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Abstract: The aim of this work was to develop a parameterized analytical and FEM (Finite Element
Method) model of a switched reluctance motor. The developed analytical model was used to assess
the performance of these types of motors, and is determined to be a tool for comparing and evaluating
switched reluctance motors of various designs. The aim of the work was also the systematization of
knowledge related to the operation, structure and methods of determining the static electromagnetic
torque generated by switched reluctance motors. The FEM model (ANSYS) was, also, made in order
to verify physical phenomena occurring during operation of these motors. Four laboratory tests were
executed as part of the work prototypes of switched reluctance motors built at Warsaw University of
Technology. A parameterized analytical model was developed and implemented in MATLAB. The
model operation tests were conducted and as a result, the characteristics describing the dependence
of the electromagnetic torque as a function of the current and the position of the rotor were obtained.
The model was validated by confronting the analytical calculations supported by FEM simulation
results with the measurement results. The usefulness of the results obtained with the use of the
procured models was assessed.

Keywords: electric motor; switched reluctance motor; FEM; simulation; measurements

1. Introduction

In the second half of the 20th century, the dynamic development of switchable reluc-
tance machines began [1-5]. It was caused by the following changes in industry: Devel-
opment of power transistors. These components facilitated commutation and regulation
of operating currents, and made it possible to use Pulse Width Modulation and employ
frequencies much higher than allowed by thyristor systems [6,7]; Development of micro-
processors and digital integrated circuits. The new circuits gave greater possibilities to
implement control algorithms than the previous digital and analog integrated circuits [8,9];
Development of computers with high computing powers, advanced programming lan-
guages and numerical methods. These tools made it possible to execute analyzes using
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the finite element method and to solve differential equations in discrete time [10,11]; The
overall development and the need to expand speed-controlled systems and electric mo-
tor motion control, which has not only occurred in industry, but has also appeared in
new applications such as automotive vehicles, household appliances, office products and
related systems with aviation. The development of the SRM is characterized by an in-
crease in technical inventiveness. As a result of the development of the above-mentioned
branches, engineers received new tools for research, design and implementation of the
developed structures. The experiments conducted resulted in the growth of new solutions
for switchable reluctance motors [12].

SRMs are available in many designs. Each of the possible configurations has both
advantages and disadvantages. Single-phase motors are cheaper to implement and allow
to achieve higher rotational velocities, but those are causing starting problems [13,14].
Multi-phase motors are characterized by lower current and torque ripple; however, those
develop lower rotational speeds with the same switching frequency of the phase bands.
Consequently, it is not possible to build a high-speed motor with low torque ripple as the
requirement for the number of phases is contradictory. The compromise is the skillful use
of a given type of motor where it meets the binding requirements [15,16].

It should be emphasized that single and two-phase machines, in particular, are suitable
for applications requiring variable speed drives, and the cost of their construction is low.
The place of their application is an increasingly wide range of household appliances,
ventilation and air conditioning. Two-phase motors can start under various loads and
are much cheaper than three-phase equivalents [17,18]. A switchable reluctance motor is
unique in that the direction of the generated torque does not depend on the direction of
the current flow in the windings, but on the phase sequence and the starting position of
the rotor. The reluctance flux path between two opposing stator poles change accordingly
to the position of the rotor poles. The phase inductance is inversely proportional to the
reluctance value. It reaches its maximum when the rotor phase poles are coaxial with the
stator phase poles and its minimum when the rotor poles are transverse to the stator phase
poles [19-23]. The rotor speed can be regulated by changing the frequency of the pulses
supplying the stator phase bands while maintaining the synchronism of switching the
current in phase with the appropriate angular position of the rotor. The 3D model of the
exemplary switched reluctance motor and its cross-section were shown in Figure 1 below.

(@) (b)

Figure 1. Exemplary construction model geometry for 8/6 SRM motor: (a) 3D ANSYS representation;

(b) cross-section of the modelled motor [13].

The aim of this work was to create analytical model for four variants of the SRM
motors: (a) 8/6 with a symmetrical straight poles rotor; (b) 8/6 with a symmetrical oblique
poles rotor; (c) 10/8 with a symmetrical straight poles rotor; (d) 10/8 with an asymmetric
straight poles rotor. The models were used in order to obtain results of the static torque
produced by the motor. This parameter was the main criterion of comparing results with
those obtained from measurements. Additionally, FEM models were prepared in a way
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that enabled deriving the distribution of the electromagnetic field during the SRM motor
operation. 3D models were procured using ANSYS software for motor variants with
straight poles. One of features during calculations was to highlight the amendment of
static torque caused by the SRM construction modifications. Models were procured on the
basis of analytical calculations, presented in later chapters of this manuscript. Analytical
calculations were executed mostly by means of the MATLAB software and presented
dependencies. The novelties of the procured models were highlighted below:

Vast customization of model elements which is essential to test different scenarios;
Optimization algorithm;

Model can be used in order to witness physical phenomena in 3D environment;
Accurate calculations;

Validated by an experiment.

