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PLATFORM FOR EXPERIMENTAL STUDY OF A SWITCHED RELUCTANCE MOTOR
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ABSTRACT. Switched reluctance motors (SRM) are among the first rotating electric machines, but they are little known in Bulgaria and are rarely mentioned, mainly
in the courses on electric machines and special electric motors. However, they have great potential because they are environmentally friendly, highly efficient and can
work in harsh environments. Although they have a simple construction, there are difficulties in their control due to the highly nonlinear nature of the magnetic circuit
resulting from their salient pole structure. In this article, a laboratory model for studying low-power SR motors is presented. The key problems related to their principle
of operation and control are discussed and a method for identifying the non-linear inductance is introduced which allows for implementing sensorless control
algorithms. A small modification of the motor winding is made, which makes the simulation of phase winding faults possible.
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NNAT®OPMA 3A EKCNEPUMEHTANHO U3CNEABAHE HA NPEBKNIOYBAEM PEAKTUBEH OBUTATEN
SceH MNopbyHos, Pomeo AnekcaHdpoe
MurHo-eeonoxku yHugepcumem ,Ce. MeaH Puncku®, 1700 Cogpus

PE3IOME. MMpeskniouBaemute peakTvsHu asurateny (MPL) ca cpen mbpBUTe BbPTSLYM Ce eNeKTPUYECKM MaluMHi, Ho ca cnabo nosHaTu B Bbarapus kaTo 3a Tsx ce
CnoMeHaBa psiaKo, MPEAUMHO B KypcoOBETE MO ENEKTPUYECKM MaLUMHU U CheLuvarniu enekTpo3afBuxBaHus. Te KpusT obaye, ronsm moTeHUMarn, Tbi kaTo ca
€KOMOTNYHM, C BUCOK KOE(ULIMEHT Ha MOMNe3Ho AeicTBME M MoraT Aa paboTaT B Texkn ycnosus. Makap 4Ye uMaT npocTo YCTPOICTBO, ChLUECTBYBAT TPYAHOCTY MK
TAXHOTO YNpaBreHue, CBbP3aHN CbC CUIHO HENMUHEHNS XapakTep Ha MarHUTHaTa Bepura, MpouaTuyall OT SBHOMOMIOCHATa UM KOHCTPYKLMS. B HacTosiwaTa ctatus
€ npeacTaBeH nabopaTopeH MakeT 3a uacnessaHe Ha MMP[l ¢ Manka MoLHoCT. [IMckyTupaHu ca ocHOBHUTE Mpobrnemu, CBbP3aHu C TEXHUS MPUHLMN Ha paboTa
ynpaereHve 1 e NpeaCcTaBeH MeTO 3a MAEHTUMMKALMS Ha HeNMHeHaTa MHOYKTUBHOCT, C YMsATO noMoLy Moxe fa 6bae peanuavpaHo 6e3CeH30pHO ynpaeneHve.
/3BbpLueHa e Manka MoauduKaLMs Ha dasHaTa HaMoTKaTa, KosTo No3BoNsBa Aa HbaaT CUMyNMpPaHU aBapuitHi pexuMmn Ha paboTa.

KntouoBu aymu: lMpeBknioyBaemu peakTuBHyW Asurateny, Enektposagsuxeare, HenuHeliHa MarHutHa Bepura

Introduction reason for their relatively small distribution are the increased
requirements for the power and control electronics, especially

The Switched Reluctance Motors (SRM) are synchronous in terms of computing speed. To be able to realize continuous
machines that have salient poles and simple construction with movement of the rotor it is necessary to continuously monitor
a rotor made of laminated steel (Krishnan 2001). They are its position and just before reaching the so called aligned
easy to be manufactured and are ecological due to the position it is necessary to switch off the phase of the motor.
reduced amount of copper in the windings and the absence of The precise control of the advance angle of phase switching is
impregnating resins. They feature high power and also a very crucial for the efficient motor control and is heavily dependent

high level of safety and reliability due to the complete lack of ~ ©n the quite non-linear shape of the stator inductance which is
arcing which is a result of their brushless operation and their @ function of three variables namely the angle of rotation of the

