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Abstract— This work presents a general methodology, based 

on standstill frequency response tests. Once the circuit topology is 
chosen, it allows a systematic calculation of the circuit 
parameters for a salient pole synchronous generator. The order 
of the circuit considered can be whatever, even a customized 
circuit topology, since the methodology does not rely on a specific 
formulation. The transfer function coefficients are expressed as a 
function of the circuit parameters by using the symbolic Matlab 
toolbox. From tests, the coefficients of the transfer function are 
fitted in both axes. Then the coefficients have to match with the 
symbolic transfer function previously obtained in order to 
calculate the circuit parameters. If the dynamic behavior 
obtained with the fitted parameters is not accurate enough, the 
circuit order is increased until attaining an accurate solution. 
This methodology results in a useful educational tool for machine 
characterization.  Nowadays many methods are found in the 
technical literature to calculate such parameters, although most 
of them computationally demanding. 
 

Index Terms— Synchronous generator, standstill tests, 
equivalent circuit, identification parameters. 

NOMENCLATURE 
ed d-axis armature voltage [V] 
eq q-axis armature voltage [V] 
efd Field voltage [V] 
varm voltage between two armature terminals during test [V] 
id d-axis armature current [A] 
iq q-axis armature current [A] 
ifd Field current [A] 
iarm Armature current during test [A] 
Ra Armature resistance [Ω] 
Rfd Field resistance referred to the armature [Ω] 
Rkd d-axis damper winding resistance, k =1,2…n [Ω] 
Rkq q-axis damper winding resistance, k =1,2…n [Ω] 
Ll Armature leakage inductance [H] 
Lad d-axis armature to rotor mutual inductance [H] 
Laq q-axis armature to rotor mutual inductance [H] 
Lfd Field winding leakage inductance [H] 
Lkd d-axis damper winding leakage inductance, k =1,2…n [H] 
Lkq q-axis damper winding leakage inductance, k =1,2…n [H] 
Ld(s) d-axis operational inductance 
Lq(s) q-axis operational inductance 
T’d0 d-axis open circuit transient time constant [s] 
T’’d0 d-axis open circuit subtransient time constant [s] 
T’q0 q-axis open circuit transient time constant [s] 
T’’q0 q-axis open circuit subtransient time constant [s] 
T’d d-axis short circuit transient time constant [s] 

 
 

T’’d d-axis short circuit subtransient time constant [s] 
T’q q-axis short circuit transient time constant [s] 
T’’q q-axis short circuit subtransient time constant [s] 

Zarmd(s)  
operational impedance measured between two armature 
terminals during d-axis tests 

Zarmq(s)  
operational impedance measured between two armature 
terminals during q-axis tests 

Zd(s)  d-axis operational impedance 
Zq(s)  q-axis operational impedance 
G(s)  Armature to field transfer function 
Zafo(s)  Armature to field transfer impedance 
SSFR Standstill Frequency Response 

I. INTRODUCTION 

OWADAYS there is a trend to move towards the “more 
electric aircraft”, that is, replace hydraulic and pneumatic 
sources of power to relay on electrical power, such as 