2. State of the Art

In recent years, there has been a growing interest concerning the SRM electric motors.
These motors fall into three categories: reluctance motors, permanent magnet motors and
hybrids, which are a combination of both. The reasons for the aforementioned increase
in interest in the SRM motors are mainly articles [24,25]: Demand for medium and high
velocity electric motors to power modern vehicles, manipulator arms, robotics and space
technology [26,27]; Economic conditions—an attempt to make savings in the operation of
working machines by resigning from expensive in use and maintenance of mechanical gears,
replacing them with a magnetic gear [28,29]; As previously mentioned, the elimination of
rare earth metals [30].

Publication [31] presents an innovative switched reluctance motor (SRM) for traction
applications in cars. The results of electromagnetic and mechanical simulation of the
proposed engine for operation at 50,000 rpm are presented. The SRM is designed to
withstand the rotor stress caused by centrifugal force while producing an output of 60 kW.
The high speed of operation allows for a smaller overall size which in turn leads to lower
production costs. This, combined with high power output, makes this design a good
candidate for mass production of hybrid electric vehicles [32,33].

The Switched Two-phase Reluctance Motor is gaining more and more attention in
both high-speed and unidirectional applications due to its moderate performance and cost
compared to its three-phase SRM and single-phase counterpart. The 8/4-pole two-phase
SRM has been introduced in the article to replace the common AC series motor to drive
the grinder in this article. Optimization of the structure was executed, especially for the
stepped air gap, FEM calculations and prototype experiments were presented [34].

Several good control algorithms for such a machine have also been developed. Arti-
cle [35] deals with the "optimal" Switched Reluctance Motor (SRM) control algorithm. The
principle of this control method is based on the Maximum Torque Per Ampere (MTPA)
criterion which favors the maximum mean torque value, regardless of the torque ripple,
compared to the commonly used method which favors constant torque control. The pro-
posed control method uses pre-calculated optimal positions of the current pulses of the
start-up and stopping of the rotor [36,37]. These optimal values are obtained by numerical
simulations on the basis of a data set obtained as a result of an actual measurement of
the electromechanical system of the SRM machine and its power converter. The article
describes the mathematical model of this SRM and the measurement method [38—40]. The
algorithms used in the SRM simulation also take into account the non-linear iron core of
the SRM, maximum voltage limitation (maximum supply voltage), high speed area and
current limits [41-43].

The work of the team [44] on a new Toroidal Winding Reluctance Machine (TSRM)
with a single continuous multiple winding is noteworthy. This machine can be driven by
a 6-switch asymmetric converter that supplies currents from the unipolar coils, or a 12-
switch voltage source converter that supplies currents to the bipolar coils. The publication
describes the magnetic design of the TSRM and electronic power control, and compares its
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performance to a Conventional Switching Reluctance Motor (CSRM) and to a previously
described switched toroidal format reluctance machine that uses six discrete winding
coils in a three-phase star connection (WSRM) driven by a voltage source inverter. Fixed
magnetic circuit design 6-4 CSRM was selected for comparative analysis of three machine
topologies using static and dynamic finite element simulations.

The team of authors [45] noted that most of the existing estimation and control models
for commutated reluctance machines (SRMs) ignore the dynamic effects of mutual cou-
pling between different phases. While this may be acceptable in some typical industrial
applications, this simplification can significantly degrade the drive performance and the
accuracy of the estimated quantities. The paper presents an improved representation of the
SRM by defining an appropriate finite element model of the machine. This model makes it
possible to accurately estimate the rotor position and electromagnetic torque for any current
configuration. The necessity and feasibility of such an approach is illustrated in the case of
the 3-phase SRM 6/4. The accuracy of the torque and position estimation provided by the
proposed methodology is verified by measurements on the prototype 3-phase SRM 6/4.

As for the more common use of SRM electric machines in electromobility, it is possible
to learn a lot from the paper [46], which concerns the design and construction of a prototype
of a light (one-person) electric vehicle powered by a switched reluctance SRM and controlled
by a low-voltage half-bridge high-current converter. The machine will provide the drive to
drive a light electric vehicle. The idea is to use the vehicle in order to aid disabled people
using advanced design methodology.

3. Analytical Method for Calculating the Torque of the SRM Applied in the Model
3.1. Detailed Description of the Method

The development of a mathematical model representing the operation of the SRM is
a difficult task due to the sequential operation of this type of motor. It is not possible to
develop a substitute diagram describing the operation of the SRM motor with constant
values of the quantities defining the magnetic circuit, such as reluctance, associated flux
or inductance. This is because any change in the angle of the rotor 0 or phase current I,
changes the above-mentioned parameters. When describing one motor phase band, it can
be characterized by resistance R and inductance L(i,0). The voltage drop across the motor
phase band is equal to the voltage drop across the resistance R and the change in associated
flux over time ¥(i,0):
d¥(i,0)

= R-{
v 1+ T,

)

where (i,) = L(1,0)-I; L is dynamical inductance.

