
55     ENP Engineering Science Journal, Vol. 3, No. 2, December, 2023   

2716-912X © 2023 Ecole Nationale Polytechnique 

Estimation of Synchronous Machine Parameters 
by Stand Still Frequency Responses Testing 

Farid  LEGUEBEDJ, and Djamel BOUKHETALA 

Abstract− This paper presents a general method based on the standstill frequency response (SSFR) tests cited in IEEE 
Std 115-A. The used methodology consists of determining the frequency response of the measured values of the direct 
axis and quadrature operational inductances.  Subsequently, we identify the different models of transfer functions, which 
are functions of time constants, using curve-fitting techniques. Then considering the time constants as inputs and the 
parameters of the equivalent circuits of the synchronous machine as outputs. We can identify all the parameters of 
different topologies of the models, using the numerical Newton Raphson method. The approach used is inexpensive, 
accurate, and reliable. 
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NOMENCLATURE 

s        Laplace’s operator 
Vd           d-axis stator voltage 
Vq    q-axis stator voltage 
Vf             d-axis field voltage 
id        d-axis stator current 
if           field current 
varm    stator voltage during test  
iarm          stator current during test 
Zd(s)         d-axis operational impedance 
Ld(s)         d-axis operational inductance 
Ld     q-axis synchronous inductance 
Ra, Rf        stator and field resistances 
Rk, Rb, Re d-axis damper resistances 
Lk, Lb, Le  d-axis magnetizing inductances 
La     armature leakage inductance 
Lmd           direct-axis stator to rotor mutual inductance 
𝑇𝑑0           d-axis transient open circuit time constant 
𝑇𝑑      d-axis transient short-circuit time constant 
𝑇𝑑0 ′         d-axis subtransient open circuit  time constant 
𝑇𝑑 ′  d-axis subtransient short-circuit time (t) constant 
𝑇𝑑0         d-axis sub-subtransient open circuit time constant 
𝑇𝑑 ′′  d-axis sub-subtransient short-circuit time constant 
𝑇𝑑0       d-axis sub-sub-subtransient open circuit t constant 
𝑇𝑑 ′′′        d-axis sub-sub-subtransient short-circuit t constant 
G(s)          stator to field transfer function 
Zafo(s)     stator to field transfer impedance 

I. INTRODUCTION 

Synchronous generators play a crucial role in power supply 
systems, and to study their stability and power control, 
understanding the parameters of synchronous machines is 
imperative [1]. Precise identification of these parameters is of 
utmost importance, and the literature presents various 
measurement techniques and identification methods for 
determining synchronous machine model parameters [2]. The 
graphical analysis of short-circuit tests [3,4] a classic method 

