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Introduction
In modern power systems, synchronous generators 

(SG) remain the primary source of electrical energy. 
Given the ever-increasing number of components, as 
well as the desire for more accurate predictions of be-
haviours and interactions among the various electri-
cal elements of such networks, it is crucial to continu-
ously improve the mathematical models of different 
components of the power system [1], [2], [3], [4]. The 
application of SG is not limited to providing power 
to large, stationary power networks. Such machines 
are also present in Combined Heat and Power (CHP) 
units or the onboard electrical systems of modern aer-
oplanes and ships. Therefore, their range of applica-
tions, construction, and operating conditions is vast. 
To accurately model the operation of a synchronous 
machine, many factors must be considered, including 
phenomena related to the operating frequency of such 
machines [5], [6], [7]. These phenomena include the 
skin effect that appears in some conductive parts of the 

generator, such as damper cage bars, and eddy currents 
that occur in solid steel parts of the machine, such as 
pole shoes or the rotor shaft [8]. Magnetic saturation 
is also a key factor for accurate modelling of such ma-
chines. Therefore, literature contains numerous refer-
ences to the construction, operation, and various mod-
els of SG, ranging from simple to complex [9], [10], 
[11]. Accuracy of the model used further implies the 
accuracy of the entire system, e.g. the so-called “Digi-
tal Twin” or the Power Hardware In the Loop (PHIL) 
platform, which have been increasingly developed in 
recent years [12], [13].

One of the most original mathematical models of 
synchronous machines is based on fractional-order 
derivatives (FOD) [14], [15]. For centuries, fractional 
calculus remained primarily a theoretical tool used by 
mathematicians. It was not until the advent of com-
puters and the development of computational tech-
niques, combined with formal mathematical notation, 
that non-integer order calculus could be effective-
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ly applied to model and analyse real-world systems. 
Non-integer order modelling is particularly useful in 
systems where physical phenomena such as diffusion 
(electromagnetic fields, temperature, gases, fluids), 
energy and heat exchange, proton exchange, electro-
chemical reactions, frequency-related effects (skin ef-
fect, eddy currents), etc., are present. One of the main 
advantages of the non-integer order models includes 
a reduced number of parameters compared to classical 
integer-order ones and greater accuracy, especially in 
the frequency domain [16]. This property stems from 
the model's reduced order while achieving a more pre-
cise mathematical description of the physical phenom-
enon. As a result, non-integer order modelling finds 
applications in behavioural models of devices and sys-
tems such as batteries [17], super and ultracapacitors 
[18], fuel cells [19], electric machines [20], and even 
automotive suspensions [21]. Furthermore, it is also 
increasingly used in control theory [22].

Nevertheless, aside from the adopted compact 
model structure, accurate modelling of electric com-
ponents also requires an effective parameter identifi-
cation method.

There are many methods for parameter identifica-
tion of equivalent circuits. In general, they can be di-
vided into time-domain and frequency-domain meth-
ods. The latter are advantageous for systems where 
frequency characteristics are more prominent, which 
is the case of SG. The StandStill Frequency Response 
(SSFR) test [23] is used to validate a model for a wide 
frequency range, which enables studying the earlier-
mentioned phenomena related to the operating fre-
quency of the tested machine. Combined with the op-
timised least-squares method algorithm, it enables 
a global identification of all the model parameters at 
once. However, this process may be ineffective when 
the parameters being identified affect the model output 
in the same frequency ranges. Then, the mathematical 
optimisation algorithm cannot correctly distinguish 
the direct contribution of each parameter to the mod-
el output, which may lead to the loss of the physical 
meaning of these parameters. It is then crucial to study 
the model parameters' influence on the variability of 
frequency characteristics curves to correctly design 
the identification process.

The paper is organised as follows. First, the equiv-
alent circuits of the non-integer order model of SG in 
the d-q reference frame are recalled. Second, the SSFR 
characteristics of two saturated synchronous machines 
of 3 kVA and 125 kVA are presented. Then, a sensitiv-
ity analysis of the selected model parameters for the 
determined frequency ranges is performed. Finally, 
the conclusions are formulated.

The main contributions of the paper are as follows:
•	 Presentation of the non-integer order model of SGs 

of 3 kVA and 125 kVA.
•	 Comparison of the SSFR characteristics of both 

3 kVA and 125 kVA SGs in saturated conditions.
•	 Performing the sensitivity analysis of SG non-in-

teger order model parameters for the low and high 
frequency range.

Non-integer order model of SG
The starting point for the research was the develop-

ment of the non-integer order mathematical model of 
SG in the d and q axes (Fig. 1).

Fig. 1. Non-integer order equivalent circuits of SG (axes d and q).

The above model has been widely described in 
publications, including [24], [25]. It contains 10 pa-
rameters in the d-axis and 7 parameters in the q-axis to 
evaluate or identify. The half-order impedances in ex-
plicit form are given by the equations (1), (2) and (3). 
They replace the R-L ladder networks with lumped pa-
rameters in the classical model [26].