Since the change in the value of the associated flux depends both on the change in the
angular position and on the change of the current intensity, Equation (2) can be written
as follows: Wdi 9%.de

' di .
o= RIS T oear @

By multiplying Equation (2) by current i it is possible to obtain the value of the input
instantaneous power:

oY-di . oY-do
g — . i2 fo___ o
R T TN T ®
The electromagnetic torque can be determined from the power equation. Therefore, it
is possible to present Equation (4):

a‘f’-di_‘_i.a‘?-dG
di a0

vi -dt = Ri%>-dt + i (4)

The expression on the left represents the change in input energy. The three components
on the right represent the change of energy into heat, the change of the energy of the
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magnetic field, respectively, dWr and mechanical work dW),. Using Equation (4) magnetic
field energy change and mechanical work can be written as:

B‘P di . 0Y-do

®)
The change in the magnetic field energy depends on the current and the angular

position of the rotor:
oWE- d1+. OWr-db

AWp = 15—+ 5 ©)
It is possible to derive an equation for mechanical work from Equation (5):
_ (. 9FY OWr . dY BWF ,

Knowing the magnetization curve (Figure 2), it is viable to determine the dependence
of the magnetic field on the current and associated flux at a constant angular position of
the rotor:

b4
t%:/MY ®)
0

wpqw—/ww )

is
Figure 2. The course of the associated flux s at the position of the rotor in the coaxial position,

illustrating the energy of the magnetic field Wr and co-energy W..

The partial derivative of the expression (9) on the current, gives:

IWe _
o Y / dFA— (10)

Substituting Equations (7)—(10) the second term to the right of Equation (7) is elimi-
nated and it takes the following form:

(11)

The change in mechanical work described in Equation (11) can also be expressed as
the generation of the electromagnetic torque T by one phase as a result of changing the
angular position of the rotor:

_OWm _, 0¥ OWr
n‘ae‘ FY 90 (12)
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This expression can be simplified by introducing the W, magnetic co-energy:

4
We — / i.d¥ (13)
0

At this point, it should be noted that when working on the linear part of the magneti-
zation characteristic, the magnetic field energy and the co-energy are equal. It is different
if the work on the non-linear range of the magnetization characteristics of the electrical
sheet (in medium and deep saturation) is taken into account. Then the difference between
the magnetic field energy value and the co-energy value becomes visible. The total input
energy can be written as the sum of the magnetic field energy and the co-energy, which is
equal to the current i multiplied by the associated flux ¢:

Wr+We =1i-¥ (14)

After calculating the partial derivative of Equation (14) while changing the angle of
the rotor position 0, the following is obtained:

oWce . 0¥  IWr

6 ~ 20 a0 15)
From the Equation (15) the instantaneous electromagnetic torque T (i, #) produced by
each phase are given as the partial derivative of the phase co-energy change for the change

in the rotor angle 6 at constant current and is described by the equation:
Ts(i,0) = aWC7(1’8),1 = const. (16)

00
The total instantaneous torque is the sum of the torques produced at a given torque by
all phase bands:

T, = i Ts(i,0) (17)
s=1

where g is the number of phase bands in the motor. The average torque T;, can be obtained
by integrating the expression (17):

1 95}{
Ty = 97 /Te‘de (18)
sk O

where 6 is the angle by which the jump occurs. In the case of the linear flux model
(ignoring the saturation phenomenon), thatis ¢ (i, 8) =L (i, 0) - i

i
2

We = [ ¥-di = Lo (19)

0

Therefore, the torque can be expressed by equation presented below:
2
.y lgedL

Ts(i,0) = 0d0 (20)

Equation (20) shows that in an SRM motor the torque is independent of the sign of
the phase current and depends on dL/df. The absolute value of dL/d0 contributes to the
increase in the mechanical torque produced by the motor. The quadratic dependence of the
electromagnetic torque practically occurs only for very low currents. Usually, the torque
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increases linearly with the current until the poles of the stator and rotor coincide and the
material they are made of begins to saturate.

3.2. Conversion of Electro Mechanical Energy

To describe an SRM motor, it is necessary to know the reluctance and inductance
(or associated flux) depending on the rotor angle and phase current. Nonlinear relations
between some of the above-mentioned quantities result from the nonlinear magnetization
characteristics of the material from which the machine is made. The elements that char-
acterize the machine are: electromagnetic torque and utilization factor. These elements
are mainly determined on the basis of the energy relationship. The co-energy contained in
Equation (12) can be converted into mechanical work with each rotor pitch and is equal
to the area enclosed by the operating point trajectory, on the characteristics of the associ-
ated flux 1 as a function of current i. Exemplary characteristics -z with the designated
energy regions, which is converted into mechanical work, are shown in Figure 3. These are
idealized characteristics and show the area of transformed energy for two types of SRM
motors: one that uses material saturation (non-linear) and one that does not use material
saturation (linear).

A

Aligned saturated Alignhed unsaturated

, unsaturated
f

o s
./ \Operating trajectory .

Flux-linkage ¥

N A ‘ '\Operating trajectory unsaturated

N -

P Unaligned
>

Phase current |

Figure 3. Characteristics diagrams 1p-i showing the energy conversion for an SRM engine employing
material saturation and not employing it [19].

