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ABSTRACT

Simulation and Testing of a Switched Reluctance Motor

By Matlab /Simulink and dSPACE

Saman Abbasian
Department of Energy and Environment
Faculty of Electric Power Engineering

Chalmers University of Technology

The main objective of this thesis is to build and test a SRM drive system to provide a research platform
for having more investigations in this field. First, a literature study of switched reluctance motors which
includes fundamental operation, control techniques and energizing methods is done and second, a linear

magnetic mathematical model is developed in Matlab / Simulink to analysis the dynamic response of

the machine using a Pl speed controller and a feedback control system under different working

conditions.

A voltage source strategy is applied to the SRM and since each phase is controlled by pulses of current

during the torque production with a repeating sequence, it is important to calculate the turning on, &,,,,

and off, 6, , angles properly. In addition, a hysteresis current controller is required to maintain the

current within a preset band.

To operate the SRM , an experimental setup and an assembly of PCB are needed. These boards are the
main part of the project and they are controlled by a ASPACE system. Simultaneously, protection and

measurement units are used to monitor SRM drive in faulty situations.

Finally, an open loop control is implemented in a real time environment and practical results are

compared with theories to obtain a good assessment of the system.
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Chapter 1

INTRODUCTION
1.1 Background Study

One of the most important criteria for designing an electric drive system is to have a good knowledge of
the motor dynamic behavior. Additionally, the method in which an electrical motor interacts with power
electronic converters must be studied. Therefore, power converters are used to achieve the desired torque
and speed from the motor. In comparison with other drive systems such as combustion engines and
hydraulic engines, electric drives have a very wide field of applications and also advantages of making a

large speed control range, little acoustic noise operation and versatile control ability.

Among the electrical machine drives such as induction motor drives, DC motor and permanent magnet
synchronous motor drives, SRM drives are growing rapidly in numbers. Perhaps one of the simplest
electrical machines due to its construction, where only stator windings and a magnetic rotor in a saliency
form are used. In the late 70, popularity of concepts of these type machines was fostered with the

assistance of fast development switching technologies [8].

Even though the construction is simple, the control is not an easy task for the SRM since the phase
energizing should be implemented at the right angle, in order to have less speed oscillations. Another
issue is the double saliency construction on the both rotor and stator, so that torque production by separate
phase’s results in large torque ripples [3]. This effect also produces a current ripple in the DC supply and
to a demand of a large filter capacitor. In addition, another negative effect of the torque ripple is the

acoustic noise, due to the induced radial magnetic forces.

Fortunately, the power electronics and microprocessors recently have done good advancements and more
accurate control in this field that allows these kinds of machines to be controlled precisely and become

competitive with the other motor technologies in the vast range of industrial applications.

To sum up, SRMs are cheap, robust, no winding in the rotor, have a very simple construction and fault
tolerant. However, for an operation speed and torque, the stator current must be turned on and off at a

right rotor position to produce the desired torque which requires a precise control algorithm.



1.2 Objective of the Present Work

It is intended to build up and simulate a SRM drive system based on Matlab / Simulink with the
assistance of dSPACE to develop a model that can be used later for a closed loop speed control system.

The procedure is summarized as follows;

1- Simulation of a SRM drive system in Matlab

2- Parameter’s measurement of a SRM

3- Assembly of the hardware: printed circuit boards, current and voltage measurement units
4- Testing the experimental setup

5- Performing an open loop control method by using Matlab and dSPACE

1.3 Outline of the Research Approach

A summary of this thesis is as follows

An overview of a three phase SRM which can be found in Chapter 1. It is followed by Chapter 2, in
which elementary operation, principals, mathematical equations for torque production, derivation of the
inductance and rotor positions are discussed. In Chapter3, a brief overview about the designing
parameters criteria of the machine such as pole selection, stator and rotor pole angle selection are

presented. Determination of the inductance and resistance values of the machine is also explained.

In Chapter 4 a method of the control is discussed in detail. A Matlab simulation project which would be
the core part presents how to control the actual speed to the reference speed and using the relevant
equations to model the dynamic response of a three phase SRM . Practical analysis, experimental setup
hardware such as PCB, current sensors, protection units and dSPACE are explained in Chapter 5. In
addition, observations are demonstrated and conclusions are based according to these results. Finally,
Chapter 6 deduces the entire activities performed in this thesis by a summary of the activities and

discussions about future research work.