outlined in IEEE standard 115 [5] enables obtaining parameters 
of the d-axis but does not identify q-axis parameters. Certain 
investigations [6-8] based on time analysis, such as Standstill 
Time, Response (SSTR) and Rotating Time-Domain Response 
(RTDR) described in IEEE standard 115 [5], have been 
explored. RTDR has been employed to determine machine 
parameters along both axes [9,10]. The rapid evolution of 
computers has given rise to several identification methods for 
synchronous generator models. On-line measurements during 
normal machine operation fall into two categories: "grey box" 
modelling, assuming a known model structure like orthogonal 
series [11,25] or Kalman filter [24], and "black box" modelling, 
where no model structure is assumed. In the latter, the goal is 
solely to establish the correspondence of inputs to outputs using 
methods like neural networks [14, 15] or Volterra series [16]. 
The prevailing approach for determining d-q model parameters 
involves Standstill Frequency Response (SSFR) tests 
introduced in [17]. During SSFR tests at standstill, the machine 
is stationary, and the rotor aligns with the d-axis or q-axis. Two 
stator phases are supplied in series by a sinusoidal voltage 
source with variable frequency. Machine parameters are then 
determined through a transfer function optimization process 
characterizing the d-q model. In spite of the widespread use of 
SSFR, detailed experimental setups are seldom provided in 
publications [18], including technical characteristics of 
measuring and recording devices, frequency range and number, 
and the magnitude of the source voltage. Such information is 
vital for obtaining satisfactory measurements for data analysis. 
Some authors have investigated factors that can impact SSFR 
results, such as the level of machine magnetization during 
testing [19, 20] and variations in stator resistance [21]. Beyond 
the experimental aspects, the SSFR method encounters another 
challenge related to parameter identification from the collected 
data. Similar to any system identification problem, selecting the 
model type, estimator, minimization algorithm, and initial 
values becomes essential. The IEEE standard 1110 [22] 
outlines various potential structures for the d-q model, with 
variations primarily contingent on the number of branches 
employed to depict the rotor circuit in each axis based on rotor 
construction type [23]. In this paper, we present a general 
procedure, with a judicious choice of a topology of the 
equivalent circuit of the synchronous machine. We start by 
using the curve fitting techniques to obtain the suitable model, 
then we use the Newton Raphson method to determine the 
parameters of the circuit. Our paper is structured in five 
sections. Section II is devoted to the development of models of 
the synchronous machine. In section III the stand still frequency 
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responses tests (SSFR) are presented on d-q axis for data 
determination. Section IV develops the general process for 
extracting machine parameters. In section IV we present the 
obtained results and their validation. Finally, the conclusion is 
presented in section V. 

II. DIRECT-AXIS MODEL STRUCTURE OF A SYNCHRONOUS 

MACHINE 

The determination of  synchronous machine parameters from 
the transfer function represents the operational inductance as a 
function of frequency. The operational inductance is derived 
from the machine impedance, which is measured across the 
stator terminals. This method involves three main steps: 

 Conversion from impedance to operational inductance. 

 Determination of the time constants from the operational 
inductance. 

 Determination of machine parameters from time constants 
and inductances. 

The conversion from machine impedance to operational 
inductance is based on the direct-axis equivalent circuit of a 
synchronous machine, Fig. 1. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

A.  Synchronous machine models 

 
1.  First order model (one rotor circuit) 

The fundamental equivalent circuit is the one that incorporates 
one field circuit in the direct axis and one damper winding in 
the quadrature axis, depicted in Fig. 1.a. The operational 
inductance can be expressed in the following manner [12]: 
 

 𝐿𝑑(𝑠) =
𝑅𝑓(𝐿𝑎 + 𝐿𝑚𝑑) + 𝑠(𝐿𝑎𝐿𝑚𝑑 + 𝐿𝑎𝐿𝑓 + 𝐿𝑚𝑑𝐿𝑓)

𝑅𝑓 + 𝑠(𝐿𝑚𝑑 + 𝐿𝑓)
   

                                                                                                           (1) 
Equation (1) can be written in the following standard form: 
 

         𝐿𝑑(𝑠) = 𝐿𝑑
(1 + 𝑠𝑇𝑑 )

(1 + 𝑠𝑇𝑑0 )
                     (2) 

Where  

                      𝑇𝑑 =                                                  (3.a) 

 

                       𝑇𝑑0 =                                                (3.b) 

 
𝐿𝑎𝑚𝑑  is the parallel combination of Lmd and La, 
and                                                          
                      𝐿𝑑 = 𝐿𝑎 + 𝐿𝑚𝑑                                                (3.c) 
 
 

2. Second order model (two rotor circuits) 
 Figure 1.b represents the equivalent circuit of the operational 
inductance of the second order model. The operational 
inductance of this model can be written in the following form 
[12]:  

 𝐿𝑑(𝑠) =
( )( )( ) ( )

( )( ) ( )
                    (4)                 

                           

By simplifying equation (4), we get: 

𝐿𝑑(𝑠) = 𝐿𝑑
(1 + 𝑠(𝑇𝑑 + 𝑇1) + 𝑠 𝑇𝑑 𝑇𝑑 )

(1 + 𝑠(𝑇𝑑0 + 𝑇2) + 𝑠 𝑇𝑑0 𝑇𝑑0 )
               (5) 

where  
𝑇1 = (𝐿𝑘 + 𝐿𝑎𝑚𝑑)/𝑅𝑘; 

                                                                                                          
(6) 

                        𝑇2 = (𝐿𝑘 + 𝐿𝑚𝑑)/𝑅𝑘. 
     