By analyzing the characteristics presented in Figure 3 it can be seen that a motor using
the saturated part of the characteristic is able to return a greater part of the energy in
the form of mechanical work than a motor operating without material saturation at the
same phase current. In order for the area of returned energy to be as large as possible,
the distance between the associated flux for the coaxial position \a and for the transverse
position Ppu must be as large as possible. In order to increase the associated flux for the
coaxial position, the width of the stator and rotor poles should be increased. To reduce the
associated flux for the transverse position, the width of the stator and rotor poles should
be reduced. It is not possible to meet both of these requirements at the same time because
those are contradictory, therefore, when designing a motor, it is necessary to work out the
optimum in which it is possible to obtain the highest value of the returned energy. From
the characteristic 1-i, it can also be seen that the angle slope of the straight line behind
the “knee” for the coaxial position is less than for the transverse position. As a result, as
the current increases, both curves get closer to each other and, therefore, there is a certain
limit to which it is worth increasing the current flowing through the motor phase band.
Above this value, increasing the current is unprofitable, because the increase in the area of
which energy is converted into mechanical work is insignificant and most of the energy is
converted into losses.
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3.3. Calculations of the Static Torque Characteristics

The associated flux values for a given current and a given angular position of the rotor
are determined from the model curve. The determined data is stored in a two-dimensional
array, the structure of which is shown in Figure 4.

a)
0“ 01: 0‘;
0
/. Vnm
i"fdl’
b) V4
On=const
WVin,m ’/_,_.,——-——‘—’__
‘Vn,m-l S 4

) { T T T gl

Iyt Im 1
Figure 4. Model curves for flux values: (a) the structure of the table with recorded values of the
associated flux; (b) the method of calculating the co-energy increase AWc (i, ) from the increase of
the associated flux and current at a constant rotor position 6, = const.

The instantaneous torque T of the motor is calculated as the differential quotient
from the change in co-energy AW, to the change in the rotor position angle Af at constant
phase current i. The calculations are performed in the sequence according to the following
formulas:

Yom+%m1 . .
AMWepm = n,mfn,ml(lm - 1m71) (21)
AWC = ch,m = ch,mfl + Gwcn,m (22)

where 7 is the period between the points in the angular pitch and m is the current index.
The applied calculation procedure averages the increase in the area corresponding to the
co-energy AW, m is calculated as the area of the rectangle. In order to obtain a static
torque, the following formula should be used:

AW,

T =
A

;1 = const (23)

3.4. Structure of the Analytical Model

The scheme of performing calculations by the analytical model implemented in this pa-
per is shown in Figure 5. The input data are: motor geometry, magnetization characteristics
of the material from which its stator and rotor are made, the number of coils wound on one
phase band and the value of the current flowing through this band. First, the “stream paths”
are defined. Then these two magnetic circuits are solved. The first one describes the coaxial
arrangement of the stator and rotor poles, the second one—the transverse arrangement.
Using the magnetization characteristics and the geometry of the motor, the determinants
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of individual elements of the magnetic circuit are derived. Knowing the number of turns
Nph and the current flowing through the phase band Iph, the magnetomotive force F is
determined. From the magnetomotive force F and the reluctance R, the magnetic fluxes
flowing in the circuits are obtained for the transverse position ®u and for the coaxial posi-
tion @a. The associated fluxes ¢u and ta are determined from the magnetic fluxes ¢u and
®a. These fluxes should be determined for each current value. Then, using a “calibration
curve” specially developed for this method, the associated fluxes 1 are determined for the
intermediate angular positions of the rotor, between the lateral position and the coaxial
position of the stator and rotor poles. Knowing the associated fluxes ¢ for individual
phase currents Iph and angular positions of the rotor 6, the co-energy Wc is calculated.
By calculating the change in co-energy AWc after changing the angular position Af at a
constant current, the electromagnetic torque is obtained.

Input data: Motor geometry, H(B), Nph, lph

i

Defining magnetic field force lines for
transverse and coaxial positions

U

Calculating the reluctance of individual
circuit elements for each path (for coaxial
and transverse positions)

1l

Calculating the magnetomotive force:
F=Nph-lph

!

Calculation of magnetic fluxes for each path
of the coaxial and transverse positions

!

Calculation of associated fluxes for coaxial
position Wa and transverse position ¥u

(based on magnetic fluxes ¢a and @u )

!

Determination of the baseline curve

U

Calculation of the combined fluxes ¥ for all
angular positions of the rotor (based on the
baseline curve and fluxes ¥a and ¥u )

!

Coenergy calculation W

1l

Calculation of the electromagnetic torque T as
a change of coenergy AW for a given change
of rotor angular position 40 , at constant
phase current Igh

1l

Torque presentation on the plot

Figure 5. The scheme of performing calculations by the implemented analytical model.
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3.5. Analytical Model Assumptions

Before implementing the analytical algorithm for determining the torque of the switch-
able reluctance motor, the following simplifications were assumed:

e  The model will describe the operation of switchable reluctance motors with parallel
faces to the stator and rotor poles. This assumption was made due to the much greater
popularity of the design of straight-pole motors than of trapezoidal pole-shaped
motors;

e  The magnetic flux disburdening effect, described in more detail in publication [25],
was omitted;

e  When calculating the associated fluxes for track 2 in the coaxial position and for all
seven tracks in the transverse position, it was assumed that the sum of the reluctances
of the individual magnetic guide elements and the air gap is equal to the air gap
reluctance. In electric motors, the air gap is the main source of magnetic resistance and
preferably should be as low as possible. In the case of switched reluctance motors, the
air gap changes its geometry (mainly length) depending on the angular position of the
rotor. The maximum length is achieved for the transverse position and the resistance
of the slit in this position to the flowing magnetic flux is so great that the reluctances
of the individual elements of the magnet guide are negligibly small;

e  The entire flux is enclosed in the magnetic circuit, i.e., there is no flux bypass effect at

the ends of the stator and rotor package;

The field force lines in the stator and rotor poles are parallel to the poles;

The windings are treated as rectangular blocks and the space between the poles of the

stator is only partially filled with the windings;

The field force lines in the stator and rotor yokes are concentric;

The field force lines in the air-gap consist of concentric arcs and rectilinear segments;

The magnetic conductivity of the shaft is ignored;

In order to calculate associated fluxes for all rotor positions only one standard curve

was used.

