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Abstract

In this thesis, after a comprehensive literature review on different conventional and
predictive torque control strategies for switched reluctance motor (SRM) drives,
two online methods and one offline multi-objective optimization-based method are
proposed to extend the operating speed range of finite control set model predictive
torque control (FCS-MPTC) for SRM by adaptively controlling the commutation
angles in the entire speed range. Furthermore, a method is proposed to minimize

the steady state torque tracking error of FCS-MPTC for SRM drives.

The incapability of the conventional FCS-MPTC in controlling the commutation
angles, which is considered as one of the main drawbacks of the conventional FCS-
MPTC, limits its application for high-speed torque control of SRM drives. The
phase turn-off angle is always selected to be close to the aligned position with the
conventional FCS-MPTC regardless of the operating speed. However,
commutation angle advancement is required for high-speed torque control of SRM
drives to limit the negative phase torque resulting from the current tail after the
turn-off angle in the generating region. Excessive negative torque with the
conventional FCS-MPTC at higher speeds can result in a degraded performance
with high rms current, low average torque, high torque ripple, and reduced

efficiency.



The phase turn-off angle can be adaptively controlled as speed changes with the
first online commutation angle control strategy proposed in this thesis. This method
is based on predicting the free-wheeling phase current in an extended time interval
which is much bigger than the prediction horizon of FCS-MPTC. The second online
turn-off angle control method is also proposed by improving the optimality
condition defined for determining the optimal turn-off angle. The optimality
condition is determined by calculating the work done by the conducting phase after

the phase is turned off.

The weighting factor of the objective function of FCS-MPTC is kept constant with
both proposed online methods. An offline multi-objective optimization-based
strategy is proposed to determine the globally optimal turn-off angle and the
weighting factor in the entire operating torque and speed ranges. The effectiveness
of both proposed online methods and the offline commutation angle control strategy
is verified using simulations and experimental results. The results are also
compared to the conventional FCS-MPTC and the indirect average torque control
with optimized conduction angles which is considered as one of the main

conventional torque control strategies for SRM drives.

In order to minimize the torque tracking error as a result of either parameter
uncertainties or tracking multiple objectives with a single objective function with
weighting factors, a method is proposed which is based on updating the reference

torque at each sample time by calculating the average torque tracking error in the



previous sample times. The validity of the proposed method is verified using

simulations.
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Chapter 1

Introduction

1.1 Background and motivation

Switched reluctance motors (SRMs) are the low-cost alternatives of permanent
magnet and induction motors (IMs), as they possess a simple structure without rotor
bars or permanent magnets. Three-phase line start induction motors are less costly
compared to both permanent magnet and switched reluctance motors, as they can
directly be connected to the grid, and the need for the drive system is eliminated.
However, the need for a highly efficient drive for adjustable-speed applications
brings the necessity of the need for an inverter and a drive system. Hence, the cost
of the drive system diminishes the superiority of the IMs in terms of the cost.
Besides, IMs have high ohmic losses in rotor bars which reduces their efficiency.
Permanent magnet synchronous motors (PMSMs) have higher efficiency and better
power factor compared to IMs. The problems associated with higher cost of

permanent magnet materials, their limited supply chain and environmental
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concerns are considered as the main drawbacks of using PMSMs [1]. High cost of
permanent magnet materials reduces the attractiveness of PMSMs in cost-sensitive

applications.

The simple and low-cost doubly salient structure with concentrated windings on the
stator and no magnets or bars on the rotor, ability to operate at harsh environments,
high speeds and high temperatures [2] (due to lack of windings or magnets on the
rotor), and fault tolerant capability are several other advantages that lead SRM to
be a promising candidate for versatile applications. However, highly nonlinear
electromagnetic characteristic, torque ripple, and acoustic noise and vibration due
to its double-salient structure are the main drawbacks of this machine limiting its
widespread use in high performance applications, e.g. automotive [3], [4].
However, there are recent advancements in the design and control of SRM on
improving many of its drawbacks [5]. In the design stage, torque ripple and acoustic
noise is reduced by optimizing geometric parameters of SRM including pole
combination [6], pole arcs, air gap length, etc. The modern finite element and
optimization tools are effectively employed in the literature to minimize the torque
ripples and electromagnetic nonlinearities [7]. The torque ripple and acoustic noise
[8]-[13] can also be minimized in the control stage by employing novel and highly
efficient control strategies [14]. In [15], guidelines to select the suitable control
methods depending on the operating mode and speed to achieve better performance

