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In this paper prediction error measurement (PEM) method is used for online 
synchronous generator parameters estimation. Unlike the usual off-line standard 
methods, in the proposed method instead of removing the automatic voltage 
regulator (AVR) from the circuit and manually disturbing the excitation voltage, a 
change in the reference signal of the AVR is applied and the parameters are 
estimated for the AVR-generator interconnected system. To adapt this modeling 
to real conditions, the input and output signals are mixed with noise. Since the 
direct application of the PEM method on noisy signals will cause a significant 
estimation error, the wavelet transform is used as a signal-denoising tool. Using 
Matlab/Simulink, synchronous generator parameters are estimated under colored 
noise and white noise conditions. To validate the estimated parameters, the results 
compare with the standard standstill frequency response (SSFR) test that was 
applied to the Shahid Rajaee power plant. Moreover, a three-phase short circuit to 
earth for a period of 2.5 cycles at the generator terminal is simulated and analyzed. 
The results indicate the proper accuracy of the proposed parameter estimation.  
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1. Introduction 
To determine the safe and stable operation margin, it is 
necessary to model the dynamics of the power system 
with all its components. One of the main components is 
the synchronous generator, which has a wide dynamic 
operation, and it is necessary to use the most accurate 
models in dynamic studies. So far, several methods have 
been used to model and determine the synchronous 
generator parameters, which have gradually become 
more complete with the growth of science and 
technology. In the 1960s the characteristics of the 
machine were obtained by the experiments of short 
circuit tests. In general, these tests are usually very 
expensive and there is also the possibility of damage to 
the generator during these tests. Another problem was 
that there was no suitable method to determine the 
parameters of the q-axis while these parameters have a 
significant effect on the machine performance. In 1972, 
the operational impedance conversion function had 
raised to compare the measurable quantities, in 1973, 
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this had discussed [1]. Considering the weaknesses 
mentioned for the short-circuit test method, some 
researchers tried to present modified methods in order 
to more accurately determine the parameters of the 
synchronous generator using the short-circuit test [2, 3]. 
The most important feature of the proposed methods is 
the use of rotor current measurements during the short 
circuit test to determine the characteristics of the 
excitation circuit more precisely. However, the main 
weaknesses of these methods remained, i.e. the inability 
to determine the parameters of the q-axis and the severe 
shock to the machine. But it remains the main weak 
points include disability the determination of wide axis 
parameters and stretching the strong shock to the 
machine. In 1977, the use of the transport test was 
proposed as a method to determine the parameters of the 
synchronous generator [4], [5]. This test is similar to a 
short circuit test; in the sense that the time reactions of 
machine variables following the occurrence of a sudden 
disturbance are used to determine machines' 
characteristics. In contrast to the aforementioned 
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methods, other methods were proposed that can specify 
a complete set of generator parameters. The method of 
estimating the parameters of the synchronous generator 
based on the tests of the machine's frequency response 
in the stationary state is among these methods, which 
can fully estimate the parameters of the synchronous 
generator and is presented as an IEEE standard method 
[1]. Opposite to the aforementioned methods, other 
methods were proposed that can specify a complete set 
of generator parameters. The method of estimating the 
parameters of the synchronous generator based on the 
tests of the machine's frequency response in the 
stationary state is among these methods, which is able 
to fully estimate the parameters of the synchronous 
generator and is presented as an IEEE standard method. 
These methods can be used when the machine is outside 
of service [6]. In recent years, identification methods 
based on online measurements have been considered to 
overcome the weaknesses of classical methods [7-8].  
These methods can be divided into three categories: 
black box, white box, and gray box. In the first category, 
the synchronous generator is modeled as the black box 
by using input and output data [8-10]. In these modeling, 
the structure of the system is unknown and the mapping 
between input and output must be determined through 
the measured data set.  
In the white-box method, the parameters and 
mathematical model are known and tests are carried out 
to validate the existing information. 
In the last category by assuming the structure of the 
synchronous generator, the parameters of the model are 
estimated using online measurements [11-12]. 
In [13] parameter estimation of synchronous generator 
has been proposed using load rejection tests data and 
fitting curve method to the experimental data 
considering the operational limitations of real power 
plants.  
Due to conditions such as saturation, temperature, aging, 
etc., parameters changes. In the online methods, the 
generator does not need to be disconnected from the grid. 
In addition, which makes it necessary to estimate the 
parameters on the line.  
In many works, the model of the excitation system and 
AVR of the generator has not been considered, and only 
the change in the voltage of the excitation coil has been 
considered as the input of Park's equations. The 
generator is considered an independent system from 
AVR with its own inputs and outputs. To create dynamic 
conditions in the generator, the voltage of the excitation 
coil is directly disturbed. Since creating a direct 
disturbance in the voltage of the excitation coil requires 
the AVR system to be removed from the circuit.  
A genetic algorithm-based method is proposed in [14] 
to identify the parameters of the Heffron-Phillips model 
of synchronous generator and excitation system by 
using online measurement data. 
In [15], by using the data of the digital protective relay 
a constrained iterative Unscented Kalman Filter (UKF) 
approach is used for synchronous generator parameters 
estimation. 