4. Laboratory Measurements of Modeled 8/6 and 10/8 Motors

During the measurements, the following four prototypes of switched reluctance motors
with two rotors of different designs were tested:

SRM 8/6 with symmetrical straight poles rotor;
SRM 8/6 with symmetrical oblique poles rotor;
SRM 10/8 with symmetrical straight poles rotor;
SRM 10/8 with an asymmetrical straight poles rotor.

Motor construction parameters were presented in Table 1 above while Figure 6 shows
the external appearance of each of the two motor types. The 8/6 motor structure had to
be prepared before starting the tests. As part of the preparatory work, the windings of
the coils lying on the opposite poles of the phase band were ordered and paired. After
the coil windings were paired, homogeneous terminals were determined for each of the
coils and the end of the first coil was connected to the beginning of the second, within
one phase band. Additionally, each phase strand was distinguished by a different color
of the heat-shrinkable sleeves applied to the output wires. The wires of the ends of the
phase bands were connected to a terminal block mounted on the stator of the motor. The
motor was bolted with a clamp to the base. The tests included the measurement of the
static torque generated by the motors depending on the angle of the rotor position. In order
for the obtained results to be burdened with the lowest possible error, before starting the
measurements the scale was “re-set” with the TARA button, and the measuring arm was
balanced with a weight placed on it. Due to the easier implementation of the measurements,
it was decided to change the position of the rotor from the coaxial position (stable position)
to the transverse position (unstable position). To obtain an exact starting position, the
motor was pre-energized with a current of 1 A (to attract the rotor poles by the stator
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poles). Then, using the screw (used to adjust the worm gear), the position of the arm was
adjusted so that it applied to the balance, but did not exert any force on it. The pointer for
reading the swivel angle on the protractor has been moved to the 0° position. If you tried
to take measurements from the lateral position to the coaxial position, there would be a
problem with the exact positioning of the arm in the home position (due to the instability
of the lateral position). Despite the measurements from the position of the rotor poles in
the coaxial position to reaching the transverse position, the results and the plotted torque
characteristics have the opposite course. It was decided to reverse the order of the results
because the analytical model proposed in the paper calculates the characteristics of the
motor and plots the torque diagrams from the transverse to the coaxial position. Thanks to
this, the comparison of the measurement results with the calculation results were facilitated.

Table 1. Construction parameters of tested motors.

Parameters SRM 8/6 ¥ SRMS8/6® SRM10/8® SRM10/8%  SRM 10/8®
Nphs 160 160 120 120 120
Ns 8 8 10 10 10
N; 6 6 8 8 8
1[m] 0.12 0.12 0.06 0.06 0.06
ts [m] 0.014 0.014 0.014 0.014 0.014
t, [m] 0.016 0.01325 0.0138 0.0138 0.0138
D [m] 0.074 0.074 0.0956 0.0956 0.0956
Ds [m] 0.1305 0.1305 0.16 0.16 0.16
Dy, [m] 0.032 0.032 0.032 0.032 0.032
D; [m] 0.0732 0.0732 0.0948 0.0948 0.0948
hy [m] 0.0126 0.0126 0.0165 0.0154 0.0154
y, [m] 0.008 0.008 0.0149 0.016 0.016
v, [m] 0.01325 0.01325 0.0184 0.0184 0.0184
hg [m] 0.015 0.015 0.0092 0.0092 0.0092

M, ®) Symmetrical rotor with straight poles, @ symmetrical rotor with oblique poles, ® asymmetrical rotor with
straight poles—measurement for angle 36" and ) asymmetrical rotor with straight poles—measurement for
angle 54°.

Figure 6. The appearance of the tested switched reluctance motors: (a) 8/6; (b) 10/8.

The diagram of the measuring system used to determine the characteristics of the
static torque of the motors are shown in Figure 7.

The measurement procedure was repeated for the following current values: 5, 10,
15, 20 and 25 A. After testing a given motor for all five current settings and moving the
rotor from the coaxial position to the transverse position, the tested object was replaced
and another one was tested in accordance with the procedure. During the measurement,
the voltage level on the phase winding was observed and the winding temperature was
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monitored. When it reached 100 °C, the measurement was stopped, and the machine waited
for it to cool down. It was observed that both the SRM 10/8 and SRM 8/6 machines were
heating up and required to stop the measurements for the currents of 20 A and 25 A. When
executing measurements at lower current values, the windings did not heat up intensely,
and those test runs could be performed without breaks for the machine to cool down.

Autotransformer Isolation
INCO SOPOT typ AL-2500 transformer
l BREVE-TUFVASSONS]
STM 400
7
‘A AP —~ —
0 0 Rectifier bridge Smoothing filter
0D-41
-
*
Isolation
transformer
BREVE-TUFVASSONS|
100 100 STM400
100 100

00000 &0

Scale
AXIS B10

Figure 7. Diagram of the measuring system used for motors tests.