(1)	

(2)	

(3)	

where: 
L1d, L1q – DC inductances of the modelled massive parts of 
the rotor, 
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R2d – DC resistance of the modelled damper bars, 
ω1d, ω1q, ω2d – cut-off pulsations [27].

Finally, the complete model consists of the follow-
ing variables and parameters: Vds and Vqs are the arma-
ture voltages in the d and q axes, Vfd is the excitation 
voltage, ids and iqs are the armature currents in the d and 
q axes, ifd is the excitation current, i1d and i1q are the 
currents passing through the non-integer order induc-
tive type impedances (1) and (2), respectively in the d 
and q axes, i2d and i2q are the currents passing through 
the resistive type impedance (3) and the classic R-L 
branch, respectively in the d and q axes. Next, rs and 
rfd are the resistances of the stator and field windings, 
respectively; Lmd and Lmq are the magnetising mutual 
inductances of the machine in the d and q axes, Lls and 
Llfd are the leakage inductances of armature windings 
and field winding, respectively, and Lf12d is the mutu-
al inductance linking field and damper windings. The 
model, written as a system of equations, is presented 
by formula (4):

(4)	

where the flux components are given by (5), (6), (7), (8), (9), 
(10) and (11):

(5)	

(6)	

(7)	

(8)	

(9)	

(10)	

(11)	

Some of the parameters, i.e. rs and rfd or L1d, L1q, 
Lmd, Lmq, and Lls, can be directly evaluated based on 
measurements or technical data provided by the ma-
chine supplier, whereas the other (ω1d, ω1q, R2d, ω2d, 
rkq, Llkq, Lf12d, Llfd) need to be identified [27]. For this 
article, we assume that the variability of the SSFR fre-
quency characteristics with saturation will be most 
visible in the d-axis due to the salient rotor construc-
tion of the tested machines. Therefore, the values in 
p.u. of all the parameters only in the d-axis are pre-
sented in Table 1 for both machines. The rated quanti-
ties of the studied machines as well as their base val-
ues, are presented in the appendix.
Table 1. SGs model parameters in d-axis

Parameter
Enco 3 kVA

[p.u.]
Elmor 125 kVA

[p.u.]

rs 0.0537 0.0261

Lls 0.0880 0.0962

Lmd 1.5399 1.0271

L1d 6.9862 2.6960

ω1d 0.0044 0.0126

Lf12d 0.0163 0.0147

R2d 0.0378 0.0095

ω2d 0.1285 0.0432

Llfd 0.0102 0.2202

rfd 0.0372 0.0067

Fig. 2 shows the operational characteristics of the 
two SGs, i.e. no-load characteristic and short-circuit 
characteristic, which reflect the machines’ behaviour 
under different operating conditions.

SSFR characteristics measurement
To study the variability of synchronous machine 

SSFR characteristics with saturation, the measurement 
setup presented in Fig. 3 was developed.

Fig. 3. Measurement setup for SSFR characteristics of a saturated syn-
chronous machine.

In contrast to the classical SSFR method used for 
linear conditions, a field winding is short-circuited by 
a controlled DC voltage source, which enables an in-
jection of the magnetising current during the regu-
lar SSFR tests. Such tests were performed on two 
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salient rotor SGs of 3 kVA and 125 kVA. The magnet-
ising current was changed in the range of 0–9 A and 
0–16 A for the 3 kVA and the 125 kVA machine, re-
spectively. For each magnetising current, the SSFR 
test was performed in the range of 0.1–1 kHz for the 
3 kVA SG and in the range of 0.01–200 Hz for the 
125 kVA SG. The operational inductance Ld given by 
(12) along the d-axis, where the influence of saturation 
is the most pronounced due to the smaller air gap, is 
shown in Fig. 4 for the 3 kVA (a) and the 125 kVA (b) 
machines, respectively.

(12)	

where: 
Zd – measured impedance, 
rs – armature resistance, 
ω – pulsation.

The extreme lines have been bolded to better show 
the variation of the operational inductance over the 
magnetising current range. The lines in between are 
drawn in the same style to show only the area of op-
erational inductance variation.

Analysing Fig. 4, one can find that the variability 
of the SSFR characteristics with saturation, especial-
ly for the module, is observed in the whole frequency 
range for both machines of different powers. This im-
plies the need for further analysis regarding the influ-
ence of specific model parameters on the model output 

response in specific frequency ranges. This analysis 
helps to better understand and design the model pa-
rameters identification process based on the SSFR 
method.