inherent ability to work with one, and in some cases with even rotor, the current through the winding and the temperature.
more disconnected phases. Although the broad majority of With the lack of control of the SRM, which takes into account
SRM applications range in the field of household appliances as the position of the rotor, the motor efficiency falls below 50%.
well as in automotive and industrial machinery, the advantages In the same time with proper electronic control the real
just mentioned above make the electrical drives built with SR~ efficiency can reach 90% and above. This makes all
motors extremely suitable for use in mining. There are specific developments related to increasing the power and control
requirements for the electrical drives used in the mining sector ~ fficiency of SRM drives highly relevant and significant in view
such as smooth adjustable speed control, high torque, ~©f the upgrading of mining machinery. The development of new
operation in harsh and explosive environments, high degree of algorithms and tools for energy management can lead to
protection and high reliability. improved power efficiency, which is crucial for the whole
In the mining industry there are known few cases of mining industry.
application of SRM mainly for locomotives and drives of belt The basic structure of a typical rotating 3-phase SR motor

conveyors (Gorbounov 2019; Ptakh 2015) but in Bulgaria their ~ Of type 12-8 is depicted in Fig. 1. This type of motor is used in
usage is still very limited and is virtually absent. The main
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the current experimental platform. For clarity only a single
phase is shown.

(a) (b)
Fig. 1. Basic configuration of a typical SRM of type 12-8: salient
pole structure (a), and windings arrangement (b)

The torque is produced due to the tendency of the rotor to
transition to the so called aligned position, i.e. a position with
minimum  reluctance  (minimal  magnetic  resistance,
respectively a maximum inductance). The windings are wound
on the opposite poles of the yoke and they are coupled in pairs
to form the phase sections of the inductor. They are connected
s0 that the total magnetic flux is increased.

The motor is said to be of type 12-8 because it has 12
stator poles Zs and 8 rotor poles Zr. The phase count m is
equal to the number of stator teeth divided by the number of
poles 2p which for the SR motors with central axial symmetry
is 2.p = Zs-Zr. Knowing that Zs=2.p.m, the angular distance
between the closest stator and rotor poles (from the unaligned
to the aligned position) can be expressed either using poles
number or using pole pairs and the number of phases, and it is
given by the expression (1). For the SRM12-8 it is e=15°.
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The motor is being controlled by square wave pulses that
energize each phase. The control voltage and current shape
for single phase commutation is shown in Fig. 2.
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Fig. 2. Idealized inductance shape and control signal profile

As it has been already mentioned the inductance is a
function of three variables of which the rotor position and the
current flowing through the phase winding are the most
important. This dependence is due to the saturation of the
magnetic circuit and the air gap that changes during rotation
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and is the cause of the highly nonlinear inductance shape. In
order to implement efficient control and to minimize torque
ripples the most important parameters are the switching
angles. The start of the commutation angle is on which have
to be slightly delayed from the ideal unaligned position (Kjaer
1997). Next it is the switch-off angle Boff which determines the
instant of de-energizing the phase. In order to not produce a
braking torque this angle must come with some advance
before reaching maximum inductance. To achieve the goal of
efficient control it is crucially important to obtain the correct
rotor position information. This can be done either by using
some position sensor such as an encoder or by identifying the
inductance profile in real time thus implementing sensorless
control algorithm.

The current paper aims to introduce an experimental
platform built using a real SRM which can help for conducting
research on the digital control algorithms and the identification
of the stator inductance. Since the SRM is known for its high
fault tolerance a modification of the phase winding is done
which allows for introducing phase faults.

Mathematical description

The mathematical modeling of the SRM drive can be
derived by taking into account the voltage equations, the
motion equation and the equation of the torque. The phase
voltage can be written by observing the equivalent circuit in
Fig. 3 and is given in (2).

Fig. 3. Equivalent circuit of one phase

u:Ri+a—V_/-ﬂ+a—V/a)
ol dt 06

)

In this expression u is the control voltage, R is the active
phase resistance, i is the current through the winding, 6
represents the angular position, y denotes the flux linkage and
w is the angular velocity (3).

a):dj

Substituting (3) in (2) and taking into account that the
derivative of the flux linkage with respect to the current is in
fact the inductance (4) it can be obtained (5).

0 .
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The motion equation is given in (6) assuming the following
conditions.
o the drive is presented for a single-mass system, without
taking into account the elasticity of the elements of the
mechanical system;
o the moment of inertia J of the system is constant and does
not change during the movement;
o the equation refers to the motoring mode, the
electromagnetic torque acts in the direction of motion, and the
load counteracts.

da)_

dt em_T

L (6)

The torque equation is derived by the method for analysis
of the magnetic energy and the co-energy of the SRM taking
into account the effect of the saturation of the magnetic
system. For the most of the motors, the saturation region of the
magnetic circuit is reached. Usually the motors are not
designed to work in the linear region of the dependence
between the field strength H and the magnetization M,
because the achievement of a certain torque will be at the
expense of very large dimensions.