Chapter 2
THREE PHSES SWITHCED RELUCTANCE MOTOR

2.1 Construction and Principal of Operation of (SRM)

A cross section of a three phase switched reluctance motor (SRM) is shown in Fig. 2.1 and 2.2
respectively. In order to achieve a continuous rotation, each phase winding is energized by a proper
current at a suitable rotor angle. It means that the excitation is done sequentially from phase to phase as

the rotor moves.

Assume that the rotor poles R,, R", and stator poles are in an aligned position. When the phase winding
A is energized by applying a current, flux passes within the stator poles Aand A~ and rotor poles R,
and R,” and it causes a force that pulls the rotor poles towards the stator poles Aand A’". After

alignment, rotor poles R,and R,” with the stator poles the stator current of the phase Ais turned off and

Fig. 2.2 show this variation.

Figure 2.1: Cross section of a three phase SRM, unaligned rotor position

This is the reason why the machine is called SRM. When the rotor is aligned with the stator poles, the air-
gap distance is small and inductance is large. The method of movement of the rotor is implemented by

switching of the converter and it explains the name, the SRM.



Figure 2.2: Cross section of a three phase SRM, aligned rotor position

The B - H curve for the unaligned and aligned position is shown in Fig. 2.3.

Aligned Position

Unaligned Position

6=0

> H

Figure 2.3: B - H curve the aligned and unaligned positions



2.2 Torque Production in a SRM

Applying a current i, as shown in Fig. 2.4 keeping the rotor at a position 8, between the unaligned and

aligned positions, the instantaneous electromagnetic torque is determined as follows

Allowing the rotor to move incrementally under the influence of the electromagnetic torque from position

6,to 6,+ A6,

mech !

holding the current constant i, results in the equation:

AW, ., = T, AO - (2.2.1)
The incremental energy delivered by the electrical source is the equation:

AW, = area(l-4, — A4, —2-1). (2.2.2)
Where A, and A, are flux linkages at two rotor positions.

The area above is the incremental energy stored with corresponding winding so

AW,yra0. = area(0-2-4, —0)—area(0—-1-4, -0). (2.2.3)
The mechanical work done is the difference between the electrical energy and energy stored

AW, ., = AW, — AW (2.2.4)

storage®

Figure 2.4: Co-energy graph between aligned and unaligned rotor situations

Therefore, the mechanical work done is equal to the co-energy between two rotor positions 1 and 2.

Hence, the electromagnetic torque as a function of the rotor position and the current is



LW

= 2.25
£ =50 (2.2.5)

Since the torque is a nonlinear function of the phase current and rotor position as shown in Fig. 2.4,
(2.2.5) is rewritten in the form of inductance variation from the unaligned to the aligned position

T =22, (2.2.6)

Clearly, it can be seen that the average torque is developed through the tendency of the magnetic circuit to

adopt a configuration of minimum reluctance for the rotor poles.

Some important hints can be seen from (2.2.6):

1- Torque is proportional to the square of the current. Regardless of the current direction torque can

be produced in both directions.

2- Electromagnetic torque is very similar to a series DC machine that has a prominent starting
torque.

3- Due to the independence of each phase from an electrical standpoint, during a faulty condition
such as a short circuit in one phase, there won’t be any effect on the other phases.

4- The role of the saturation is vital, because of in each excitation cycle a large ratio of the energy

supplied to a phase winding that is required to be converted into the mechanical work.

2.3 Relationship between the Inductance and Rotor Position for a 6/4 SRM

An ideal phase inductance versus rotor position is illustrated in Fig. 2.5.
L)

I

Figure 2.5: An ideal phase inductance versus rotor position
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Fig. 2.7 illustrates three phase inductance profile for the 6/4 SRM used in this project.

L(®)

B~ 5.
>

Figure 2.6: Inductance profiles for three phases of the SRM
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Table 2.3.1: Torque production as a function of the inductance variations

Rotor angles Results

0-6,and 6, -0, No overlap between the stator and rotor, minimum inductance, no torque
production

0,-0, Poles overlap, inductance increases with positive slop, a positive torque
production

0,-0, Not alter an overlap between the stator and rotor, keeping the inductance

maximum constant, torque generation zero

0,-0, Rotor pole moving away from overlapping, decreasing the inductance,

negative slope, negative torque production

The above idealized presentation has shown the fundamental principle of a SRM. But in real motors, the
actual inductance profile will have a rounding in the transition areas due to the magnetic saturation when
the flux density increases in the ferromagnetic material as pole alignment occurs. Moreover, the coil
currents will have the same delay rounding in the leading edges which resulting in ripples in the total

electromagnetic torque development.