In [16] a new method is proposed to estimate field 
voltage signal using other measurements of the 
synchronous generator for parameter estimation 
purposes. 
In [17], parameter estimation of synchronous generator 
and exciter has been presented where the measurement 
for the field voltage and current are available, while it is 
not the case for the brushless systems. 
 In this article, the model and specifications of the 
Shahid Rajaee power plant have been used. The PEM 
method as an iterative identification method is used to 
estimate the parameters of the studied system. The rest 
of the paper is organized as follows: in section 2 
machine model and the standard SSFR test for obtaining 
parameters are given, in section 3, the parameter 
estimation method is discussed, in section 4,  online 
testing has been discussed and finally in section 5 
conclusion remarks are given. 
 
2. Machine modeling 
The synchronous machine model in this paper is a 
standard second-order model with one damper on the d-
axis and two dampers on the q-axis which is shown in 
Figure 1 [9]. The degree of the applied model is selected 
based on synchronous generator type, rotor structure, 
and IEEE-Std-1110 considerations. Parameter 
definitions are listed in Table 1.  

 
 

 
Fig.1. Synchronous generator equivalent circuits 

according to 2-2 model of IEEE Std. 1110 
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Table 1. Synchronous generator parameter definitions 
Parameters Parameters definition 

𝑥! 
𝑥"# 
𝑥"$ 
𝑋# 
𝑋$ 
𝑋′# 
𝑋′$ 
𝑋%%# 
𝑋′′$ 
𝑇′#& 
𝑇′′# 
𝑥'# 

𝑥(# , 𝑥($ , 𝑥)$ 
𝑅" 
𝑅' 

𝑅(# , 𝑅($ , 𝑅)$ 
𝑉# 
𝑉'# 
𝑉$ 

Armature leakage inductance 
d- axis armature reactance 
q- axis armature reactance 
d- axis synchronous reactance 
q- axis synchronous reactance 
d- axis transient reactance 
q- axis transient reactance 
d- axis subtransient reactance 
q- axis subtransient reactance 
d- axis transient O.C time constant 
d- axis subtransient O.C time 
constant 
Field winding  leakage inductance 
Damper winding leakage inductance 
AC Armature resistances 
Field winding resistance 
Damper winding resistances 
d- axis operational resistances 
direct axis armature voltage 
field voltage 
quadrate axis armature voltage 

Relations between parameters are as follows: 
 

 (1) 
 (2) 

 (3) 

 (4) 

 (5) 

 (6) 

 (7) 

 (8) 

 (9) 

 (10) 

 
The following plausibility relations should be held in the 
estimated parameters: 
 

 
 

 
 
The proposed model for AVR in this study is extracted 
from IEEE standard 421.5 – 1992 [18]. Figure 1 shows 
the block diagram of the AVR model.  

 
Fig .2. AVR block diagram 

To have a better comparison, synchronous generator 
parameters are also obtained using the off-line standard 
SSFR test. In doing this time-consuming test, machine 
should be shut down; disconnected from its turning gear 
and electrically isolated. Moreover all connections to 
the field should be taken off by removing the brush gear 
and in the case of a brushless exciter, electrically 
disconnecting. Table 2 shows the required 
measurements and related equations [19]. For more 
details please see [20]. Estimated parameters using 
SSFR are shown in Table 3. 
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Table 2. SSFR Tests [20] 
NO. measurements Circuit Test Measurement 

Values 
Equations 

1 q-Axis operational 
Impedance 

 

 

Ustator 
Istator 

Urotor (about 0) 
 

 

 

2 d-Axis operational 
Impedance 

 

 

Ustator 
Istator 

Urotor (max) 
 

 

 

3 Standstill armature to 
field transfer function 

 

- 
 
 
 

Ustator 
Istator 
Irotor 

 

 

 

 

4 Standstill armature to 
field transfer impedance 

 

 
 
 
 Urotor 

Istator 
Irotor (about-0) 

 

 
Table 3. Impedances and constant times of generator 
from SSFR test 

 

(pu) 

Xd 
(pu) 

Xq 
(pu) 

 

(pu) 

 

(pu) 

Parameter 
name: 

0.17 1.92 1.92 0.27 0.811 
Parameter 

value: 

 

(s) 

 

(pu) 

 
(s) 

 

(s) 

 
(s) 

Parameter 
name: 

0.01 0.26 7.69 0.79 0.011 Parameter 
value: 