The magnetization curve profile as a function of the stator
current is given in Fig. 4. In the figure U denotes the unaligned
position and A is the aligned position of the rotor.
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Fig. 4. A family of magnetization curves at particular rotor
positions 6i

The torque of the motor is determined by the magnetic field
created by the motor windings. Under its pull, the rotor rotates
from some angular position 81 to the next one 6.=6:+A6 for a
time of At The analysis is made on the basis of the
characteristics of the total magnetic flux y as a function of the
current j for different values of the angle 6, provided that during
the movement, the current does not change its value. To
simplify the analysis, heat losses are neglected. The energy of
the electric source for time At is used to increase the magnetic
energy and the energy of the system.

For the change in the electric field energy it can be written

(7)-

AW =AWmag +AWeo=Im(v2-y1)=Im-Ay  (7)
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The change in the electric field energy AWe is in fact the
area of the rectangle 8162yp2y1.

On the other hand, under the law of energy storage it tumns
out that the change in the electric field energy is equal to the
change in the mechanical energy (8).

AWel =AWmag +AWmeh (8)

The change in the mechanical energy is the mechanical
work done and it is given in (9).

AWmeh=AWgo =Tem (02—64 )=Tem-A0 9)

The change in the co-energy AW is (10). It corresponds
to the shaded area in Fig. 4 which is the area of 0662.

AWCO _ I(J: V/(HZ'i)di—ZW(Hl,i)di _
— AT y(0i)di (10)
0

This way the motoring torque equates to (11).
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Measurement of the magnetization curves

The magnetization curves measurement is important for
implementing optimal control strategies for maximum energy
efficiency and minimum torque ripples as well as for validating
the simulation tools performance. There exist many methods
for obtaining flux linkage curves (Shehata 2018) either in a
direct or indirect fashion. Some of them include measuring and
recording the transient current profile (Gobbi 2006, Radimov
2005), static torque measuring at an arbitrary position (Zhang
2006), applying alternating current source with auxiliary search
coil and next recording the induced voltage in the auxiliary coil
together with the excited stator instantaneous current (Szabo
2013).

In this paper the magnetization curves measurement is
made using the technique described in (Cossar 2001) which is
a direct method. For this purpose the SR motor is coupled with
a dividing head which is capable of holding the motor shaft at a
desired angle as shown in Fig. 5. For each angular position
from the unaligned to the aligned position a square pulse of the
nominal motor voltage is being applied to a single stator phase
using the pulse generator PG. Measurement samples of the
voltage and current are being taken with the aid of an
oscilloscope and are stored into memory. After all the curves
are collected they are processed offline using a mathematical
software package such as Matlab or SciLab.
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Fig. 5. Magnetization curves measurement direct method test
setup

Using this setup the flux linkage calculation can be
evaluated using equation (12).

The magnetization curves family is shown in Fig. 6.
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Fig. 6. Switched reluctance motor magnetization curves

The lowest curve in the figure corresponds to the unaligned
position, i.e. the one where no saturation is observed because
of the maximum air gap (minimum inductance). The top curve
corresponds to the aligned position where the nonlinearity is
obvious and is due to the maximum inductance value.

According the Faraday's Law it is known that the self-
induced voltage across the inductor coil due to a current is
proportional to the rate of change of the total magnetic flux.
This means that if the above procedure is transformed to a
continuous online measurement, the inductance as a function
of the angular position and the current can be obtained by
solving (13).

_dw

L=

(13)

Being able to calculate the flux linkage and the inductance
means that the angular position information can be obtained
from the magnetic characteristics of the motor itself which is of
great benefit especially for SR motors where the magnetic
circuit is highly nonlinear. This way it can be synthesized a
sensorless control algorithm which eliminates the external
mechanical sensors.
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The experimental platform

As stated in the previous chapter in order to measure the
magnetization curves the motor shaft have to be fixed at
desired angle. This is done by the aid of the dividing head
shown in Fig. 7. The measurements are taken at a resolution
of 1° although a significantly higher resolution is possible.

Fig. 7. The SR motor shaft coupled with a dividing head

In the figure (1) denotes the pulse generator, (2) is the
switched reluctance motor and (3) is the dividing head.

After taking the measurements a loading machine is
coupled in the place of the dividing head (not shown).