4.1. Measurement Results of the Static Torque Produced by the SRM 8/6 Motor with a Symmetrical
Straight Poles and Oblique Poles Rotor

Figure 8 presents photos of the tested rotors of motors 8/6, switched symetrically
reluctance: (a) straight poles, (b) oblique posts. Figure 9 shows the significant characteristics
of the static torque generated by the tested SRM 8/6 motor with a symmetrical rotor as
a function of the rotor angle 6 and the value of the phase current Lp: (a) staight poles,
(b) oblique posts.

(b)

Figure 8. The appearance of the tested 8/6 symmetrical switched reluctance motors rotors: (a) straight

poles; (b) oblique poles.
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Figure 9. Characteristics of the static torque generated by the tested SRM 8/6 motor with a symmetri-
cal rotor as a function of the rotor position angle 6 and the value of the phase current I;: (a) straight
poles; (b) oblique poles.

4.2. Measurement Results of the Static Torque Produced by the SRM 10/8 Motor with a
Symmetrical and Asymmetrical Straight Poles

Figure 10 shows the appearance of the tested rotors of 10/8 switchable relucatnce
machines: (a) symmetrical, (b) asymmetric. Figure 11 shows the characteristics of the static
torque generated by the tested SRM 8/6 motor with a staight-pole rotor as a function of the
rotor angle 6 and the value of the phase current I,;;: (a) symmetrical, (b) asymmetric.

(b)

Figure 10. The appearance of the tested 10/8 straight poles switched reluctance motors rotors:
(a) symmetrical; (b) asymmetrical.
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Figure 11. Characteristics of the static torque generated by the tested SRM 8/6 motor with a straight
pole rotor as a function of the rotor position angle 6 and the value of the phase current I;: (a) sym-
metrical; (b) asymmetrical.

The rotor of this design has an asymmetry introduced in the geometry of its poles
distribution. The rotor can therefore be considered as a structure with two alternating polar
pitches. In the case of this motor, two series of measurements were executed. During the
first series, the torque characteristics were tested for a smaller angular distance between
the nearest rotor poles, and during the second series, for a larger angular distance. The
above-mentioned values of the polar divisions are respectively 36° and 54°. As can be seen,
the sum of the two pole scales of an eight-pole asymmetric rotor is equal to the sum of the
two pole scales of an eight-pole symmetrical rotor.

5. Analytical Model Calculations and FEM Simulation Results
5.1. Juxtaposition of Laboratory Measurements and the Results of Calculations Obtained with the
Use of the Developed Analytical Model

Figure 12 shows a comparison of the calculation results (solid lines) with the measure-
ment results (dotted lines) for a symmetrical SRM 8/6 with: (a) straight poles, (b) oblique
posts. Figure 13 presents the comparison of the calculation results (solid lines) with the
measurement results (dotted lines) for the SRM 10/8 straight poles: (a) symmetrical,
(b) asymmetric (angle 36° between the poles), (c) asymmetric (angle 54° between the poles).
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Figure 12. Summary of calculation results (solid lines) with measurement results (dotted lines) for
the symmetrical SRM 8/6 with: (a) straight poles; (b) oblique poles.

5.2. Impact of Rotor Pole Width Parameter

To simulate the effect of rotor pole width during the analytical simulation, the ¢, param-
eter was modified without introducing changes to the remaining geometrical dimensions
of the machine. The static moment calculations were performed for ¢, of 14, 16 and 18 mm.
Figure 14 shows the static torque characteristics as a function of the rotor position angle 6
at the phase current Iy, = 25 A, for three rotor pole widths.

Analyzing the characteristics shown in Figure 14, it can be seen that the width of the
rotor poles has little effect on the maximum value of the torque produced by the switched
reluctance motor. The width of the rotor pole is clearly visible in the angular characteristics
of the torque generation of the motor. As the width of the pole increases, the torque
generation zone is slightly widened and shifted on the angular characteristic towards
the transverse position. The maximum torque value remains practically unchanged. An
increase in the width of the rotor pole only changes the position of the rotor at which the
maximum torque is achieved. In Figure 15, a similar family of torque characteristics for
different rotor pole widths are presented, obtained as a result of computer calculations
using the finite element method. While comparing the characteristics families in Figures 14
and 15 it can be seen that the character of the changes shown is the same in both cases.
This means that the proposed analytical model performs calculations that can be used not
only for quick initial torque calculations, but also for refining the design of the motor being



Energies 2022, 15, 630

16 of 24

modelled. In order to obtain information about the average value of the torque that is
produced in the period by a given phase band, the areas determined by the torque curves
for each of the five values of the rotor pole width were integrated. The mean torque as a

function of the rotor width is shown in Figure 16.

10 T T

.