 

3. Online parameter estimation method 
Prediction Error Measurement (PEM) is a method based 
on input-output data collected from the process to form 
a cost function. The parameters are then estimated as the 
solution of the optimization of a cost function. When the 
dynamical equations are available, the parameters of the 
system can be selected in such a way that for the same 
input, the output obtained from simulating the model 
with the output obtained from the result of the 
measurement have equal values. If the measured output 
vector of the system at sample time i is shown as and 
the output vector of the estimated model at sample time 
i is shown with; the parameters are estimated as the  
solution of the optimization of following cost function: 

 (11) 

If unknown parameters of a dynamic system are shown 
with a vector  then the aim is to find  such that the 
value of becomes minimized. The PEM method uses 
the Newton algorithm to find the optimal solution. 
Newton's method is a recursive method to find the stem 
of a nonlinear equation. The mathematical description 
of Newton's method can be written as follows: 

 (12) 

 If the relation between input , and output  of the 
nonlinear system can be expressed as: 

 (13) 
Thus, the objective function becomes: 

 (14) 

4. Testing and providing the necessary data for 
the estimation of the system's parameters 

The specifications of the generator and AVR extracted 
from the Shahid Rajaee power plant documents are 
given in Tables 4-6. 
 

Table 4. Impedances and times constant of the 
generator 
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(s) 

 

(pu) 

 

(s) 

 

(s) 

 

(s) 
Parameter 

name: 

0.03 0.23 8.78 0.78 0.017 Parameter 
value: 

 
 
 
 
 
 

Table 5. AVR parameters 
Vf0 

(pu) 
tr 

(s) 
ka 

(pu) 
ta 
(s) 

kf 
(pu) 

tf 
(s) 

Parameter 
name: 

1.8705 0.02 50 0.03 0.01 0.24 Parameter 
value: 

 
Table 6. Steady-state value of variables 

Parameter 
value 

Parameter 
name 

Parameter 
value 

Parameter 
name 

50 fn 312.5 Sbase(MVA) 
0.8019 Pmech(pu) 19 Vbase(kV) 

1 Vref(pu) 1 VgenLL(pu) 
1.8705 Vexciter(pu) 0.8 Pgen(pu) 

  0.01544 Qgen(pu) 
 

 
Fig.3. A reference signal of AVR 

 
Figure 3, shows the AVR source signal. As it is 
mentioned, in the standard synchronous generator 
parameters identification tests, excitation systems 
should be separated from AVR to change directly the 
stimulation voltage. In this section, the AVR and 
generator set is considered as a single system and an 
attempt is made to estimate system parameters, 
Therefore, the parameters of the generator are estimated 
without causing problems in the interconnected set and 
without the need for knowing the data of the excitation 
current and voltage signals. In fact, the proposed method 
can be very practical in terms of technical limitations. 
There are 10 unknown parameters and, the system 
inputs are considered as and the 

system outputs are , and . Table 7, shows the 
estimated values and real values of the AVR–generator 
system. 
A change in the AVR source signal will cause a change 
in excitation voltage Vref, d-axes voltage (Vd), q-axis 
voltage (Vq) and mechanical speed as the system's inputs 
and current signals as the system's output.  

The sampling time is considered as 0.001s, that selected 
sufficiently smaller than the minimum system time's 
constant = 0.017 (Sec). 

4.1. Parameters estimation through noisy signals  

To provide a real test condition, parameter estimation is 
performed under two kinds of noises; white noise and 
colored.  

Table 7. Comparison between the estimated value and real value 
Error w.r.t 
real values 

(%) 

Real 
values 

SSFR  
Test 

Estimated 
values 

Parameters 
name 

0.09 1.95 1.92 1.9518 Xd(pu) 
0.24 1.89 1.92 1.8945 Xq(pu) 
0.63 0.27 0.27 0.2717 Xd

'(pu) 
7.74 0.46 0.81 0.4244 Xq

'(pu) 
3.04 0.23 0.17 0.223 Xd

"(pu) 
2.17 0.23 0.26 0.235 Xq

"(pu) 
0.28 8.78 7.69 8.755 Tdo

'(s) 
1.02 0.78 0.79 0.788 Tqo

'(s) 
17.46 0.017 0.01 0.014 Tdo

"(s) 
40 0.03 0.01 0.042 Tqo

"(s) 

 

4.1.1. Signals containing white noise 

Figure 4, shows the generator input signals and Figure 
5, shows the generator output signals.  

Fig.4. Input signals of generator with white noise 

 
Fig.5. Output signals of generator with white noise 

 
The direct application of the PEM method to evaluate 
the generator parameters will be accompanied by a 
significant error. To solve this problem; first, the input 
and output signal noises are removed, and then the PEM 
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method is applied to the denoised signals. To eliminate 
noises wavelet tool is applied [21]. Figures 6 and 7 show 
input and output signals after noise removal, 
respectively. 