2.4 Designing Criteria Parameters

One of the major issues in the pole selection is the number of power converter switches. In fact, it is a
limiting factor in terms of cost of the power processing unit which will affect on the control of a small rise
and fall times of the phase current. Another important aspect is the relation between the stator frequency

and the number of rotor poles according to the expression below [1],

a)rm
27

f, = ()P (H2). (2.4.1)



Table 2.4.1: Number of stator and rotor poles of SRM
|
Poles
Stator 6 8 12 12
Rotor 4 6 8 10

By increasing the rotor poles the stator frequency increases which will result a higher core losses and a
prolonged conduction time for the rising and falling of the phase current. In addition, it needs more
windings in the stator periphery that increase the cost of designing for the power control processor unit.

2.5 Selection of the rotor and stator pole arcs

Since, it takes more time to show the procedure for obtaining the final expression for rotor and stator pole

arcs selection, here only the fundamental equation is shown according to the expression below [1],

where the minimum stator pole angle is according to [1],

Az
NN

S r

min[ 5] = (2.4.3)

Therefore, (2.4.2) specifies that the rotor pole arc has to be greater than or at least equal to the stator pole

arc and simplified in the form of:
B, = B,. (2.4.4)

To summarize, the importance of the angle selection is a necessity in the design procedure of a SRM.
Since the machine operation is based on the inductance variation in the different rotor positions, it
requires another equation which provides a necessary constraint of having an inductance normal profile.

The equation is shown according to [1],
27

If this condition is not held, the inductance profile of the machine will not be normal.



2.6 Dynamic Model of a Switched Reluctance Motor

Due to the non-linearity in a SRM, usually a simplified model of the motor is used.

Therefore, a simplified equivalent circuit for a switched reluctance motor might be derived by ignoring
the mutual inductance between the phases. In order to make a dynamic model for this motor, the equation
is the applied voltage to a phase which is the sum of the resistive voltage drop, the derivative of the flux
linkages as a function of the rotor position and the current.

V =Rl

S

j 9400, (261)
dt

Assume that the poles of those phases are in an unaligned position where the inductance value is small.
Equation (2.6.1) expresses an equivalent R—L circuit but due to the nature of nonlinearity of
inductance, when the poles move from an unaligned position to an aligned position, a simple

mathematical expression cannot verify the current trajectory.

So, (2.6.1) for phase A can be rewritten in the same way as

d7,(01,) di | 02,(0.0,)

V =R/, + ot ot o - (2.6.2)
The above equation can be modified as follows to

kV, = RSiA+LA(9,iA)%+ K(6,i,)o,. (2.6.3)
Where k indicate the state of the power converter switches for the values of

k ==+1. (2.6.4)
The switches are on whenk = +1 and off when k = —1 and the coefficient of the speed term K can be

expressed as a back EMF that depends on the value of the changes in the coil flux linkage with position at

the instantant of 8,1 , .

Based on the above equations, an equivalent circuit for phase A is shown in Fig 2.9.

10
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Figure 2.7: Equivalent circuit for phase A

This above model is used in the simulations to investigate the behavior of the motor under different kinds

of situation such as loaded and unloaded operation.
2.7 Control Strategy

Despite of the other electrical machines drives which use symmetrical power converters, an asymmetric
power converter should be used to control the SRM. There are different types of topologies that have been
proposed in the literature [1]. Depending on the machine’s phases, a power processing unit can be
designed to control each phase independently. Fig. 2.10 represents one of the mostly used converter

topologies.

DC Supply %

Figure 2.8: Power converter unit for a SRM: asymmetric H-bridge converter

The procedure is to build up a current by turning on both transistors simultaneously, so that the poles of
the rotor can be forced towards an aligned position. In order to maintain the current value within a
hysteresis band almost near to its reference value, when the poles are aligned, both transistors should be

switched off. Then the current flows into the dc bus through the diodes and there is a large energy stored

11



in the magnetic field of the coil and must be sent back to the dc source consequently, the current

decreases in magnitude.

As was mentioned earlier, the rotor position in a switched reluctance motor plays a necessary role to

operate it. The turning on, 6,,, and turning off, 8 , angles must be chosen to build up a current and then

on’

let it decays to operate the motor. One of the easiest controlling methods is presented in Fig. 2.11.