Result of calculations for lph =5 A
Result of caleulations for Iph =10 A
Result of calculations for Iph =15 A
Result of calculations for Iph = 20 A
Result of calculations for Iph = 25 A
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Rotor position angle (degrees)
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Result of calculations for Iph =5 A
Result of calculations for Iph =10 A
Result of calculations for Iph =15 A
Result of calculations for Iph =20 A
Result of calculations for Iph =25 A
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Static moment T [Nm]
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Figure 13. Summary of calculation results (solid lines) with measurement results (dotted lines) for
the straight poles SRM 10/8: (a) symmetrical; (b) asymmetrical (36° angle between poles axis);
(c) asymmetrical (54° angle between poles axis).
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Figure 14. Simulated family of static torque characteristics as a function of the position angle and

different width of the rotor poles t, of the rotor at I, = 25 A.

16

by =9 mm L 14

L 12
L 1

by =8 mm L 0.8

- 0.6

- 04

-5 0

45 40 -35 -30 -25 -20 -15 -10
Rotor position angle o [deg]

Torque 7 [Nm]

Figure 15. Family of static torque characteristics as a function of the angle of the rotor position and
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Figure 16. Characteristics of the average torque produced by the motor as a function of the rotor pole

width t,, determined at Iph =25A.
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Analyzing the course of the characteristic from Figure 16 it can be seen that the width
of the rotor pole does not have a large impact on the value of the average static torque
developed by the motor. However, there is a certain optimal rotor pole width at which the
motor develops its highest average torque. In the case of the tested structure, the optimal
rotor pole width is 16 mm.

5.3. Impact of Rotor Pole Height Parameter

Changing the rotor height, the value of the rotor yoke width was kept constant, which
meant that in the simulation program, with the increase of the rotor pole height, the internal
diameter of the rotor had to be reduced while maintaining a constant rotor yoke width.
The exact values of the geometric dimensions that changed are presented in Table 2, the
remaining parameters had the values set in accordance with Table 1. The simulation was
performed for the phase-band current equal to I, = 25 A, changing the height of the rotor
pole within the range of 1 mm to 12.6 mm. Relating these rotor pole heights to the air gap
value, those ranged from 2.5 to 31.5 times the air gap. Figure 17 shows the dependence of
the average torque produced by the motor on the pole height given in millimeters, and also
in Figure 18 with respect to the multiplicity of the air gap. Looking at the characteristics
shown in Figure 18 it can be seen that the highest increase in torque produced by the motor
is recorded for the height of the rotor pole ranging from 0 to 5 air gaps. By increasing
the height of the pole in the range from 5 to 20 air gaps, it can be seen that the speed
of the torque increase, significantly decreases. Further increasing the height of the rotor
pole (more than 20 slots) is unjustified. The simulations executed are consistent with the
information contained in [20] concerning the changes of this nature introduced into the
motor design. Figure 19 represents the dependence of the maximum torque as a function
of the rotor pole height obtained as a result of calculations using the finite element method.
Comparing the characteristics from Figures 17 and 19 it can be seen that in both cases the
observed nature of the changes is the same.
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Figure 17. Average motor torque as a function of rotor pole height expressed in millimeters.
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Figure 18. Average motor torque as a function of rotor pole height expressed as air gap times g (gap).
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Figure 19. Characteristics of the maximum torque as a function of the height of the rotor pole obtained
as a result of calculations using the finite element method.

Table 2. The results of the study of the influence of the rotor pole height /i, on the moment.

hy[mm] Air Gap Multiplication T [Nm]

0 0 0
1 25 3.65
2 5 6.90
3 7.5 8.21
4 10 8.90
5 12.5 9.31
6 15 9.57
7 17.5 9.74
8 20 9.86
10 25 10.00

12.6 31.5 10.08

5.4. FEM Model Results

FEM models were prepared for 8/6 symmetrical motor and 10/8 symmetrical motor
with straight poles. The phenomena verified by the FEM model was the distribution
of associated magnetic flux lines. 3D models for those motors were presented below in
Figure 20.

(b)

Figure 20. 3D models procured for analysis of SRM motor variants with straight poles: (a) 8/6;
(b) 10/8.
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Figure 21 shows the results of the FEM analysis the distribution of related magnetic
flux lines for the electric machine: (a) 8/6, (b) 10/8.

(b)

Figure 21. FEM analysis results—the distribution of related magnetic lines for an electric machine:
(a) 8/6; (b) 10/8.

6. Conclusions and Summary

The torque characteristics obtained by the model for individual current values have a
typical course (Figure 12a). Looking carefully at the slopes of the torque rise (from 0° to
5° of the angular position of the rotor), it can be seen that the model in this range clearly
reflects the characteristics measured, especially for currents of 20 A and 25 A. In the torque
rise zone for currents 5 A, 10 A and 15 A, a significant deviation of the modelled torque
values from the measurement results are visible. The reason for these differences is the
use of one model curve for the model calculation of all moment curves. Looking at the
further course of the torque, we can see that the model gives its maximum value at the
rotor position angle of about 7°. Looking at the measurement results, it is possible to see
that the moment reaches its maximum for an angle of 12°. A slight decrease in the torque
value is visible in the angular deflection of the rotor from 7° to 18°. For angles greater than
18°, a strong decrease in the moment is visible up to 0 achieved in the coaxial position
(for a deflection angle of 30°). In the case of the measurement results, a sharp decrease
in the produced torque is visible starting from 15°. Comparing the results in this zone, it
can be seen that the modelled torque curves significantly differ from the curves measured,
especially for phase currents equal to 15 A, 20 A and 25 A. Assessing the overall result
of the model operation for the SRM 8/6 motor with a straight pole rotor, it is possible to
state that the modelled torque curves correctly give the value of the maximum torque to be
expected from a given motor structure, at the given phase current. Looking at the torque
curve modeled for the 8/6 SRM with an oblique poles rotor, it can be seen that, regardless
of the current value, the model gives overestimated torque values, taking into account
the results obtained from the measurements (Figure 12b). These results are still useful,
however, as the model gives an order of magnitude of the maximum performance that can
be expected from a motor of this design with an error not exceeding 10%. The reason for
the discrepancy in this case may be the limitation of the model to the calculation of motors
with straight poles. When modelling the characteristics for this motor, it was assumed that
the rotor pole was straight, and its width was equal to the width of the pole in the middle
of its height and amounts to 13.25 mm.