Sensitivity analysis
As shown in the previous chapter, magnetic sat-

uration influences the SSFR characteristics of SG in 
the whole frequency range. While analysing the d-ax-
is equivalent circuit of the machine (Fig. 1), we can 
state that for low frequencies, there are three induct-
ances, namely Lls, Lmd and L1d, which can be affected 
by the saturation. At high frequencies, however, the 
saturation effect can affect the Lls and the other two in-
ductances, namely Lf12d and Llfd. Unfortunately, since 
we have only one operational inductance Ld from the 
SSFR test, we are unable to precisely differentiate the 
influence of saturation on each inductance. Having 
this in mind, the sensitivity analysis of the above-men-
tioned non-integer order model parameters was per-
formed for 3 kVA and 125 kVA SGs.

Fig. 5 and Fig. 6 show the percentage relative er-
ror of the model output at low and high frequencies, 
respectively, for the percentage variation of the above-
discussed inductances for unsaturated conditions. For 
both machines, the low frequency range was the first 
frequency decade of the SSFR measurements, while 
the high frequency range was the last frequency dec-

a)

b)

Fig. 2. No-load and short-circuit characteristics of 3 kVA (a) and 125 
kVA (b) SGs.

a)

b)

Fig. 4. Operational inductance Ld of 3 kVA (a) and 125 kVA (b) SGs for 
different magnetising currents.
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ade. Each inductance was varied within the range 
(-100%, +100%) of the p.u. value, while the rest of the 
parameters were kept constant. Then, the average per-
centage relative error between the measurement and 
the simulation was calculated for the previously deter-
mined frequency range.

From the figures above (Fig. 5 and Fig. 6) for both 
machines, it appears that at low frequency range, the 
main magnetising inductance Lmd is the most suscep-
tible to saturation changes, whereas at high frequen-
cies, it is the Lls leakage inductance. The remaining 
inductances are also affected by saturation to some ex-
tent, but as mentioned earlier, the lack of information 
from the SSFR procedure prevents a quantitative as-
sessment of this effect. Therefore, to take into account 
the saturation effect in the non-integer order model of 
SG, it is recommended to assume the variation of the 
Lmd magnetising inductance for low frequencies and 
the Lls leakage inductance for high frequencies, while 
the rest of the parameters should be kept constant with 
the magnetising current.

Conclusion
The presented research showed the variability of 

the selected parameters of the non-integer order mod-
el of SG under magnetic saturation. This analysis can 
be used for designing the identification process based 
on the SSFR method. It involves the proper selection 
of model parameters whose variability is most signifi-

cant for the modelled phenomenon. Then, the global 
identification process can be run, but with fewer de-
grees of freedom, which increases the overall efficien-
cy and accuracy of the identification process. SSFR 
is performed at a standstill, eliminating the need for 
the machine to operate under load or dynamic condi-
tions, as required by classical tests. This makes SSFR 
less invasive and more practical for industrial appli-
cations. Moreover, SSFR facilitates parameter iden-
tification across a broad frequency spectrum, crucial 
for modelling complex dynamic phenomena. Unlike 
classical methods, such as short-circuit or load tests, 
SSFR accounts for nonlinearities like magnetic sat-
uration, which significantly affect machine parame-
ters. In combination with a non-integer order model, 
which captures systems with memory and nonlineari-
ties more effectively than classical integer-order ones, 
the presented approach enables better representation 
of complex phenomena, such as magnetic saturation 
or core losses.

Continuous development and refinement of dif-
ferent parameter identification methods contribute to 
a better understanding and deeper analysis of the po-
tential application of mathematical models. The two-
axis circuit model (Clarke-Park) of SG, based on the 
theory of non-integer order derivatives, demonstrates 
greater accuracy in many areas compared to the clas-
sical one. It is then essential to study its suitability and 
adaptability for modelling the phenomena occurring 
in SGs more and more accurately. The combination of 

a)

b)

Fig. 5. Model output error at low frequencies to the variation of the in-
ductances Lmd, L1d and Lls for 3 kVA (a) and 125 kVA (b) SGs.

a)

b)

Fig. 6. Model output error at high frequencies to the variation of the in-
ductances Lls, Lf12d and Llfd for 3 kVA (a) and 125 kVA (b) SGs.
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SSFR testing and non-integer order modelling opens 
new research areas for more accurate and comprehen-
sive SG parameter identification.

Appendix
Enco and Elmor GCh114o/4 SGs base values:

Parameter Enco Elmor

Base frequency 50 Hz 50 Hz

Base pulsation 314.16 rad/s 314.16 rad/s

Base impedance 16.13 kΩ 1.28 Ω

Base inductance 0.0514 H 0.0041 H

Enco and Elmor GCh114o/4 SGs rated data:

Parameter Enco Elmor

Apparent power 3 kVA 125 kVA

Stator voltage 220 V 400 V

Stator current 7.9 A 180 A

Rotor voltage 20 V 99 V

Rotor current 8 A 17.4 A

Frequency 50 Hz 50 Hz

Rotational speed 1500 rpm 1500 rpm

Power factor 0.8 0.8
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