A

_,V+®., I — > o) b—» 0.
- i
1 I

Figure 2.9: Estimation of the rotor position by the flux linkage calculation

Fig. 2.11 above shows how the rotor position can be estimated by computation of the flux linkage of an
energized phase by integrating the difference between the applied phase voltage and voltage drop on the
resistance of the winding. It means that the flux linkage as a function of the phase current determines the
rotor position. Fig. 2.12 shows the family curves of flux linkages as a function of the phase current for

different rotor positions.

0.45
7 = 0
. 6%
- T | 0=80°
0.35 - o
+ ) 6=60°
o 03
: / - - 0=50°
@ 025 / -
o / >
£ o2 1
- // . |
i 015 /i . )
/ -l /// 0=30°
1/ 0=20°
/, / -
= 651
0.05
o e—=
0 10 20 30 40 50 60 - - L 1

Current [ A]

Figure 2.10: Flux linkage versus current curves
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2.8 Energizing Strategies

Two most common strategies are as follows

1- Voltage source control

2- Current controller

In the first method, the voltage source technique, the control is implemented by applying the voltage

source to a phase winding at turning on angle &, until a turning off angle &

. Then, the applied voltage

is controlled directly by a speed controller which estimates the speed error after comparison of the desired

speed with actual speed and then generates the required phase voltage. Fig. 2.13 illustrates the voltage

control technique. The current and the voltage profiles respectively are shown in Fig. 2.14.

Desired Derror Speed OUtEUt
controller |

wactual

PWM

Source

-
11

0, O

Figure 2.11: Voltage control technique

/

Phase current
/ decays through the
diodes

Oon Bt position / time
u
. ph
U DCBus PWM
position / time
Speed Chntroller

Output

~Ubceus

Figure 2.12: Voltage and current profiles
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Since the energy stored in the winding needs to be fed back to the source, the applied voltage should be

reversed until a certain demagnetizing angle 6, .

In the second method, the Current controller technique, the applied voltage utilized to the machine phases
is modulated to achieve the desired current at the energized phase. Then, this applied voltage is monitored
by a current controller with an external speed control loop. The speed controller evaluates the speed error
after comparison of the desired speed with actual speed and then generates the reference for the phase

current. Then, the current controller estimates the difference between the desired and actual phase current

and determines the proper PWM duty cycle.

Fig. 2.15 and 2.16 illustrate the current control technique and voltage current profiles.

DC
Source
PWM l l
Dgesired Derror Speed gesired Current OUtpul
—> controller | | controller > PWM
10) (7 f T goff

actual on

Figure 2.13: current control technique

phase current
decays through
the fly back diodes

position / time

—_—
position / time

“Uncaus

O@
E

c
g

100%
Current

Controller Output

PWM
PWM

Figure 2.14: Voltage and current profiles

Note that in this method the actual current is permitted to change around the desired reference current

according to the permissible current ripple in the tolerance band. In fact, the actual current should be

14



forced to stay within a tolerance band. Hence, the actual current surpasses either the upper or lower
boundary of the tolerance band; the controller modifies the state so that the current returns to the
reference value. Fig.2.17. shows a hysteresis current controller for one phase.

i +
—=+&~O
i

Figure 2.15: Hysteresis current controller
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Chapter 3
PARAMETER ESTIMATION OF THE SRM
3.1 Determination of the Inductance and Resistance Values of the Motor

Two tests are performed, in order to evaluate the inductance and the resistance. A dc test for the stator

resistance and an ac test for calculating the inductance value.

The machine investigated has a construction of 6/4 which means a three phase machine with two stator

windings on each phase.

A connection diagram is shown in Fig. 3.1 for measurement of the stator resistance.

Amperemeter

[ ]
DC Supply J \ Rs
Vv >

I PhaseA

=
L

Phase A

Figure 3.1: Test set-up to measure the stator resistance of a SRM

A dc voltage is applied to the stator winding of a SRM and the stator resistance can be determined using

the Ohms law.

R, =%, (3.1.1)
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The same method is performed for measurement the inductance, but instead of a dc voltage an ac voltage
is applied to the SRM. Fig. 3.2 shows an ac test for the SRM.

