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Abstract: Switched reluctance motors (SRMs) received major interest in several domains, e.g., in
electric vehicles. This interest is due to the many advantages of SRMs, including operation at a wide
range of speeds, high performances, low cost, robustness to run under degraded conditions, and
controllability. One of the major aspects in the design and implementation of controllers for SRMs is
the estimation of the motor parameters. An accurate estimate of these parameters is a challenge due
to the highly nonlinear behavior of SRMs in addition to their magnetic saturated operating mode to
maximize the energy transfer. This paper aims at estimating the parameters of SRM by developing
a new SRM model using an analytical technique. The proposed technique is based on a parallel
connection of several Hammerstein models that have polynomial nonlinearity. The model is driven
by a swept-sine signal, and then finite element method analysis is performed to estimate the SRM
parameters. The effectiveness of the proposed method is highlighted by numerical simulation. All
these simulations were performed using MATLAB/SIMULINK.

Keywords: swept-sine signal; wiener model; generalized Hammerstein model GHM

1. Introduction

The rising levels of greenhouse gas emissions and other issues associated with the
use of fossil fuels have caused a surge in the use of renewable energy sources and electric
vehicles (EVs) [1]. One of the essential components of EVs is the electric motor, and the
Switching Reluctance Motor (SRM) is becoming increasingly popular as a candidate for EVs
due to its simplicity, affordability, convenience, and robust build. The majority of losses in
SRM occur in the stator since there is no rotor winding, permanent magnet, or brushes [2].
Additionally, because each phase is electrically and magnetically independent of the other
phases, SRM has a strong and resilient ability to operate under failure conditions. These
features make this machine find many applications, not only as a motor but also as a
generator in wind energy applications, switched reluctance generators (SRGs) [3]. The key
constraint to taking advantage of these benefits is the extremely nonlinear electromechanical
behavior of SRMs, which means that the output torque is highly dependent on pole
geometry due to saliency. Furthermore, this torque is dependent on stator currents and rotor
positions. As a result, having an accurate motor model that specifies the torque is critical for
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achieving high-dynamic performance in either torque or speed control applications [4,5].
The main key to the proper design of any controller for any motors as well as SRMs is
the accurate estimation of the machine parameters. What increases the difficulty and
complexity of the estimation process of any machine parameters and makes it challenging
is the model nonlinearity. SRMs have a double-salient structure and magnetic saturation
that make the model of this motor of high nonlinearity [6].

Numerous efforts have been made in the literature to estimate the parameters of the
switched reluctance motor (SRM), based on a proposed model for SRMs. These SRM
models can be classified as either basic or analytical methods. It is noteworthy that the
most of previous work on SRM modeling is based on the basic method, and only a handful
of studies have explored the analytical model.

Various techniques have been suggested to model and determine the SRMs parameters.
In [7], a method is proposed to identify the physical properties of the motor. This method
can perform well under specific conditions such as high signal-to-noise ratios and no
variations in the system being examined over time. In [4], a geometric identification method
is proposed to obtain the SRM magnetization characteristics, but this approach requires
multiple experiments at different frequencies [8,9]. As the conditions used to estimate SRM
parameters are altered, the accuracy of the estimation process cannot be guaranteed. This
drawback has given rise to the use of analytical methods for SRM parameter estimation.

The most used nonlinear models are the black-box structures.
Among the well-known block-oriented nonlinear models:

- The Hammerstein model, which is constituted by a nonlinear block flowed by a linear
block. In [10], the authors present an identification method using an input excitation,
designed to decouple the linear subsystem from the nonlinear element. Therefore, the
system parameter identification is coped using a least squares estimator enjoying the
consistency property.

- Wiener model is a linear block followed by a nonlinear block. In [11] the authors
present an identification method without requiring any prior knowledge of the non-
linearity. Using sine excitations and getting benefit from model plurality, the initial
identification problem is made equivalent to two tractable (though still nonlinear)
prediction-error problems.

- Hammerstein-Wiener model is constituted by a linear block surrounded by two
nonlinearities. In [12], the authors suggested a system identification approach. The
input nonlinearity is considered the backlash type.