     The exact time constants of the zeros and poles of equation 
6 are obviously determined by extracting the roots of the 
quadratic equations composing the numerator and the 
denominator. For the denominator, the roots are: 
 

𝑆 , =
( )

± −                           (7)   

                                                                                                                                
and for the numerator  

𝑆 , =
( )

± −                                   (8)    

                                                

Therefore, the operational inductance for a second-order 
model can be written as: 
                                        

𝐿𝑑(𝑠) = 𝐿𝑑
(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )

(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )
          (9) 

 
3. Third order model (three rotor circuits) 

The effect of expanding the model to include other parallel 
branches on the rotor for other eddy current effects, caps and 
slot wedges etc…. Consequently add further pole-zero pairs 
into the frequency response, requiring the identification of 
additional pairs of time constants. 
When the equivalent circuit of the rotor is composed of three 
branches in parallel, as shown in Figure 1c, the equation of the 
operational inductance is naturally a ratio of polynomials of 
third order, for which the denominator is given by 
 

Den = [1+𝑠 + + +

𝑠
∗ ∗ ∗

∗
+

∗ ∗ ∗

∗
+

∗ ∗ ∗ )

∗
 +

( ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ )

∗ ∗
]                         (10) 

The numerator has exactly the same shape as the denominator 
but with 𝐿𝑚 replaced by 𝐿𝑎𝑚 in each of the coefficients of s, 
s2 and s3. 
 

  

Fig. 1:  Equivalent Circuit of a fourth order model for direct axis 
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Num=[1+𝑠 + + +

𝑠
∗ ∗ ∗

∗
+

∗ ∗ ∗

∗
+

∗ ∗ ∗ )

∗
 +

( ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ )

∗ ∗
](𝐿𝑎 +

𝐿𝑚𝑑)     (11) 

And 

𝐿𝑑(𝑠) =        (12)                                                                                        

So the operational inductance  for a third-order model can be 

expressed as: 

𝐿𝑑(𝑠) = 𝐿𝑑
(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )

(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )
 

(13) 
4. Fourth order model (fourth rotor circuits) 

      
The equivalent circuit of the fourth-order model is shown in 
Figure 1.d. It follows from the previous analyzes that the 
transfer function of each model is constructed by adding a pair 
of zero poles to the lower model. The operational inductance is 
given by: 

 𝐿𝑑(𝑠) = 𝐿𝑑
(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )(1 + 𝑠𝑇𝑑 )

(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )(1 + 𝑠𝑇𝑑0 )
 

                             (14) 
 

III. STANDSTILL FREQUENCY RESPONSE TESTS 

Standstill frequency response testing is highly recommended 
for obtaining synchronous machines parameters compared to 
short-circuit testing methods. There are three mains reasons 
that show the superiority of this method they are 

 The capability to determine  the parameters of the both 

axes, the direct axis and the quadrature axis. 

 The ability to identify the parameters of higher order 
models. 

 The results obtained using sudden short circuit tests are 
only relevant for the second order model (two rotor 
circuits). In addition these tests remain unable to determine 
the synchronous machines parameters in the q-axis. 

The following subsections describe the general procedure of the 
SSFR method, as given in reference [5].  
 