4.1.2. Signals containing colored noise: 

In this section, colored noise has been added to the 
measured signals to approach a real test situation. The 
relationship between color and white noise is as follows: 

 (14) 
where v(k) is white noise, e(k) is colored noise and H(z) 
shows the relation between the white and colored noise. 
The number of poles and zeros H(z) and their values 
depend on environmental conditions and are often not 
known. In this study, a distinct and random function H(z) 
was chosen for each of the input and output signals. 
Then, similar to the previous case, by removing colored 
noise and using input and output signals, system 
parameters were estimated. Table 8 shows the 
evaluation error of generator-AVR parameters 
compared to noisy and non-noised signals, which is 
acceptable.  
The results of Table 8 show the fact that the average 
error of q-axis parameter estimation is higher than the 
average error of d-axis parameter estimation, and the 
average parameter estimation error  is very large. 
Therefore, it can be concluded that the input signal was 
not rich enough to obtain more accurate q-axis 
parameters and the excitation coil (which is placed on 
the d-axis) cannot cause sufficient excitation of the 
modes on the q-axis. 

 
Fig.6. Input signals of the generator after white noise 
removal 

 
Fig.7. Output signals of the generator after white noise 
removal 

 
Table 8. Comparison between the estimation error 
obtained by signals without noise and noisy signals 

ERROR (%) 

REAL  
VALUE 

PARAMETER 
 NAME 

average 

Signals w
ith 

color noise 

Signals w
ith 

w
hite noise  

Signals 
w

ithout noise 
0.15 0.25 0.12 0.09 1.9518 Xd(pu) 
0.31 0.43 0.24 0.24 1.8945 Xq(pu) 
0.98 1.59 0.74 0.63 0.2717 Xd

'(pu) 
7.53 8.67 6.19 7.74 0.4244 Xq

'(pu) 
5.75 7.26 6.95 3.04 0.223 Xd

"(pu) 
3.27 3.74 3.91 2.17 0.235 Xq

"(pu) 
0.62 0.79 0.79 0.28 8.755 Tdo

'(s) 
4.57 6.28 6.41 1.02 0.788 Tqo

'(s) 
18.46 18.94 18.82 17.64 0.014 Tdo

"(s) 
44 50 42 40 0.042 Tqo

"(s) 

 
5. The evaluation and validation of estimated 

models 
To create completely different conditions from the 
experimental conditions of the previous section, we 
studied the short circuit of 3-phases to earth for a period 
of 2.5 cycles at the generator terminal, and the results 
were analyzed to validate the model.  

 
Fig 8. The waveform of input signals of the generator 
for the validation test 

Table 9 shows the utilization values for the synchronous 
generator short circuit test. Figure 8, shows the inputs of 
the generator in the short circuit conditions. Table 10 
shows fitness values between model output and real 
output in the short circuit test. Figures 9-11 show the 
output signals of the model in comparison with the 
actual signals of the studied system for the short circuit 
test and indicate the proper accuracy of parameter 
estimation. 

Table 9. Steady-state value of variables in short circuit 
test 

Parameter 
value: 

Parameter 
name: 

Parameter 
value: 

Parameter 
name: 

50 fn 312.5 Sbase(MVA) 
0.6412 Pmech(pu) 19 Vbase(kV) 

1 Vref(pu) 1 VgenLL(pu) 
1.6058 Vexciter(pu) 0.64 Pgen(pu) 

  0.00456 Qgen(pu) 
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Table 10. Fitness values between models output and 
real output in short circuit test 

List of  parameters model 
Output name 
id iq 

Parameter illustrated in Table 4 94.59 95.01 
Parameter illustrated in Table 5  

(White noise) 93.1 95.07 

Parameter illustrated in Table 4 
(colored noise) 92.72 95.44 

 

 
Fig.9. Comparison between the outputs of the 
generator in the short circuit test, measured and 
simulated by parameters shown in Table 4 
 

 
Fig.10. Comparison between the outputs of the 
generator in a short circuit test, measured and 
simulated by parameters obtained by white noise 
signals  
 

 
Fig.11. Comparison between outputs of generator in 
short circuit test, measured and simulated by parameter 
obtained by colored noisy signals  
 
6. Conclusion 
Usually, to create a disturbance in the excitation system, 
the AVR is separated from the generator and changed 

manually, and the AVR model is not considered. In this 
article, in order to bring the test conditions closer to the 
normal operating conditions, the signal at the AVR 
reference point was changed and the AVR-generator set 
was seen as a single set. The parameters of the AVR-
generator system were estimated using the PEM method. 
The obtained results show high estimation accuracy. 
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