The salient pole construction of the motor can be visually
observed by using the hole cut in the back side of the housing

(Fig. 8).

Fig. 8. An opening in the motor housing exposing the salient
pole construction of the rotor

Although useless at high speeds of rotation this
modification is very useful for educational purposes when
explaining the working principle of the motor and in observing
the degree of alignment during rotor positioning by the dividing
head.

Fault injection capabilities

The SR motor is known as a robust and reliable machine in
which faults can occur predominantly in its windings and
bearing (Miller 1995; Nandi 1999; Szabo 2013). In the majority
of the fault cases the motor remains operational, which is
critical for some applications. Common winding faults include
short circuit in an entire phase or between two different
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phases, short circuit from a coil to ground, an interrupted
phase and open circuit in one coil of a phase.

In order to simulate some of the possible faults a small
modification in a section of the winding is made which is shown
in Fig. 9.

X

Fig. 9. Modification of a coil in a single phase winding

As it can be seen the coil is interrupted and its leads are
exposed so they can be externally connected. A pole coil can
be eliminated or connected in various configurations that
allows to simulate different faults in the phase winding. Some
of the possible connections are shown in the next figures.

In Fig. 10 (a) the broken coil is reconnected to its normal
state by the aid of the bridge B while in Fig. 10 (b) the bridge is
removed thus disconnecting the coil.

Fig. 10. Normal (healthy) connection (a), a disconnected coil (b)
and a short in two opposite coils (c)

If all the coils are assumed to be equal and to have an
active resistance R, the steady state current flowing through
the phase winding according to Ohm'’s law is [=U/R.. The
nominal current trough each section is half that value because
the sections are connected in pairs in parallel. If the bridge is
removed (Fig. 10 (b)) that would mean an interrupted coil. In
this case the nominal phase current will equal I=2U/3R.. This
in turn will lead to increase in the current /1 with 1.33 times
compared with the same current in healthy mode while the
total current is slightly decreasing. It is also possible to short-
circuit the left-hand coil (Fig. 10 (c)). In this case the current
through the coils becomes equal to l>=U/R. which is an
increase by a factor of two comparing with the previous case.

The measurement of the magnetization curves family is
repeated under the condition in Fig. 10 (b) and the new plot is
shown in Fig. 11. Comparing the results with Fig. 6 it can be
seen that the current is decreased and it becomes harder to
reach saturation.
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Fig. 11. Switched reluctance motor magnetization curves with an
interrupter coil.

The proposed modification allows for few several faults to
be injected and examined such as the ones shown in Fig. 12.

Fig. 12. Faulty situation with decreased coil resistance: case 1 (a)
and case 2 (b), and simulation of a reversed coil (c)

A (variable) external resistance can be added either as
shown in Fig. 12 (a) or in Fig. 12 (b) thus decreasing the
equivalent active resistance of one or two opposite pole coils.
This way a controllable value of the current can be achieved.
The case shown in Fig. 12 (c) allows for increasing the
equivalent active resistance or for applying external voltages of
differing polarities and amplitudes to various sections of the
circuit which provides additional flexibility to the proposed
experimental platform.

Conclusions

The proposed experimental platform provides a
multifunctional setup which allows to find the electromagnetic
quantities which are involved in the mathematical model of the
SRM, both under normal operating conditions and in the case
of a damaged phase winding. It has the following capabiliies:

o the salient pole structure can be visually observed, which is
very important when teaching the basics and the principle of
operation of the SRM;

o the magnetization curves measurements can be taken at
fixed angles with a resolution exceeding 1/12 of the degree;
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o the influence of the vibrations that occur in this type of
experiments is greatly reduced by the construction of the
setup;

o the parameters of the control pulses can be adjusted such
as the voltage amplitude, the repetition period and the pulse
duration. This allows for experimenting with the commutation
strategy by varying the switching angles thus examining the
properties of the control algorithms;

o the proposed experimental platform offers a non-
destructive method for the introduction of various types of
faults related with the exploitation of the SRM.

The capabilities listed above provide prerequisites for
creating an adequate mathematical model of the motor, which
existence is critical for the efficiency of the control. The
implemented method for measuring the magnetization curves
is very important for the creation of a sensorless control
system, which is associated with solving the opposite task —
the inductance can be calculated online during the movement
which allows for estimating the rotor position. This leads to a
reduction in the cost and size of the SRM drive, while
increasing its reliability and fault tolerance.
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