- Wiener-Hammerstein model is obtained when two linear blocks surround a nonlinear
block. In [13], a technique, based on random-phase multi-sine, for identifying Wiener
and Hammerstein models is developed [8]. Then, identification techniques, based on
frequency methods, have been proposed in the literature for Hammerstein models [14].
The review about the SRM identification is summarized in Table 1.

Table 1. Literature review comparison summary.

Refs Overview Contribution Drawbacks

[15]

Identification method is developed online, but it fails
to include the saturation effect. This hypothesis is not
suitable for this type of electrical machine. Indeed, a
highly saturated magnetic circuit features the latter, as
the co-energy increases with the saturation level.
Therefore, it works mainly in the magnetically
saturated region.

This model can be used to obtain
the machine characteristics
without requiring data
measurement., it simply requires
information on the geometry, flux
density, iron saturation, and
unsaturated iron permeability.

This approach is not suitable for
other positions. It is preferable to
repeat this experiment for several
rotor positions.

[7]

An inexpensive method is introduced for measuring
the transfer function of systems that are weakly
non-linear and approximately time-invariant. The
technique employs novel measurement techniques.

There is no need to maintain tight
synchronization between the
sampling clock of the excitation
signal and the system response.

This technique works reliably if
the system includes parts that
exhibit non-linear behavior, and
in these cases, the measurement
results include the quantification
of the harmonic distortion at
various orders.
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Table 1. Cont.

Refs Overview Contribution Drawbacks

[14]

The aim of this study is to introduce a new technique
for identifying the parameters of parallel Hammerstein
systems. In this approach, the linear dynamic aspects
of the system are described by a parametric rational
function in the z-domain, while the static nonlinear
components are modeled using a linear combination of
basic functions.

The time required by this method
to obtain the parameters is
notably shorter. Unlike other
algorithms, the main advantage of
this approach is that the number
of physical signal paths
determines the number of parallel
branches.

The root mean square (RMS) error
ratio between the parallel
Hammerstein model and the
single Hammerstein model is of
value 10%.

[15]

A three stages identification technique is developed.
This solution gives the phase and modulus estimates of
the linear part, as well as the estimates of the input and
output nonlinearities.

It is not necessary to have
knowledge about the type of
nonlinearity.

To employ this approach, a
significant quantity of data is
required, which requires a slightly
long computation time and large
memory usage. Furthermore, this
method has local convergence
characteristics.

[10] A piecewise constant signal is utilized to detect the
nonlinearities present in the system.

A non-static nonlinearity
(backlash or backlash-inverse).

The dynamic nonlinearity is
bordered by straight lines.

[16]

The proposed approach by the authors involves a
linear parametric model using a 2-stage identification
process. In this solution, a recursive least-squares
algorithm with a forgetting factor is used. This method
assumes the availability of measurements for stator
voltages and currents, as well as rotor position and
speed.

The identification method is
developed online.

The identification method does
not take into account the
saturation effect of the switched
reluctance machine.

[17]

In this work, the authors proposed an analytical
modelling and identification method of magnetization
characteristics of a SRM.
In this method, a Hammerstein model is excited by a
signal having rich frequency spectrum. Its parameters
can then be estimated using data acquisition and
recursive least square (RLS).

The technic is based on frequency
technics is developed allowing the
identification of SRM
nonlinearities (considering the
saturation and the hysteresis
effects).
This approach enjoys the
simplicity of implementation,
good convergence properties, and
very fast computing time.

Identification scheme requires a
less computational load and low
memory usage.
the hysteresis effect is not
considered. A filtering algorithm
of the current at the winding
terminal is suggested.
Accordingly, the system
nonlinearities can be easily
identified using the recording of
the phase current.

Proposed

The proposed technique is based on a parallel
connection of several Hammerstein models that have
polynomial nonlinearity. The model is driven by a
swept-sine signal then finite element method analysis
is performed to estimate the SRM parameters.

This method can be performed
easily allowing to obtain the
flux-linkage characteristics with
good accuracy. It also offers
significant advantages in terms of
signal-to-noise ratio and
immunity to changes over time in
the system being tested.

Phase noise in linear blocks

This work proposes an analytical nonlinear model of SRM to overcome the shortcom-
ings of experimental tests. The parameters of SRM can be easily and efficiently determined.
Furthermore, this method provides accuracy in terms of flux-linkage characteristics. Then,
this solution is fast, simple, and enables easy identification of the SRM model parameters.