As a result of using the model, torque characteristics were also obtained for the SRM
10/8 motor with a symmetrical rotor and straight poles (Figure 13a). As can be seen,
the shape of the curves is correct and those follow the course of the measured moment.
However, the obtained results are burdened with a significant error. In the case of supplying
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the phase band with a phase current of 25 A, the model determined the motor torque with
an error of approx. 50%, assuming that the results obtained from the measurements were
accurate. A comparison of the torque curves from the measurement was made with the
curves modelled for the SRM 10/8 motor with the rotor introducing asymmetry in the
position of the poles (Figure 13b,c). Assessing the graphs both in terms of their course
and value, it can be seen that the proposed analytical model in the case of a motor with
an asymmetric rotor structure does not work. The modelled curves “do not fit” into the
measurement results and give values that are lowered in extreme cases to the level of 40%.
The reason for these discrepancies may be the adopted modelling method related to the
assumption that the motor can be considered as two motors with rotors with different
values of the polar scale. Additional modifications have been made to the rotor structure in
the form of four air gaps, which is not taken into account in the developed analytical model.
When comparing the results obtained with the use of the model with the measurement
results, discrepancies are visible. One of the causes of errors may be the adoption of the
theoretical magnetization characteristics of the material for the core. It may introduce some
discrepancy in the results of the calculations compared to the calculations that would be
obtained by substituting the characteristics of the electrical sheet from which the rotor and
stator core are made. In the case of a 10/8 structure motor, the discrepancy between the
measurement and calculation results are influenced by the method of defining the flux
force lines. The geometric shape of the paths in the model is matched to the motor with the
8/6 structure. The discrepancies in the results are not caused, only, by the simplifications
adopted when developing the analytical model, but also from measurement inaccuracies
and the adopted method of measuring the static moment.

The main objective of this work was to develop an analytical model of a switched reluc-
tance motor. The aim of the work has been achieved. Based on the information available in
the literature regarding the creation of this type of model, an algorithm was developed and
implemented in MATLAB for quick calculations of the static torque generated by switched
reluctance motors. The assumptions significantly simplified the algorithm’s writing, which
translated into a smaller code size, but did not significantly affect the accuracy of the results.
Based on the simulations, the static torque characteristics for four machines were obtained.
Two of the structures 8/6 and two of the structures 10/8. The simulations show that the
proposed algorithm works well for 8/6 motors. The results obtained for 8/6 motors are
correct and can be used at the initial stage of designing machines of this type. Moreover, the
model investigated the influence of the width and height of the rotor pole on the obtained
static torque characteristics and the mean torque value. After conducting this type of
analysis, it was revealed that the usefulness of the obtained results is comparable to the
same analysis carried out with the use of the finite element method. This means that the
presented model can be used to fine-tune the structure and search for optimal geometrical
dimensions of the machine. In the case of the 10/8 engine simulation, the results obtained
using the proposed model are burdened with a significant error. The model calculates the
static moment with an error of 50%. The calculation results obtained for the engine with
asymmetry in the rotor structure are also subject to a very large error. This means that the
model is not fully universal and is not suitable for simulating motors with an asymmetric
structure and 10/8 construction.

Despite the fact that the model presented in the paper does not correctly determine
the torque for motors of 10/8 construction and is therefore not a universal tool, it is worth
executing further work on its development. Factors encouraging further analysis are the
correct operation of the model for motors with the 8/6 structure and the speed of the
analytical method compared to the finite element method. In order to check the universality
of the model in detail, it is worth conducting simulations of operation for machines with a
different structure, e.g., 4/2 or 6/4. One of the methods of building an analytical model
that would work for the widest possible group of machines would be to separately describe
the construction of machines with the most commonly used structures, e.g., 2/2, 4/2,
6/4,8/6,10/8 or 12/10. By implementing such a model, a given code block would be
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responsible for simulating a machine with a given structure. The selection of the part of
the code that is to perform the calculations would be made on the basis of the number of
poles in the stator N; and the rotor N,. The construction of analytical models of switched
reluctance motors used to optimize the design of this type of machine should be one of the
directions of development. The results of this study show that, despite the inaccuracies in
determining the performance of the machine presented by analytical models, these make it
possible to find the optimal geometric dimensions of individual elements of the magnetic
circuit. Additionally, FEM model results that were derived on the basis of analytical model
show the correct distribution of associated magnetic flux lines for symmetrical motors with
straight poles.
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