actuators, deicing, engine-start or cabin air-conditioning 
among others. As a consequence, the electrical power 
requirement is expected to easily overpass 1 MW. Typical 
aircraft generators are rated 120 kVA, so new electrical 
system architectures are expected [1], although the core of the 
system is still the synchronous generator. On the other hand, 
regarding the machine’s modelling, the Park’s model has 
survived until now. By adding resistor-inductance branches, 
more effects can be modelled, such as second or third order 
effects. In the literature, the second order model for 
synchronous machine is referred SSFR2, whereas the third 
order is known as SSFR3. By means of these models, different 
effects can be studied, for example calculation of voltage 
regulation, fault identification and analysis, small and large 
disturbance analysis, exciters designs or high performance 
controllers development [2]. In this context the need of a 
reliable and feasible set of circuit parameters is mandatory, 
this still being a challenging research topic. 
Parameter identification is classified into two methods, i.e. 
off-line and on-line identification respectively. In off-line 
methods the machine is out of service. Among them, one can 
find open circuit frequency response, dc-excitation methods 
and standstill frequency response [3], which is used in the 
IEEE Std. 115-A, and in the methodology of this work.  
However, the determination of the subtransient reactances in 
both axes, under saturation conditions is crucial for the 
calculation of the electrical and mechanical integrity of the 
machine during a three phase or two phase short-circuit [4]. 
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Besides, the estimation of the machine flux linkages is 
difficult, due to the strong saturation in the operation of the 
machine, which in turn causes the cross-saturation effect. 
Thus, flux-linkages are function of both d and q axis currents, 
although the standstill frequency response modelling is used 
here because the d and q axis are decoupled. Moreover, this 
method allows an accurate determination of high order models 
since the sinusoidal signal can excite almost all frequencies 
with the same amplitude. Besides, the sinusoidal signals are 
easy to noise decorrelation [5]. This parameter estimation 
methodology consists on extracting the time constants 
applying curve-fitting and then the equivalent circuit 
parameters are obtained by solving a set of non-linear 
equations. In the literature these non-linear equations are 
solved through numerical optimization, although this is a 
process full of numerical difficulties [6-8]. 
It should be noted that on-line methods are receiving much 
attention because of their minimal impact and interference on 
the operation of the machine, which is in service [9-12], such 
that no interference occurs in the operation of the system. 
Mainly they belong to time domain tests, since they apply a 
small perturbation on the machine terminals, standstill time 
domain test, and load rejection test, but the standstill 
frequency response test is still used because its reliability its 
harmlessness to the machine with a relatively simple 
measurement set-up. 
Furthermore, on-line identification methods can be classified 
into three categories, white-box, black-box and grey-box 
modelling. The white box modelling, knows exactly the 
topology of the system the parameters to be calculated or 
estimated, that is exists a theoretical model because the 
physical knowledge is known a priori. Among them, the 
extended Kalman filter [13], conjugate gradient method, 
neural networks, maximum likelihood, evolutionary 
programming, orthogonal series functions, and Hartley series 
can be found in the literature [14]. The black box however, is 
based on the input-output data because no physical knowledge 
is known, in such a way that is known as a data driven model. 
On the other hand the grey box is in between, is a hybrid 
model wherein the analytical equations and input-output data 
relations are used to obtain the parameters of the model. In 
this context a white model is used here because the topology 
of the circuit is known and the order is assumed. 

Taking into account an educational approach, it is very 
important to present to the students a tool able to calculate the 
parameters involved in the dynamic equivalent circuit, i.e d-q 
axis. In this context, a new tool has been developed in 
Matlab®. Firstly the order of the circuit is chosen by the user, 
then it results in different transfer functions. These transfer 
function parameters are fitted with the set of experimental 
tests, such tests are those stated in IEEE Std. 115-A. The user 
can increase the circuit order if the results are not accurate 
enough.  

The work is divided into five sections. In Section II is 
presented the required tests, based on the IEEE Std. 115-A, on 
d-q axis for data extraction. Section III develops the general 
methodology for machine parameters determination. Section 
IV presents the obtained results and its validation. Finally, 
Section V presents the conclusions. 

II. STANDSTILL FREQUENCY RESPONSE TESTS 

In this work a method based on IEEE Std 115A-1987 is 
described for obtaining synchronous machine parameters by 
performing frequency response tests with the machine at 
standstill. Usually the second order d- and q-axis equivalent 
circuits, Fig. 1 and Fig. 2, are used to analyze the synchronous 
machine stability. 

 
Fig.1. q-axis equivalent circuit 
 
The procedure for calculating the synchronous machine 
parameters requires curve-fitting techniques, which are 
applied in an easy and intuitive way by using the Matlab 
software. 

 
Fig.2. d-axis equivalent circuits 

 
The d- and q-axis operational impedances are respectively 

)()( sLsRsZ dad ⋅+=                 (1) 

)()( sLsRsZ qaq ⋅+=                 (2) 

and both can be evaluted through small changes in the 
armature voltage and current when the field winding is short-
circuited, by positioning the rotor, respectively, for d- and q-
axis tests: 
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Additional measures must be taken into account depending on 
the order d- and q-axis equivalent circuits required to simulate 
accurately the transient behaviour of the synchronous 
machine. These measurable parameters are the armature to 
field transfer function, G(s), and the  armature to field transfer 
impedance, Zafo(s). The armature to field transfer function can 
be evaluted through small changes in the field and armature 
currents when the field winding is short-circuited: 
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While the armature to field transfer impedance can be 
evaluated through small changes in field voltage and armature 
current when the field winding is in open-circuit: 
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In order to show how the general methodology based on 
standstill frequency response works, the second order d- and 
q-axis equivalent circuits are chosen, but this methodology can 
be applied to other equivalent circuits that can be found in 
IEEE Std 115-A. If second order equivalent circuits are 
chosen, then only two measurable parameters are required 
over a range of frequencies, the d- and q-axis operational 
impedances.  
The first step is to position the rotor for d-axis tests by doing 
the connections shown in Fig. 3. After that, the amplifer is set 
to approximately 100 Hz. The next step is to turn the rotor 
slowly until the observed field voltage is null. When this 
condition is accomplished, the magnetic axis of the field 
winding is aligned with the series connection of phase a and b. 