This paper suggests a validation of the current approach by conducting a study on
the mean squared error (MSE). Moreover, the study includes a comparison with relevant
literature. One key advantage of the approach is the development of an analytical nonlinear
model for the SRM. The parameters of this nonlinear model can vary according to the
rotor position (0◦, 15◦, and 30◦), which permits the identification of its parameters through
input and output data alone. A previous work [18] discussed a parametric identification
technique for only one rotor position of the SRM (blocked rotor).

Unlike in [18], the phase resistor is not neglected. In the solution proposed in [18], the
authors have not dealt with the estimation of the inductance parameters. However, in the
present paper, the inductance profile has been established.
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In [17] the model of the switched reluctance motor (SRM) has only been performed
at a standstill test, which is a limited way to evaluate its performance. Accordingly, the
authors have not discussed the error problem and other performances (e.g., MSE, . . . ).

The contribution of the paper can be summarized as:

• A generalized Hammerstein model (GHM), describing the nonlinear behavior of SRM,
is developed.

• The SRMs model can be simplified to a set of cascading nonlinear and linear blocks,
called GHM.

• It is shown that the linear parts of the model can be identified using only the input
and output signals.

• An analytical model describing accurately the switched reluctance machine is devel-
oped. Then, an identification method is proposed allowing us to determine the model
parameters.

• Using the identified parameters, the inductance, and the flux linkage characteristics
can be obtained.

The paper is divided into five sections. Section 2 outlines the identification problem,
Section 3 delves into the equations and modeling of the machine’s SRM behavior, the results
of this method are checked through examples of simulations in Section 4, and in Section 5
we provide the specifics of parameter identification.

2. Switched Reluctance Motor Modeling
2.1. Electrical Model

The SRM generates a reluctance torque by having a greater number of stator teeth than
rotor teeth, particularly when a rotor pole aligns with an exciting phase. The winding induc-
tance L of the SRM is affected by both the current i and the position of the rotor θ, owing to
its dual saliency [16]. As a result, it is feasible to articulate the voltage of the phase winding
for any phase “m” within the SRM [19,20]. The voltage has the following expression:

V = Ri +
dϕ

dt
= Ri +

d[L(θ, i)i]
dt

(1)

An applied voltage V across phase m, along with winding resistance R, ϕ is the total
flux-linkage of the coil, and inductance L(θ, i) associated with the phase, are all factors
in play.

Expanding the final term in Equation (1) yields the following result without delay [18]:

V = Ri + L(θ, i)
di
dt

+ i
(

∂L(θ, i)
∂θ

ω+
∂L(θ, i)

∂i
di
dt

)
(2a)

where the induced back-electromotive force emf is given as follows [20–22]:

em f = i
∂L(θ, i)

∂θ
ω (2b)

The em f is a voltage that opposes the applied voltage and is induced due to the
motion of the rotor in the magnetic field. The em f depends on various factors, including
the speed of the rotor, the magnetic flux linkage, and the characteristics of the motor’s
windings. Considering that the simulations are performed under stationary conditions, the
electromagnetic force (emf) becomes zero [23–26]. Typically, the resistive voltage drop across
the windings of the synchronous reluctance generator (SRG) is minimal and is commonly
ignored [27]. As a result, the voltage across phase resistor (Ri) in the SRG windings is
generally of negligible value and can be disregarded [27,28]. Therefore, the equation for
the phase winding voltage (2a) can be expressed as [23]:

V = L(θ, i)
di
dt

+ i
∂L(θ, i)

∂i
di
dt

(3)
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It should be noted that some previous studies have utilized a polynomial approx-
imation for the phase inductance (i.e., L(θ, i) = ∑n

k=0 ik∑m
j=0 αj,kθ j) without providing a

justification, as seen in [24–26]. However, it is important to highlight that the phase induc-
tance curve with respect to current (i) is a continuous function, as shown in [27]. Therefore,
the inductance for a specific position (θ) can be represented by a polynomial function, as
stated in [18]:

L(θ, i) = ∑n
k=0 αkik (4)

The degree of the polynomial function that describes L(θ, i), as well as its parameters,
are uncertain and may vary according to the interval of i. Using the Equations (3) and (4),
the voltage across the phase winding can be expressed as [18]:

V =
[
∑n

k=0 αk(k + 1)ik
] di

dt
(5a)

This expression can be written as:

V = α0
di
dt

+ α1
di2

dt
+ . . . + αn

din

dt
(5b)

This expression can be generalized as:

V = ∑n
k=0 αk

dik+1

dt
(5c)

It is important to highlight that, using (5c), the phase winding voltage V can be
accurately obtained using a polynomial GHM [18] (as illustrated by Figure 1), where its
input is the phase current i. In this model, all linear blocks are described by a derivative
action. Specifically, the transfer functions of the linear part are given as G(s) = αks for
k = 0 . . . n. Additionally, the only unknown parameters in this structure Gk(s) are the
coefficient αk for k = 0 . . . n.
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It is noted that the polynomial approximations have been suggested, e.g., in most of
these studies, the polynomial degree was arbitrarily chosen without any justification.

2.2. Mechanical Modeling of SRM

The mathematical expression below illustrates the torque produced by a single phase,
where the symbol used to represent co-energy is denoted by:

Tm =
dW
dθ

(6a)
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The symbol W is used to represent the co-energy. By summing up the torques produced
by each phase, the total instantaneous torque can be obtained. This leads to the following
expression for the mechanical equation, as mentioned in [6,28,29]:

dΩ
dt

=
1
J
(Tm − TL − fΩ) (6b)

where J is the inertia moment of the rotor, TL is the load torque and f is the friction coefficient.

3. Swept Sine Identification Method for GHM

This section presents a technique for determining SRM parameters using the GHM.
The approach involves utilizing a frequency identification solution to identify the SRM
parameters. However, traditional frequency identification methods require the use of
a sine wave as an excitation signal, which results in the need for multiple experiments
at different frequencies. To avoid this inconvenience, the proposed method utilizes a
swept-sine signal, also referred to as a chirp wave, which is characterized by a variable
instantaneous frequency (Figure 2). This eliminates the need for repeated experiments.
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The method proposed in this study is founded on nonlinear convolution, a technique
originally employed for identifying the impulse response of linear systems [7] and later
adapted for nonlinear systems. Nonlinear system identification using nonlinear convolu-
tion is based on the principle of detecting multiple harmonics produced by non-linearity,
facilitating the separation and extraction of diverse impulse responses.

To eliminate the need for multiple experiments, the proposed frequency approach
utilizes an exponential chirp signal denoted as s(t). The SRM parameters can be estimated
by solely utilizing the input signal s(t) (i.e., phase current i) and output signals y(t) (i.e.,
phase winding voltage V).

Firstly, the frequency range of the input signal s(t) is labeled as [ f 1, f 2], with f1 denot-
ing the initial frequency and f2 representing the final frequency of the signal. Furthermore,
the inverse filter sinv(t) of s(t) is introduced and defined as:

s(t) ∗ sinv(t) = δ(t) (7a)

where δ(t) represents the Dirac impulse. Specifically, the expression for sinv(t) can be
expressed as follows:

sinv(t) =
f1

L
e

t
L s(t) (7b)

Denoting the Fourier transform of sinv(t) and s(t) as Sinv( f ) and S( f ), respectively, we
can use the formula Sinv( f ) =

1
S( f ) (which can be derived from (5)) to obtain Sinv( f ). Using

this result, we can express the nonlinear convolution product of y(t) and sinv(t) :

sinv(t)*y(t) = ∑N
m=1 hm(t + ∆tm) (8)



Machines 2023, 11, 625 7 of 19

The term hm(t) in the expression represents the higher order impulse responses, while
∆tm represents the time difference between the linear impulse response (of order m = 1) [18]
and the nonlinear impulse response of order (with m > 1). We can also represent these im-
pulse responses in the frequency domain using their Fourier transform (TF) hm(t). By using
the following formula, we can directly determine the frequency response functions Hm( f ) :

Hm( f ) = TF[hm(t)] (9a)

Swept-Sine Wave

A swept-sine signal is commonly used in various fields, such as sonar, radar, commu-
nications, and acoustics [30,31]. Mathematically, a swept-sine wave can be defined as:

s(t) = a(t)sin(ϕ(t)) (9b)