Amperemeter Voltmeter

AC Supply _) A \ Switched Reluctance Motor
S
,\—’Wv—s >
|

AC¢ PhaseA

| Lsa

Aoutotransformer J__

Phase A

Figure 3.2: Test set-up to measure the aligned and unaligned inductances of a SRM

Usually, the range of the ratio between unaligned and aligned inductance should be according to [1],

L,
0.07<—+<0.18. (3.1.2)
La
The importance of being in this range is to keep the inductance in an aligned position within an acceptable
range. Since the aligned inductance is inversely proportional to the air-gap length, any decrease in the air-
gap, results in an increase in the aligned inductance which prevents the DC link to maintain the current at

a desired reference level.
3.2 Comparison of the Practical Measurements with Maxwell Software

As explained in Section 3.1, the minimum and maximum inductances were determined by practical tests.
Then, the machine was disintegrated since it had no any manufacturer data sheet, in order to make a
model in Maxwell software to do a simulation to compare the practical values of the inductances with the

simulated ones. The parameters of the machine geometry are listed in the table 3.2.1.
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Table 3.2.1: Parameters of the machine geometry

Number of stator poles N,=6
Stator outer diameter D, =111mm
Stator inner diameter Dgi=57mm
Number of rotor poles N, =4
Outer rotor diameter D,,=59 mm
Inner rotor diameter D,i=20mm
Stator yoke thickness Y =12 mm
Rotor yoke thickness Y = 10 mm
Air gap length lirgap = 0-28 mm
Stator pole angle B, =30°
Rotor pole angle B, =32°
Number of turns N =500

aligned inductances of the SRM.

Table 3.2.1 shows the measurement values of voltages and currents to determine unaligned and aligned
inductances of the SRM.

Table 3.2.2 shows the comparison of the practical measurement and simulated ones for unaligned and

18




Table 3.2.1: Measurement of voltages and currents to calculate the L, and L,

Rotor angles AC Voltage(V) Current (A) L (0)
6, = 0° 145 152 303
6, =10° 100 1.7 187.2
0, = 20° 60 18 106.1
0, = 30° 30 1.92 496

Table 3.2.: Minimum and maximum inductance values, practical and simulation measurement

Practical Values Simulation Values

L, 49.6 mH 58.83 mH

L, 303 mH 294.45 mH

The simulation result in Fig. 3.3 shows the minimum and maximum inductances which are very close to
the practical measurement values presented in Table 2. In addition, the geometry of the machine is also
drawn by Ansys software and shown in Fig. 3.4.
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Figure 3.3: Maximum and minimum inductances simulated by the software

Figure 3.4: Geometry of the SRM
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Chapter 4
SPEED CONTROL OF THE SWITCHED RELUCTANE MOTOR

4.1 Mechanical Model with Friction

To control the speed of the SRM, mechanical equations for the load should be taken into account in
simulation process and by this strategy the speed behavior of the motor under load and without the load

would be examined.

In a mechanical model, the friction can be included in the system and the equation is as follows

T Bw. (4.1.1)

friction —

Using the above equation, the motion equation of a rotating system is expressed as follows

e eq

T -3 9% gpiT. (4.1.2)
dt -

where T, is the electromagnetic torque for the motor.

The graphical figure shows when the motor aims to drive the load based on the equations above;
TM
M 9tor Load
M

TL

Figure 4.1: Mechanical drive of the motor system

4.2. Matlab/ Simulink Simulation of Speed Control
. The schematic structure of the speed closed -loop controller is shown in Fig. 4.2.
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| Unit

%::
Hysteresis TN
_fl\_» PWM rW'V]

Speed Commutation
Controller ™ Computation

Pl 0 Hof‘f

on

Current
Controller

Speed

Estimation

Figure 4.2: The main diagram of the speed control of a SRM

The function unit calculates the turning on &,, and turning off 8, angles. In this unit, torque, current
and angles are the input of the function. Each phase is energized according to the command values. It is
very important to calculate the turning on &, angle, in order to produce the torque. This is explained in

Chapter 2 as torque is a function of the current and inductance. If the voltage drop across the stator

resistance is neglected, then the turning on 6, an angle can be calculated as follows;

i
_ desired
= |_u _Uesired

u

6,

on

a)actual. (4 14)

phase

where:

lyesireq - DeSIred current to be achieved.
L, : Unaligned inductance.
ohase - Applied phase voltage.

awal - Actual rotor speed.
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4.3. P1 Speed Controller with an Anti-Wind up

In order to have a better performance of speed response i.e. lower overshoot, a reduced steady state error,

faster time response, a Pl controller with an anti-wind up is employed as a speed controller.

