor angle measurement. This is accomplished by comparing
two pulse trains, one obtained from the frequency of the terminal
voltage (zero crossing) and the other obtained from a signal from
the rotor. A disk with four holes is installed on the rotor and
a photo diode produces four pulses each revolution. Details of
such a measurement can be found in [25].

The main operating condition was selected to be
W (per phase), and V. The rotor angle and
the field voltage at this operating condition were measured as:

degrees and V.
The sampling time was selected to be 50 ms. This sampling

time proved to be fast enough to capture the required dynamics.
The line resistance was estimated to be . Fig. 3
shows the field voltage, terminal voltage and the electrical
power measured from the experiment at the main operating
conditions. These results are used in the next section to identify
the system. The spikes in the measurement results are because
of the measurement noise and the data degradation caused by
the data acquisition system.

B. System Identification

Identification of linear time invariant systems is well estab-
lished in the literature and much software has been developed
for such a procedure. In this work, the programs in MATLAB
were used to identify the system. Recursive Extended Least
Square (RELS), Recursive Instrumental Variable (RIV) and Pre-
diction Error Method (PEM) resulted in a very similar set of
parameters. The degree of the numerator, the degree of the de-
nominator and the delay should be selected such that the re-
quired transfer function with structure described in Appendix A,
is obtained. The transfer functions are first identified in discrete

Fig. 4. Outputs of the experimental results and the identified transfer
functions.

time form and then transferred to continuous domain. The final
transfer functions are:

A comparison of the experimental results with the outputs of
the identified transfer functions is given in Fig. 4, which shows
fairly accurate identification.

C. Extraction of the Physical Parameters

In this section, the equations derived in Section 4 are used
to extract the physical parameters of the synchronous generator.
From the identified transfer function (comparing the identified
transfer function and those obtained in Appendix A and (4)),
gives:

Then using (5):
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Fig. 5. Outputs of the experimental results and of the identified nonlinear
model.

Having measured W, V, and
, and using (1), gives:

Now using (6) and solving the set of nonlinear equations
gives:

Using (7):

Thus the whole set of parameters for the nonlinear model is
calculated. In the next section, this model is evaluated.

Fig. 6. Outputs of the experimental results and of the identified nonlinear
model following a mechanical step change.

Fig. 7. Outputs of the experimental results and of the identified linear model
following a mechanical step change.

D. Model Validation

A comparison of the experimental data with the output of the
nonlinear model obtained in the previous section is shown in
Fig. 5. Comparing Figs. 4 and 5, it is seen that the linear model
fits the measured data slightly better than the nonlinear model.
However, the advantage of the nonlinear model over the linear
model would become clear when the operating condition of the
system is changed from the one at which the linear model has
been identified.

Response of the system and the nonlinear model following a
step change in the mechanical input and the field voltage showed
an acceptable performance of the nonlinear system. Fig. 6 com-
pares the experimental results and of the identified nonlinear
model following a 21.75% mechanical step change.

The identified linear model (as could have been predicted)
can not follow the step changes properly, as shown in Fig. 7.
Response of the system and the nonlinear model following a
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Fig. 8. Outputs of the experimental results and of the identified nonlinear
model following a field voltage step change.

Fig. 9. Outputs of the experimental results and of the identified linear model
following a field voltage step change.

step change in the field voltage, is given in Fig. 8. Response of
the system and the linear model following the same step change
is shown in Fig. 9.

Additional experimental and simulation results (not shown
for the sake of brevity) yielded the same conclusion. The linear
model not only shows steady-state error in all state variables (the
steady-state error is not present in the electrical power, since the
transfer function is unity at steady state, regardless of the pa-
rameters of the system), but also do not follow the oscillations
properly. The nonlinear model, however, shows a good perfor-
mance at other operating conditions, with no steady-state error
and good match during transients.

Although the model, derived in the previous sections is a non-
linear model and performs much better than the linear model
when the operating conditions of the system change, even the
nonlinear model would degrade when the operating conditions

Fig. 10. Outputs of the experimental results at P = 1013 W and Q = 400
VAr and of the identified nonlinear model identified at P = 675 and Q = 0.

Fig. 11. Outputs of the experimental results at P = 1013 W and Q = 400
VAr and of the identified nonlinear model identified at the same operating
conditions.

of the system change dramatically. A comparison of the exper-
imental data with the output of the nonlinear model obtained in
the previous section at a very different operating condition is
shown in Fig. 10. For this experiment the operating condition
was selected to be W (per phase), VAr and

V. As it can be seen from the figure, the model has,
to some extent, degraded.

Although the model degradation may be acceptable for some
applications, especially controller design, the model can be im-
proved by considering the parameters of the nonlinear structure
as dependent on the operating conditions.

Fig. 11 shows the same results with a new set of identified
model for this particular operating conditions. For the new op-
erating conditions, were identified.
The rest of the parameters remained approximately the same
as before. Some other tests were carried out at another oper-
ating condition W (per phase), VAr and
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V. The same conclusion was reached. The compar-
ison is not given for the sake of brevity. For this particular op-
erating condition, were estimated.
As the results show, and are the main parameters which
change with the operating conditions. The main reason for such
variations is the magnetic saturation in the iron parts of the rotor
and stator, as stated in the Introduction.

VI. CONCLUSION

A new method for the identification of the physical parame-
ters of a synchronous generator is presented in this paper. The
method is based on the fact that for the synchronous generator
well-defined linear and nonlinear model structures exist. The
Heffron-Phillips model is used to extract physical parameters
from the identified transfer functions. The proposed method re-
quires very simple test on the machine during normal operation.

Experimental results show that machine performance using
the obtained parameters in the standard two-axis model of the
machine match fairly closely the actual performance of the
physical machine, especially when the operating condition of
the system is changed.

The obtained model was also tested at dramatically different
operating conditions. The model shows fairly good accuracy for
those operating conditions as well. To improve the performance
of the model, the direct and quadratic axes reactances can be
adjusted slightly.

APPENDIX A

The main variables and constants of (1) are:

rotor inertia and damping factor;
direct-axis transient time constant;
stator leakage reactance;
direct and quadratic axis mutual reactance;
direct transient reactance;
line and transformer reactance and resistance;
rotor angle;
rotor speed;
mechanical input torque;
steady-state internal voltage of armature;
transient internal voltage of armature;
terminal active and reactive power per phase;
terminal voltage;
infinite bus voltage.

The constants of the linear model are

where

In the above equations, subscript “0” stands for the values
of the variables at the operating point at which the model is
linearized. Details of the derivation of these constants can be
found in [22], [23].

To represent the linear model described in Section 3 in state
space form, the states, inputs and outputs should be defined. The
states and inputs are defined as follows:

Definition of the outputs is slightly arbitrary. Considering
practical aspects, in this study, , active output power devi-
ation per phase and , terminal voltage deviation were con-
sidered as the outputs. Using these definitions the state space
model of the system is [22], [23]

where

and and can be calculated by
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This model can also be shown in transfer function structure.
The transfer function can be obtained using the equation

Using A, B, and C of the state space model, one may obtain
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