fdL

aL

cLbL

 
Fig. 3. Positioning the rotor for d-axis tests 

 
After the d-axis is positioned the d-axis tests can be started by 
doing the connections shown in Fig. 4., where armature phases 
a and b are supplied by using a variable frequency power 
amplfier, and phase c is in open-circuit. 
The field circuit will be short circuited with a non-inductive 
metering shunt. Connect the voltage and current 
measurements of the stator winding to the measurement 
instrument. Perform the measurement over a bandwidth from 
0,001Hz to 1000Hz. 

fdL

aL

cLbL

Power 
Amplifier

armV
armI

Oscillator
Frequency
Response
Analyzer

Shunt

 
Fig. 4. d- axis impedance transfer function test 
 
Similarly, once the q-axis is positioned the q-axis tests can be 
started by doing the connections shown in Fig. 5. The field 
circuit will be short circuited as aforementioned and the same 
bandwidth is applied, as presented in Fig.6. 
 

fdL

aL

cLbL

 
Fig. 5. Wiring of armature and field winding for rotor positioning for 
quadrature axis test 

III. METHODOLOGY 

The design methodology proposed in this work starts with 
the definition of the topology of d-q axis circuits. As already 
explained, in this work a SSFR2 is used, although it must be 
noted that this methodology can be properly applied to 
whatever circuit representation. 

fdL
aL

cLbL

Power 
Amplifier

armV
armI

Oscillator
Frequency
Response
Analyzer

Shunt

Fig. 6. Quadrature axis impedance transfer function test 
 
The leakage inductance is needed, so it can be obtained 

from the zero power factor test or from the manufacturer.  

A. d-axis parameters from tests 

From the d-axis impedance transfer function test, the 
armature voltage and current are measured depending on the 
frequency, so the operational impedance measured between 
two armature terminals during the d-axis tests, Zarmd (s), can be 
calculated from its relation. Due to the series connection of the 
windings in this test, the d-axis operational impedance is 
calculated as: 

2
arm

d

Z
Z =                     (7) 

The result is shown in Fig. 7 
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  Fig. 7. d-axis impedance 
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The armature resistance, Ra, can be obtained from the real 
component of Zd (s) extrapolated at zero frequency. 
The operational inductance in the d-axis is, 

( ) ( )
s

RsZ
sL ad

d

−=                 (8) 

The d-axis inductance at zero frequency Ld(0) can be 
calculated extrapolating Ld(s) to zero frequency as shown Fig. 
8. 

The direct-axis armature to rotor mutual inductance is 
obtained from the difference between the d-axis inductance at 
zero frequency and the leakage inductance as follows: 
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Fig. 8. d-axis inductance 
 
 

( ) ldad LLL −= 0                 (9) 

B. d-axis equations set 

The first step is to define the symbolic parameters that are 
represented in the equivalent circuit. The following steps 
consist on the association of the components in order to obtain 
the symbolic transfer function. The time constants presented in 
equation (#), which depends on the circuit order, are fitted 
with the experimental data shown in Fig. 8. 

 

( ) ( ) ( ) ( )
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ddd
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⋅+⋅⋅+⋅=          (10) 

Ld(0) is the direct axis inductance in the low frequency 
bandwidth. 
 

The fitted coefficients are equal to the corresponding 
constant time in the transfer function. In this way, an equation 
system can be obtained in order to find the parameters of the 
circuit. It must be solved in order to obtain the rest of the 
model parameters in Fig. 2, that is, Lfd, L1d, R1d, Lfd . 

C. q-axis parameters 

As, in d-axis, the armature impedance measurement for 
each sampling frequency will be obtained from the quadrature 
axis impedance transfer function test, from which the 
quadrature-axis operational impedance is obtained, as shown 
in equation  

2
arm

q

Z
Z =                    (11) 
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Fig. 9. q-axis impedance 
 
The quadrature operational inductance is 
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s
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                (12) 
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Fig. 10. q-axis inductance 
 
The q-axis inductance at zero frequency Lq(0) can be 

calculated extrapolating Lq(s) to zero frequency. And similar 
to equation (9), from this value subtracting the leakage 
inductance the quadrature inductance is calculated 

 
( ) lqaq LLL −= 0                 (13) 

D. q-axis equations set 

By means of the same procedure the rest of the model 
parameters for q-axis equivalent circuit L1q, R1q, L2q, R2q, are 
determined by curve-fitting technique from the operational 
Lq(s). 
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Lq(0) is the direct axis inductance in the low frequency 
bandwidth. 
 