The input of the speed controller is the error between the speed of the motor and the reference speed. The

output of the controller is the torque and the current command which in turn is the input of the current

hysteresis comparator.

Fig. 4.3 shows the structure of the Pl controller with an anti-wind up, the gain and saturation blocks.

Error Signal
—>

-

» Control Signal

A

Saturation

Anti-Wind up
Gain

Figure 4.3: PI controller with an anti-wind up
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The parameters of the speed controller K jand K; are determined from the following equations [2]:

—% = €oS(¢,,, —180°). (4.1.5)

—ﬂz sin(¢,,, —180°). (4.1.6)
J (@) .

where

o, , =2r.f_,[rad/s ]. (4.1.7)

K, = I”’ [N.m/A]. (4.1.8)

For a crossover frequency f. , smaller than the PWM switching frequency and a phase margin in this

range 45° < ¢__ < 90°, the system is stable [17].

pm =
Then, K and K; is used in Simulink for the closed loop speed control of the SRM.

Following Simulink blocks of SRM are presented in Fig. 4.4 and 4.5 respectively. In Fig 4.4 the actual
speed is compared with the speed command. The error is fixed by the speed controller and the current and
torque are the outputs which are controlled by the function units for each phase and are compared with the
actual current values of the motor to control the speed.

Fig. 4.5 shows inside of phase A control block of SRM in which the current and torque are computed for

obtaining the total electromagnetic torque of the machine.

24



Speed Control of Switched Reluctance Motor
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Figure 4.4: Simulink block of the Speed control of the SRM
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Figure 4.5: Controlling of Phase A
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4.4. Simulation Results

Table 4.4.1 shows the parameters of the motor applied in Matlab/ Simulink model.

Table 4.4.1: Motor Parameters used in Simulink Model

Rated Power 2 KW
Operation Torque 19N.m
Operation Speed 1000 rpm
Number of Phases m=3
Number of Stator Poles N, =6
Number of Rotor Poles N, =4
Aligned Phase Inductance L, =300mH
Unaligned Phase Inductance L, =50mH
Inertia J =0.0088Kg.m
Resistance R =0.95Q2
DC Voltage Supply V,. =300V

Following simulation tests are performed to investigate the ability of the speed controller. First, the motor
is simulated without the effect of the load by a step input to examine the accuracy of the controller. The

operation speed of the motor is assumed to be 1000 rpm. Fig.4.6 illustrates the transient speed response

that meets the requirement as can be seen, it is stable after reaching the reference value.

Fig. 4.7 illustrates the simulated transient speed response when a load 4 N.m is applied. The motor speed
can track the speed command well and the effect of the load application produces some oscillations in this

case.

Fig. 4.8 and 4.9 are the magnified view of the speed control for no load and loaded operating condition
respectively. It can be seen that the speed controller controls the speed of the SRM well, but in both cases

the effect of the oscillation is visible and this is one of the disadvantages of the SRM.
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To make sure that speed controller has the flexibility to regulate the actual speed under sudden
disturbances, two cases are studied. One for load application from stand still 4 N.m and changing to 1

N.m during the time interval 1 (S) and 1.2 (S) and the other from stand still 1 N.m and changing to 4

N.m during the time interval 1 (S) and 1.2(S)

Fig. 4.10 shows the variation of the actual speed under above circumstances. When the rated load 4 N.m
is applied from standstill speed controller controls the actual speed until the load is changed to 1 N.m

which means decreasing load and resulting in a speed increase and immediately the speed controller

adjusts the actual speed to reach the speed command.

Fig. 4.11 shows the variation of the actual speed under a load disturbance. In this case a load of 1 N.m is
applied from standstill and changes to the rated load 4 N.m which means increasing load and it results in
a speed decrease and immediately the speed controller regulates the actual speed to reach the speed

command. Fig. 4.12 and 4.13 are the magnified views of these results.

In previous tasks, the speed controller is used only for the motoring operation condition and in order to
realize that it can also control the actual speed in generating mode, the step input is changed from the
rated speed 1000 rpm to -1000 rpm . Fig. 4.14 and 4.15 show the operation of the speed controller in

four quadrants with and without the effect of the load. It can be seen that the actual speed tracks the speed

command well. Fig 4.16 and 4.17 are the magnified view of the four quadrant operation respectively.