The amplitude a(t) in Equation (9c) can either be constant or varying, while the argu-
ment ϕ(t), also known as the instantaneous frequency, increases exponentially with time:

ϕ(t) = 2π f1Le
t
L (9c)

The parameter L is dependent on both the frequency band and the duration of
the signal. Using Equations (9b) and (9c), the signal s(t) can be expressed as shown
in Equation (10):

s(t) = a(t).sin(2π f1L.expt/L) (10)

A swept-sine wave typically has a low crest factor and a non-flat amplitude spectrum.
This waveform involves a frequency band with a lower Signal-to-Noise Ratio (SNR).
Suppose the minimum and maximum frequencies of the selected band are denoted as f1
and f2, respectively, and the duration is represented as T. In that case, the parameters T, L,
f1, and f2 are related via the following Equation [18]:

L =
T

ln
(

f2
f1

) (11)

The impulse response h(t) can be expressed as a sum of higher harmonic impulse
responses hm(t) that are separated by time delays ∆tm :

h(t) = ∑N
m=1 hm(t + ∆tm) (12)

At the instant of time ∆tm, the signal s(t) equals zero s(∆tm) = 0. Then, it is readily
seen that the time ∆tm satisfies:

∆tm = L· ln(m) (13)

When linear and nonlinear blocks are connected in series, it can be challenging to
distinguish between them using only the input signal s(t) and the output signal y(t). To
address this issue, a separation approach is proposed that involves deconvolving the two
signals s(t) and y(t).

It’s worth noting that a sinusoidal signal of frequency f0, when used to excite a
nonlinear system, results in the generation of multiple higher-order harmonics by the
nonlinear block. As a result, the presence of harmonic distortion can be detected by
observing the appearance of harmonic components at frequencies that are multiples of the
excitation frequency (2 f0, 3 f0, . . . , N f0). The output of the GHM (Figure 1) can be expressed
as a special case of the (diagonal) Volterra model [31,32], where the power terms (.)n, where
n = 1 . . . N, play a crucial role in generating harmonic distortion by multiplying frequencies
in the system output. Thus, the system output of the GHM (Figure 1) can be represented as:

y(t) = g1(t) ∗ x(t) + . . . + gn(t) ∗ xn(t) (14a)
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The GHM can be seen as a special case of the (diagonal) Volterra model that assumes
no interactions between different time delays. By considering only the diagonal elements
of the Volterra kernels. The (diagonal) Volterra model can be expressed mathematically as:

y(t) = ∑ ∑ . . . ∑ H[n1, n2, . . . , nm] ∗ s(t− n1) ∗ s(t− n2) ∗ . . . ∗ s(t− nm) (14b)

where:

y(t) is the output of the system at time t,
s(t) is the input of the system at time t,
H[n1, n2, . . . , nm] represents the Volterra kernel coefficients for a specific set of time delays
n1, n2, . . . , nm, m denotes the order of the Volterra model, and the ∑ ∑ . . . ∑ represents the
summation over all possible combinations of delays n1, n2, . . . , nm.

These Equations represent the mathematical formulations of the GHM and the (diago-
nal) Volterra model.

This can be rewritten as follows:

y(t) = ∑N
n=1 gn(t) ∗ xn(t) (15)

The proposed identification method aims to establish a relationship between the partial
frequency response Hm( f ) and the linear filter Gn( f ), where Hm( f ) and Gn( f ) represent
the Fourier transformation of hm(t) and gn(t) respectively. To achieve this, the frequency
response of the linear filters Gn( f ) in the power series nonlinear model can be computed
analytically using trigonometric power formulas.

Hm( f ) = ∑N
n=1 An,mGn( f ) (16)

The connection between the average output signal and the partial frequency response,
Hm( f ), for f > 0, in the power series nonlinear model is established through the matrix
A coefficients. The mth harmonic of each frequency response, Hm(f), can be obtained by
combining the mth harmonics of all the n-th powers, weighted by the linear filters Gn( f ).
The specific coefficients for the mth harmonic of the n-th power are denoted as A(n, m).