The algorithm applied on both axes, for this purpose is 
exposed below.  

 
1: Set the d-q circuits SSFRi order, or another customized 
circuit topology. 
2: Obtain module and argument of d-axis operation impedance 
3: Obtain resistance of armature 
4: Obtain module and argument of d-axis operation inductance 
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6: Determination time constants 
  Curve fitting: invfreqs command from Matlab care must 
be taken when choosing the weighting factors. 
5: Obtain set of equations by means of symbolic toolbox 
  children and collect Matlab commands to properly 
equation manipulation 
6: Solve set of equations, fsolve command from Matlab 

7: If with the obtained parameters, the dynamic simulated 
behavior of the machine does not agree with experimental data 
then go to 1 else 
8: end 

For the sake of better understanding the scheme of the 
procedure is shown in Fig. 11. 
 

Fig. 1. Algorithm flow chart 

 
To summarize, the procedure is based on, firstly the order 

of the circuit is chosen by the user, topology definition, then it 
results in different transfer functions, i.e equation set 
definition, by means of the symbolic toolbox of Matlab®. 
These transfer function parameters are fitted with the set of 
experimental tests using the aforesaid commands. 

These tests are stated in IEEE Std. 115-A. This results in a 
iterative procedure where the user can increase the circuit 
order if the results are not accurate enough.  
 The armature resistance as well as the leakage inductance 
are previously obtained from DC test and zero power factor 
test. 

IV. RESULTS AND VALIDATION  

 The proposed methodology approach is applied to that 
machine used in the Std. as an example, in order to validate 
the obtained results, for the sake of clarity here indicated, i.e. 
192.8 MVA, 18 kV, 60 Hz.  
The obtained results are shown in Fig. 12 and Fig. 13, where 
are plotted the measured frequency response of the machine 
and the frequency response calculated using the parameters 
extracted from the current method presented in Section III.  
These figures, clearly show, that the calculated parameters are 

good candidates to properly model the dynamic behavior of 
the machine. 

It should be noted, that the circuit order in the presented 
methodology is one less than that of the IEEE Std. 115-A, it 
turns out in different number of parameters, and so different 
values.  
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Fig. 12. Experimental and calculated d-axis operational inductance 
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Fig. 2. Experimental and calculated q-axis operational inductance 

 
 
The obtained parameters are: 

 
 
Ra 0.0016[Ω] 
Rfd 0.0021 [Ω] 
R1d 0.0934 [Ω] 
R1q 0.0126 [Ω] 
R2q 0.0116 [Ω] 
Ll 0.000795 [H] 
Lad 0.007155 [H] 
Laq 0.007155 [H] 
Lfd 0.000985 [H] 
L1d 0.000617 [H] 
L1q 0.000522 [H] 
L2q 0.0109 [H] 
T’d0 3.89 [s] 
T’’d0 0.0156 [s] 
T’q0 1.83 [s] 
T’’q0 0.3251 [s] 
T’d 0.8018 [s] 
T’’d 0.011 [s] 
T’q 0.999 [s] 
T’’q 0.094 [s] 
 

V. CONCLUSIONS 

 This works has presented a methodology for synchronous 
generators d-q equivalent circuit calculation parameters based 
on IEEE Std 115-A. The standard only shows the parameter 
fitting for a specific example where it is assumed some 
starting values for the undetermined elements. This yields to 
an iterative procedure in order to obtain the final parameter 
values. Besides there are some steps not detailed enough for 
educational purposes. 

Whatever topology can be set. After from this topology the 
different transfer functions (d,q) are obtained using the 
symbolic toolbox, i.e. the cumbersome expression. On the 
other hand the performed measurements of the machine are 
fitted according of the chosen order. Therefore the transfer 
function coefficients are calculated, which have to match with 
the symbolic expression obtained once the circuit topology is 
fixed. The obtained values by the presented methodology are 
in good agreement with than that of reported experimentally. 
The novel and educational approach, is based on the fact that 
the order of the circuit can be whatever, even a customized 
circuit topology since the methodology does not rely on a set 

of a given formulation, but in a general and reproducible 
comprehensible approach, resulting fast and easy to 
implement.  
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