Other kinds of speed commands are used with and without the effect of the load and the behavior of the

speed controller are examined in Fig. 4.18 and 4.19.
Fig. 4.20 and 4.21 are the magnified views of the speed track.

Fig. 4.21 to 4.28 show the phase currents, torques, total phase currents and total electromagnetic torque
produced by the motor respectively. During the load application, motor starts to draw current and torque

is produced to drive the rated load.

As mentioned earlier, when the hysteresis current control method is used to control the motor currents, it
produces more pulsations in current waveforms due to the effect of the fast switching frequency. This

method is used for low and middle speeds, because there is enough time to control the phase currents.
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Figure 4.6: Motor speed and speed command without the load effect
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Figure 4.7: Motor speed and speed command with the load effect
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Figure 4.8: Magnified motor speed and speed command without the load effect
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Figure 4.9: Magnified motor speed and speed command with the load effect
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Figure 4.10: Motor speed and speed command with the load effect during a time interval
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Figure 4.11: Changing the load torque during a time interval from 4 to IN.m
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Figure 4.16: Magnified motor speed and speed command without the load effect four quadrants

Reference Speed

T T
400 ‘\ Actual Speed

200

| \
-200

£
3
<
E
S -400 \

-600 \\

-800 \

-1000 m“
t
2 2.1 2.2 2.3 2.4 2.5 2.6
Time (s)

Figure 4.17: Magnified motor speed and speed command with the load effect four quadrants



1500 T
— Actual Speed
m—— Reference Speed

1000

500

Wm (rpm)
o

-500

-1000

-1500
0 10 20 30 40 50 60

Time (s)

Figure 4.18: Motor speed and speed command without the load effect four quadrants
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Figure 4.19: Motor speed and speed command with the load effect four quadrants
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Figure 4.22: Current in phase A with the load effect at speed of 1000 rpm

| |

Torque (N.m)

/A

o

1.82 1.83 1.84 1.85 1.86
Time (s)

1.87

1.88

1.89

19

Figure 4.23: Torque in phase A with the load effect at speed of 1000 rpm
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Figure 4.24: Current in phase B with the load effect at speed of 1000 rpm
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Figure 4.25: Torque in phase B with the load effect at speed of 1000 rpm
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Figure 4.26: Current in phase C with the load effect at speed of 1000 rpm
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Figure 4.27: Torque in phase C with the load effect at speed of 1000 rpm
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Figure 4.28: Three phase currents A, B, C with the load effect at speed of 1000 rpm
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39



Chapter 5

EXPERIMENTAL SETUP

5.1 SRM Setup Installation

It is intended to build an experimental setup consisting of a SRM, a load, torque and encoder sensor. Fig
5.1 shows the whole system.

Power converter drive unit

+ Switched Reluctance Motor .
J J J Mechanical Load
S1,
== Dzzgﬁ? pady ﬁ; os /N Encoder Torque sensor
€ N I
DC(? T T
b1 $2) D3/ s4) pszy S6J
= - J; SRM
* VA | vB|vC iA | iB| ic
idc ¥ ¥vdc YyYvy Yyvy . i
‘ Current measuremnt ‘ ‘ Voltage Measurement| Over Current Protection ‘Vollage Measurement| | Current Measuremnt Dlgltal SpeEd Torque Slgnal
Borad Bord Board Bord Borad
A
Y Y Y v Y
Al Al DO/PWM Al Al Encoder Input Al

dSPACE DS 1103 Controller

Control Desk

Figure 5.1: General schematic of the practical system

Fig. 5.1 above illustrates the main outline of the experimental system for the SRM drive system. The DC
supply panel feeds the power converter unit for turning the Mosefet switches on and off. The SRM motor
is driven from the output of the converter switches. Any phases over current is determined by the over
current protection unit. In order to estimate the rotor speed and torque of the machine, an incremental
encoder and a torque sensor are mounted on the motor and their signals are sent to the dASPACE . In total,
four voltage signal, four current signals are required to be evaluated during the motor operation that it is
done by the voltage and current measurement units. Finally, the control algorithm is implemented in

dSPACE system which acts as the interface between the host PC and a controller.
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5.2 Hardware’s Used in the Laboratory

Electrical lab instruments are listed as follows

1- SRM Motor
2- DC Source supply
3- Voltage, current measurement units

4- dSPACE DS1103 control system
5- Over current protection unit
6

5.3 Switched Reluctance Motor

Different electrical items such as connectors, cables and auxiliary power supply.