4. Simulation Results and Discussion

A swept-sine signal is employed in this study to develop a frequency identification
method. This signal has a frequency band with sufficiently high harmonics, enabling
the identification of SRM parameters through a single experiment. The SRM’s electrical
model can be described by a polynomial GHM, where the phase current i(t) is the input
signal, and the phase winding voltage v(t) is the system output (Section 2). The operating
frequency starts from an initial frequency f1 = 10 Hz and increases exponentially to a final
frequency f2 = 500 Hz (Figure 2). The frequency band is selected based on the stator and
rotor iron saturation range.

Actual Inductance calculation using FEM software involves the following steps:

• Create the geometry of the SRM.
• Assign material properties to the components (coils, stator, rotor, air gap . . . ).
• Generate a mesh grid.
• Define boundary conditions, including the applied current as an input.
• Configure the solver settings for accurate results.
• Run the model to solve the electromagnetic field equations and calculate the mag-

netic flux.
• Extract the magnetic flux distribution from the simulation results (Table 2).
• Divide the obtained magnetic flux by the applied current to obtain the value of the

actual inductance.
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Table 2. Parameters extracted from FEM software.

Current (A) Flux Linkage
(Wb) 0◦

Inductance (H)
0◦

Flux Linkage
(Wb) 15◦

Inductance (H)
15◦

Flux Linkage
(Wb) 30◦

Inductance (H)
30◦

0.200 0.066 0.328 0.032 0.158 0.012 0.061
0.400 0.131 0.328 0.063 0.158 0.024 0.061
0.600 0.197 0.328 0.095 0.158 0.036 0.061
0.800 0.262 0.328 0.126 0.158 0.048 0.061
1.000 0.328 0.328 0.158 0.158 0.061 0.061
1.200 0.393 0.327 0.189 0.158 0.073 0.061
1.400 0.458 0.327 0.221 0.158 0.085 0.061
1.600 0.523 0.327 0.252 0.158 0.097 0.061
1.800 0.586 0.326 0.283 0.157 0.109 0.061
2.000 0.648 0.324 0.313 0.157 0.121 0.061

Dividing the flux by the current, we determined the actual inductance value. This is
based on the relationship between inductance L(θ, i)|θ=constant current i(t), and magnetic
flux (ϕ), which states that inductance is equal to the ratio of magnetic flux to current

(L(θ, i) |θ=constant =
ϕ(θ,i)|θ=constant

i(t) ).
The SRM is composed of two materials: copper coils and a stator made of high-

resistivity M19-29-gauge iron. Finite Element Method (FEM) and MATLAB tools are used
to simulate the SRM’s characteristics. The magnetic properties are calculated using FEM in
ANSYS, based on a DXF file generated in AUTOCAD, as shown in Figure 3.
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The magnetic flux and voltage values (listed in Table 2) are determined by evaluating
the magnetic vector potential and co-energy across the machine’s cross-section. It’s impor-
tant to note that when a nonlinear system is stimulated by a single frequency component,
it can produce multiple frequency components in its output [19]. For instance, when a
polynomial nonlinearity of degree n is excited by a single-frequency component with a
frequency of ω (i.e., a sinusoidal signal), it usually generates harmonics with frequencies,
where. Additionally, if a nonlinear model comprises a series connection of linear and
polynomial functions of degree n, and it’s excited by a single frequency component with a
frequency ofω, its output can contain the frequencies {ω, 2ω, . . . , nω}. It’s worth mention-
ing that a linear block doesn’t generate any harmonic, but it does influence the amplitude
and phase of the frequency component present in its input.
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In this study, it is demonstrated that the Switched Reluctance Machine (SRM) can be
modeled as a polynomial GHM. Consequently, when the SRM is stimulated by a sinusoidal
signal with a frequency of ω, its output signal may comprise harmonics of the form kω.

A swept-sine signal is employed in this study to develop a frequency identification
method. This signal has a frequency band with sufficiently high harmonics, enabling
the identification of SRM parameters through a single experiment. The SRM’s electrical
model can be described by a polynomial GHM, where the phase current i(t) is the input
signal, and the phase winding voltage V(t) is the system output (Section 2). The operating
frequency starts from an initial frequency f1 = 10 Hz and increases exponentially to a final
frequency f2 = 500 Hz (Figure 2). The frequency band is selected based on the stator and
rotor iron saturation range.