1.  Measurable quantities 
The d and q axis operational impedances are respectively 
 

𝑍𝑑(𝑠) = 𝑅𝑎 +sLd(s)                           (15) 

𝑍𝑞(𝑠) = 𝑅𝑎 +sLq(s)                           (16) 

 

To obtain the frequency response characteristics of the 
operational quantities, the following measurements are made: 

 

𝑍𝑑(𝑠) =
∆ ( )

∆ ( )
                                           (17)                                                                      

 

                          𝑍𝑞(𝑠) =
∆ ( )

∆ ( )
                                           (18)                                                                             

 

                               𝐺(𝑠) =
∆ ( )

∆ ( )
                                         (19)                        

 
 
From the equations (16) and (17) above, the operational 

inductances in d-q axis can be written as follows 

                           𝐿𝑑(𝑠) =
( )

                  (20)                                                                                 

𝐿𝑞(𝑠) =
( )

                  (21)                                                               

The stator resistance 𝑅𝑎 is defined by 

    𝑅𝑎 = lim
→

|𝑍𝑑 (𝑠)|                  (22) 

Or by  

                                  𝑅𝑎 = lim
→

|𝑍𝑞 (𝑠)|                  (23) 

 
We can also measure s 𝐺(𝑠). The principle of this test is based 
on measuring small variations in field and armature current 
when the field circuit is shorted as shown in equation (24). 
 

𝑠𝐺(𝑠) =
∆ ( )

∆ ( )
                                           (24)    

                                                                      

In addition, the armature to the field transfer impedance 𝑍𝑎𝑓𝑜 
is measured, as follows  

𝑍𝑎𝑓𝑜(𝑠) = −
∆ ( )

∆ ( )
                                        (25)                                                           

2. Measurement setup 
     The typical configuration of SSFR tests is composed of a 
sinusoidal signal generator, a power amplifier, the MUT 
(machine under test) and an analyzer capable of measuring at 
the same time the amplitude and phase differences of two input 
signals. The four schemes below show the test configurations 
of the measurable quantities 𝑍𝑑(𝑠), 𝑍𝑞(𝑠), 𝑠𝐺(𝑠) and 
𝑍𝑎𝑓𝑜(𝑠). We note that the frequency range varies from 0.001 
Hz to 1000 Hz. 
 
 
 

 
 
 
 
 
 

∆𝑉𝑓 = 0 

∆𝑉𝑓 = 0 

∆𝑉𝑓 = 0 

 

∆𝑉𝑓 = 0 

∆𝑖𝑓 = 0 

Fig. 2: Test schematic for the d-axis operational impedance, 𝑍𝑑(𝑠) 
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IV.  METHODOLOGY 

     The design methodology proposed in this study begins with 
the definition of the structure of the d-axis equivalent circuits. 
We are interested in the SSFR1, SSFR2, and SSFR3 models, it 
should be noted that this methodology can be correctly applied 
to any circuit topology for the q axis. 
 

1.  D-axis parameters from tests 
     In order to implement our method, a machine with a power 
of 277.8 MVA and a voltage of 16.5 KV was chosen. SSFR 
results are published in EPRI [13] and d-axis impedance has 
been introduced for the process of identifying the parameters of  
synchronous machine models. Fig. 6 represents the 
experimental measurements of the impedance Zd(s). 
 
 
 

 

 
 
 
 
 

 
 
 
 
By extrapolating the real part of the operational impedance at 
zero frequency, we obtain the stator resistance value Ra = 
0.002000 Ω, Fig. 7. Equation (21) makes it possible to trace the 
evolution of operational inductance magnitude in dB and its 
phase in degree. The extrapolation of the operational 
inductance 𝐿𝑑(𝑠) at zero frequency, allows calculating the 
synchronous inductance value 𝐿𝑑 = − 46,1991 dB =

0.004898 H, Fig. 8. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 3: Test schematic for the q-axis operational impedance, 𝑍𝑞(𝑠) 

 

Fig. 4: Test schematic for the stator to field transfer function, 𝑠𝐺(𝑠) 

 