The specification of SRM used in practical implementation is described in table 5.3.1.

Table 5.3.1: Motor Parameters used in Simulink Model

Rated Power 2 KW
Operation Torque 19N.m
Operation Speed 1000 rpm
Number of Phases m=23
Number of Stator Poles N, =6
Number of Rotor Poles N, =4
Aligned Phase Inductance L, =300mH
Unaligned Phase Inductance L, =50mH
Inertia J =0.0088Kg.m
Resistance R=1.10
DC Voltage Supply V,. =300V
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Figure 5.2: Switched Reluctance Motor SRM

Fig.5.2 above shows switched reluctance motor that is used in practical setup.
5.4. Power Electronic Converter

To drive the SRM each phase is energized independently by a power converter board. These units are the
core part of a current controller. The important components of these PCB are Mosefet switches due to

their high voltage rating, high current rating and fast turning on and off capability. The following pictures

show the completion of the power converter units to operate the switched reluctance motor.

mmmp Heat Sink

Mosefet Switches

DC Bus
To SRM

/ dSPACE Auxilary Supply

Figure 5.3: PCB to drive one phase of SRM
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Figure 5.5: Installation of PCB in the box
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5.5 Measurement Units of Voltages and Currents

Voltages and currents of the DC side are required to be measured. In order to measure the voltages, four
voltage transducers UMAT 2 are used. One is used for the DC bus voltage and three of them are used to
measure the phase voltages. They reduce the level of the actual voltage from a range + 300V to a + 10
V signal that is used for the dASPACE system.

Fig.5.6 shows these voltage transducers in the measurement box unit.

pltageTransducers

Current Transducers

g

Figure.5.6: Voltage and current transducers in the measurement box unit

This is the same for the current measurements. Four current transducers LEM LA 50— S/SP1 are
used to measure the stator current of each phase of the current loop. The actual current value is reduced
from a range of 10 Ato a = 10V signal for the dSPACE system.
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5.6 Practical Results for an Open Loop Performance

After completion of the experimental setup, currents of each phase are plotted by dSPACE .These
currents are obtained for no load condition where switched reluctance motor only consumes electrical
energy due to some losses in the windings and friction of the mechanical part.

Fig.5.7 and 5.8 show the current waveforms in phase A and the other phases.

Qg T o
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Figure.5.7: Current in phase A, open loop performance
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Figure.5.8: Three phase currents A, B, C, open loop performance

46



Chapter 6
CONCLUSION AND FUTURE WORK

6.1 Conclusions

The outline of this thesis was to build up and to simulate of a practical SRM drive system by using

Matlab / Simulink and the dSpace system. First, a literature study was done about the fundamental

operation of SRM and then a real SRM was disintegrated for estimating its parameters such as aligned
and unaligned inductances, humber of windings and the other specifications of the machine. After that,
these parameters were used in ANSYS software to do a simulation performance to compare the practical

results of the inductances with the simulated ones.

A linear mathematical model of a 6/4 SRM was designed in Matlab / Simulink to implement speed

controller. In this model a speed controller Pl with an anti-wind up was used. The values of K jand K;

were calculated by the crossover frequency f,, and phase margin Ph_.The dynamic response of the

machine was investigated under different working conditions such as no load and loaded operation and
results demonstrated that the speed controller could control the actual speed well. Even though a PI
speed controller has a good speed response and the ability to achieve stability, it was observed they were

sensitive to external disturbances. Fig. 4.10 and 4.11 revealed these instabilities.

The core part of this project was to assemble power converter boards. In total three PCB were made and
assembled. Before the final operation, they were tested to show their functionality properly. Then,
switched reluctance motor was operated successfully by these units and controlling command of the
dSPACE system. Simultaneously, the measurement units such as protection boards, current and voltage

transducers were added to protect the drive system during faulty conditions.
6.2 Future work

Analysis of the SRM in this thesis was only done for a linear inductance profile, while in practical
situations, machine will have a nonlinear behavior due to the effect of magnetic saturation [3]. Therefore,
a potential for further research work in this area is vast and a nonlinear mathematical model based on the
magnetization characteristics can be developed for further analysis. An open loop control was performed
in this research, however a closed loop experiment can be performed later to observe the capability of the

speed controller in a real time implementation.
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Based on this model, the other controlling methods such as fuzzy logic and neural networks can be
developed to make an advanced controlling system.
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