The software utilizing 3D finite element (FEM) allows for the model simulation of the
SRM (Table 3), with subsequent export of all input (phase current) and output (voltage)
data to MATLAB tools. The proposed methodology is designed to effectively separate the
harmonics of the SRM output, with a specific focus on determining the filters G1, G2, and
G3 of the GHM (refer to Figure 1). Notably, the only parameters unknown in the obtained
model of SRM (the GHM of Figure 1) are the filters G1(s), G2(s), and G3(s). By establishing
the aforementioned filters, the characteristics of the SRM can be effectively determined.

Table 3. Mechanical parameter of the SRM 8/6.

Parameter Description Symbol Value Unit

Number of stator teeth Ns 8 −−
Number of rotor teeth Nr 6 −−

Number of phases q 4 −−
Number of turns/phases N 250

Bore diameter D 46.02 mm
Outer diameter D0 89.1 mm

Air gap thickness E 0.8 mm
Stator tooth height hs 11.267 mm
Rotor tooth height hr 7.498 mm
Rotor tooth width Wr 8.287 mm
Stator tooth width Ws 7.912 mm

Rotor cylinder head thickness Yr 6.263 mm
Machine length L 50 mm

Figures 4–6 indicate that the three systems G1(f), G2(f), and G3(f) behave like a first-
order system, with a positive slope (+20 dB per decade) and a phase ϕ = π

2 , which is
characteristic of a derivative operator. Figure 4 confirms that the linear filter G1(f) behaves
like a derivative function. The efficacy of the proposed methodology is demonstrated using
MATLAB/Simulink tools. The input/output signals of the SRM model, generated using
FEM software, are exported to MATLAB, and the linear filters G1, G2, and G3 are estimated
using the proposed model in MATLAB/Simulink, as depicted in Figures 4–6. It is evident
from these plots that the SRM can be accurately described by a GHM of order N = 3. To
compare the proposed model with the actual model obtained using FEM, a swept wave
method is used, and the results of this comparison over the entire simulation interval are
depicted in Figure 7a. For convenience, a zoom of this comparison is given in Figure 7b.
The estimated output signal obtained using the proposed technique is remarkably similar
to the actual system output obtained using FEM, thereby demonstrating the effectiveness
of the proposed methodology.

To check the performance of the method, we carried out the simulations for different
positions of the SRM (Table 2), namely (position aligned at 0◦ Figures 8–10, midway
position at 15◦ Figures 11–13, and unaligned position at 30◦) we subsequently extracted the
parameters of the inductor proposing in Equation (4).
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The inductance characteristics determined from FEM are verified using polynomial
fitting and the flux is calculated for three rotor positions, aligned unaligned and midway
position, Figure 7. We subsequently note that the results are very close, with low tolerances.

The simulation is performed using a sampling frequency f s = 2 kHz. The excitation
signal used for the identification is a swept-sine signal, as defined in Section II, with the
following parameters: f 1 = 10 Hz, f 2 = 500 Hz and T = 2 s The maximum frequency
f2 has been chosen to avoid any aliasing. The selection of the frequency range [f1 f2] was
based on several factors, including the desired bandwidth for analysis and the system’s
frequency response characteristics. These parameters were chosen to ensure that the input
signal covers a sufficiently wide frequency range to capture the relevant dynamics of the
system. The duration time T of the input signal was determined based on the desired time
resolution and the system’s transient response.

In this study, the frequency range of the swept sine signal was set from f1 = 10 Hz to
f2 = 500 Hz, based on the SRM’s speed variation range, covering the entire operating speed
range of the motor [33]. The effectiveness of this technique can be proved by capturing
the SRM’s response across a wide frequency range. Then, the identification process was
performed offline, ensuring that the choice of a start frequency of f1 = 10 Hz in specific
SRM applications, such as traction, does not affect the estimation process. The offline nature
of the identification process guarantees that the frequency selection has no impact on the
accuracy of the presented estimation results [30].
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The order of the model is set to N = 3 Once the response of the NLS under test to this
excitation signal is known, the nonlinear convolution described in Section III is performed,
and the linear filters of the nonlinear model are estimated.

For the other positions of the SRM, we turned the rotor for three positions [0◦, 15◦, 30◦],
successively the aligned position, the intermediate position and the non-aligned position.
Figures 8–10 show the estimated linear systems for the Midway position, the filters obtained
of order 1, we can see that there is phase noise on the linear blocks. For the non-aligned
position, we were able to extract three linear blocks of order 1, the system obtained by the
identification algorithm is a first order, and in other words, we can see that the linear blocks
obtained are either integrators or derivatives.