Fig. 5: Test schematic for the stator to field transfer impedance, 𝑍𝑎𝑓𝑜(𝑠) 
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Fig. 6: Frequency response of the impedance (measured data) 
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Fig. 7: Variation of the resistance versus frequency 
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Fig. 8: Frequency response of the operational inductance in terms of magnitude 
(in dB) and phase in (degrees) 
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The mutual inductance of the stator in the direct axis to the rotor 
can be obtained by taking the difference between the d-axis 
synchronous inductance and the leakage inductance as follows: 

𝐿𝑚𝑑 = 𝐿𝑑 − 𝐿𝑎                     (26)                                                                                      
The choice of the value of the leakage inductance in the 
technical literature [14] is taken La= 8% 𝐿𝑑. 
 

2. D-axis equations set 
     In this part, we try to find the relations between the time 
constants of the operational inductance and the parameters of 
the equivalent circuit of synchronous machine models. In this 
context, we are interested in the third order model (SSFR3). We 
proceed to the development of equation (13), then by 
identifying it with equations (10) and (11), we obtain the non-
linear equations system, whose inputs are the time constants 
and outputs are the parameters of the equivalent circuit. 
 
The system is: 

𝐿𝑎𝑚 =    
∗

                             (27) 

                                                                                         

𝑇𝑑 + 𝑇𝑑 ′ + 𝑇𝑑 ′′ = + +                                          

(28) 

𝑇𝑑 ∗ 𝑇𝑑 ′ + 𝑇𝑑 ′ ∗ 𝑇𝑑 ′′ + 𝑇𝑑 ′′ ∗ 𝑇𝑑

=
𝐿𝑘 ∗ 𝐿𝑓 + 𝐿𝑏 ∗ 𝐿𝑚𝑑 + 𝐿𝑓 ∗ 𝐿𝑚𝑑

𝑅𝑓 ∗ 𝑅𝑏

+
𝐿𝑏 ∗ 𝐿𝑘 + 𝐿𝑗 ∗ 𝐿𝑚𝑑 + 𝐿𝑘 ∗ 𝐿𝑚𝑑

𝑅𝑏 ∗ 𝑅𝑘

+
𝐿𝑓 ∗ 𝐿𝑘 + 𝐿𝑓 ∗ 𝐿𝑚𝑑 + 𝐿𝑘 ∗ 𝐿𝑚𝑑

𝑅𝑘 ∗ 𝑅𝑓
                                    (29) 

 

              𝑇𝑑 ∗ 𝑇𝑑 ∗ 𝑇𝑑 =  

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗
  (30)                 

𝑇𝑑0 + 𝑇𝑑0 ′ + 𝑇𝑑0 ′′ = + +                         

(31) 

𝑇𝑑0 ∗ 𝑇𝑑0 ′ + 𝑇𝑑0′′ ∗ 𝑇𝑑0 ′′ + 𝑇𝑑0 ′′ ∗ 𝑇𝑑0 = 

𝐿𝑘 ∗ 𝐿𝑓 + 𝐿𝑏 ∗ 𝐿𝑎𝑚 + 𝐿𝑓 ∗ 𝐿𝑎𝑚

𝑅𝑓 ∗ 𝑅𝑏

+
𝐿𝑏 ∗ 𝐿𝑘 + 𝐿𝑏 ∗ 𝐿𝑎𝑚 + 𝐿𝑘 ∗ 𝐿𝑎𝑚

𝑅𝑏 ∗ 𝑅𝑘

+
𝐿𝑓 ∗ 𝐿𝑘 + 𝐿𝑓 ∗ 𝐿𝑎𝑚 + 𝐿𝑘 ∗ 𝐿𝑎𝑚

𝑅𝑘 ∗ 𝑅𝑓
                                      (32) 

 

𝑇𝑑0 ∗ 𝑇𝑑0 ′ ∗ 𝑇𝑑0 ′′= 

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗
          (33)   

3.  Identifying direct Axis model time constants 
 Curve fitting techniques are used here, to identify the time 
constants of the models from the measured data of operational 
inductance magnitude and phase. The 'freqs' and 'invfreqs' 
functions in MATLAB convert measured data from the 
frequency response of the operational inductance to a transfer 
function for different models. 
 
 

The following results were obtained with MATLAB: 
 
First order model (SSFR1) 

                       

    𝐿𝑑(𝑠) = 0.004500
(1 + 0.491032𝑠)

(1 + 2.301883)
                        (35) 

 
Second order model (SSFR2) 
 

 𝐿𝑑(𝑠) = 0.004898
(1 + 0.820584𝑠)(1 + 0.005902𝑠)

(1 + 3.858375𝑠)(1 + 0.008495𝑠)
       

                                                                                    (36) 
 
Third order model (SSFR3) 
 
 𝐿𝑑(𝑠) = 0.004899 
(1 + 0.896976𝑠)(1 + 0.084855𝑠)(1 + 0.002473𝑠)

(1 + 3.944719𝑠)(1 + 0.101208𝑠)(1 + 0.003354𝑠)
  

                                                                                    (37) 
 

4. Determination of equivalent circuit parameters  
 
The set of nonlinear equations outlined in subsection III.2 
underwent simulation through the Newton Raphson method in 
MATLAB, utilizing the time constants from the previously 
identified third-order model (SSFR3). This methodology was 
also employed to deduce the parameters of the SSRF1 and 
SSFR2 models. 
     While this method is simple and easy to execute, a 
significant drawback is its susceptibility to converging towards 
a local minimum based on the chosen model and initial values. 
The progression of SSFR3 model parameters over iterations, 
illustrates that total convergence is achieved around the 8th 
iteration, Fig. 9 to Fig. 14. 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 9: Variation of resistance Rf versus Iteration 
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The parameters of the equivalent circuits of models SSFR1, 
SSFR2, and SSFR3 are summarized in Table 1: 
 

Table 1. Estimation of equivalent circuits parameters 
parametrs SSFR1 

model 
SSFR2 
model 

SSFR3 
model 

Rf (Ω) 0.0026169 0.0011697 0.001692 

Lf (H) 0.000842 0.000759 0.000859 

Rk (Ω) - 0.194508 0.017233 

Lk (H) - 0.000672 0.000859 

Rj (Ω) - - 0.031553 

Lj (H) - - 0.002174 

 

V.  RESULTS AND VALIDATION 

 In order to validate the results obtained, the parameters 
estimated using the Newton Raphson method for SSFR1, 
SSFR2, and SSFR3 models, as outlined in Table 1, are 
incorporated into the transfer functions represented by 
equations (1), (4), and (12) respectively. The resulting findings 

Fig. 11: Variation of resistance Rk versus Iteration 

Fig. 12: Variation of inductance Lk versus Iteration 
 

Fig. 10: Variation of inductance Lf versus Iteration 
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Fig. 13: Variation of resistance Rb versus Iteration 

 

Fig. 14: Variation of inductance Lb versus Iteration 
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are illustrated in Figures 15 and 16. A direct comparison 
between the frequency responses of these models and the 
measured data distinctly showcases the effectiveness of the 
proposed  approach.  Upon closer examination of the curves in 
Figures 15 and 16, it becomes apparent that the SSFR2 model 
outperforms the other models. A notable resemblance is evident 
between the frequency response of this particular model and the 
measured data. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

5. CONCLUSION 

 This study introduced a methodology for computing 
parameters in the direct axis equivalent circuits of synchronous 
machines, demonstrating its applicability to various models. 
The values derived from this approach align well with 
experimentally reported data. In evaluating the frequency 
response, the phase discrepancy between the SSFR2 model and 
measured data for operational inductance ranges from -3.78 
degrees to 2.75 degrees, with a magnitude error fluctuating 
between -0.34 dB and 0.77 dB. It was observed that 
implementing this method is straightforward, rapid, 
comprehensible, and reproducible. 
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