5. Parameter Identification Procedure

The procedure is detailed in the following steps:

1. Reading the data obtained by FEM analyses, initialization of calculation parameters
Fs = 32 KHz, f1 = 10, f2 = 500 Hz, T = 2 s(T = total simulation time).

2. Calculates the impulse response H(t) from the furrier transforms of the input signals
x(t) and output y(t) we took into account the peaks of a time interval T = 2 s.

3. The harmonics Hm( f ) were separated in order to calculate the values of the Gm( f ) filters.
4. Calculation of the trigonometric matrix A(n, m), we calculated this value from

Equation (16).
5. The value of the filters Gm was calculated from the following fraction Gm( f ) = Hm( f )/A.
6. Extraction of parameters of first-order systems Gm( f ).
7. Construction of the inductors (for the 3 positions of the SRM rotor) from the GHM

obtained in step 6.
8. Construction of the inductance curve estimate and extraction of the parameters of the

inductance (see Table 2).
9. Calculates the identification error for each rotor position.

To test the robustness of the identification method, we calculated the mean square
error MSE for each inductance curve. The MSE is calculated as the mean square of the
modulus of the complex difference between the estimated and real inductance curve in the
frequency range [ f1 = 10 Hz, f2 = 500 Hz]. No synchronous averaging is performed. The
robustness of the method is illustrated in Figures 14–16.
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The proposed method estimates the linear filters of the model with an error of less
than 10−2. As shown in Tables 4 and 5, the parameters are identified for each position of
the SRM. To validate this method, we calculated the error between the actual inductance
and the estimated inductance (Equation (17)).

MSE = mean{(|Lactual(t)− Lestim(t)|2)} (17)
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Table 4. Polynomial coefficient of inductance for three positions.

Position α1 α2 α3 α4

Aligned position 0◦ 1.07× 10−2 1.23× 10−2 −2.74× 10−2 3.79× 10−1

Midway position 15◦ 7.75× 10−2 7.75× 10−2 6.98× 10−2 2.44× 10−1

Unaligned position 30◦ 4.11× 10−2 4.11× 10−2 4.10× 10−2 1.02× 10−1

Table 5. Estimated inductance in three positions.

Position Lactual Lestimated %Error

Aligned position 0◦ 0.3893 H 0.4 H 1.07
Midway position 15◦ 0.1393 H 0.15 H 1.07

Unaligned position 30◦ 0.0499 H 0.0606 H 7.75

The coefficient of the proposed polynomial for four different positions including
aligned, unaligned and midway are given in Table 4.

These polynomial coefficients are used to determine the estimated values of the mutual
inductances in these three positions. These estimated inductances at these positions are
compared to the actual ones obtained from the FEM in Table 5. The results demonstrate
the excellent accuracy and low percentage error of the suggested approach to estimate the
value of the inductance at three different positions.

Table 6 includes the Actual values for the estimated electrical parameters. The perfor-
mance of the identification approach was demonstrated by a calculated error.

Table 6. Electrical parameter identification results.

Parameter Actual Estimated % Error

R 0.8493 Ω 0.86 Ω 1.07

La 0.3893 H 0.4 H 1.07

Lm 0.1393 H 0.15 H 7.75

Lu 0.0499 H 0.0606 H 4.11

6. Conclusions

The paper puts forth a model that describes the SRM in a nonlinear manner, followed
by a method to identify SRM parameters that take into account the nonlinear effects arising
from magnetic circuit saturation and the double salient structure of the SRM.

First, it is demonstrated that a polynomial GHM can correctly predict the SRM non-
linear behavior. A swept-sine wave identification approach is suggested to identify the
machine parameters. This method simply requires the system output and the input excita-
tion (the phase current) (i.e., the phase winding voltage). As a result, only one experiment is
required to determine the SRM parameter. Examples of simulation are established utilizing
finite element technique analysis to demonstrate the efficacy of this study. Finally, keep in
mind that this approach has the benefit of being quick and easy. Conducting validation
tests using experimental measurements of an actual motor will be an important perspective
for future research.
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