are provided. The indirect average torque control (ITC) and direct torque control
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(DTC) [16], [17] are the common SRM control methods in the literature. The
advanced techniques like model predictive control (MPC) [18]-[21], commutation
angle optimization with average torque control [7], current profiling [22], and
torque sharing functions (TSF) [23]-[26] are also developed to reduce the torque
ripple and improve the efficiency. The main objectives which are considered in
developing a control algorithm for SRM are maximizing the efficiency, reducing
the torgue ripple, acoustic noise and vibration along with minimizing the response
time of the controller. The selection of the control method is largely dependent on

the application.

Model predictive control was first implemented to control the systems with large
time constant such as chemical processes due to its inherent high computational
burden and lack of powerful processors. In recent years, significant advancements
in microprocessor and semiconductor technologies has made it possible to
implement MPC in power electronics and motor drive applications [27]. Complex
switching rules and modulation schemes can be avoided using MPC, as the
optimum voltage vector is directly applied at each sample time [18]. There are
different MPC methods proposed in the literature including finite control set MPC
(FCS-MPC), continuous control set MPC (CCS-MPC), generalized predictive
control (GPC), deadbeat control, direct MPC, explicit MPC and adaptive MPC with
self-tuning capability. FCS-MPC stands as the most popular predictive control

method for power electronics and motor drive applications due to its faster response
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time, capability of handling nonlinearities and constraints and simple and
straightforward implementation [28]. Besides, finite number of possible switching
states of the power converter at each switching instant has been another incentive
to adopt FCS-MPC for this application. This approach has been well-developed for
control of induction, permanent magnet and synchronous reluctance motor drives;
however, the technology is not mature enough for SRM drives, mainly because of
the heavy computational burden on the microcontroller due to the highly nonlinear
electromagnetic characteristics of SRM. Complexities associated with control of
SRM drives stemming from their highly nonlinear flux and torque characteristics

and their doubly salient structure can be better handled using FCS-MPC.

An accurate model of the SRM is needed to predict the future state of the machine
in MPC. The models are either analytical or based on lookup tables. The accuracy
of the model is an important factor affecting the performance of the controller. MPC
is mostly used for current control of SRM in the literature. A fixed switching
frequency predictive current control is implemented in [29]. A predictive current
control method with fixed switching frequency is proposed in [30] for low torque
ripple and low acoustic noise applications. A model predictive current control of
SRM that takes into account the inductance variations and measurement

uncertainties is proposed in [19] and [20].

Finite control set model predictive torque control (FCS-MPTC) is implemented in

[18], [21], [31] for torque control of SRM drives to achieve lower torque ripple,
4
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rms current and average switching frequency using a single objective function with
weighting factors. A similar approach is adopted in [32] and [33] to minimize
torque ripple and rms current for torque control of SRM using FCS-MPC. The
predictive approach can be integrated with torque sharing functions (TSF) [34]-
[36] or direct torque control (DTC) [37], [38] to improve the performance of the
conventional torque control techniques. Most of the studies in the literature focus
on controlling SRM drives using FCS-MPC in the low-speed (constant torque)
region. As the speed increases, the current control [39], [40] gets more challenging
in SRM drives due to increased back-emf, which brings the necessity of advancing
the commutation angles to minimize the phase negative torque. The existing finite
set model predictive torque control for SRM is incapable of controlling the
commutation angles and suffers from the large negative phase torque and large
torque ripples especially in the high-speed region, which limits its operating speed
range for SRM drives. This issue, which is the main focus of this thesis, has not

been addressed in the literature.

1.2 Thesis contributions

As mentioned in the previous section, incapability of the existing FCS-MPTC in
controlling the commutation angles in predictive torque control of SRM drives is
one of the main drawbacks of this method. The turn-off angle is always adjusted to

be very close the aligned position regardless of the speed. To achieve a highly
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efficient control, the commutation angles need to be advanced as the speed
increases to minimize the negative torque produced by the outgoing phase in the
generating region. Three methods have been proposed in this thesis to adaptively
control the commutation angles in the entire speed range. The problems associated
with the incapability of the existing FCS-MPTC in adjusting the commutation
angles are effectively managed with the proposed methods. The proposed methods
can adjust the phase turn-off angle to extend the operating speed range of FCS-
MPTC for SRM. The effectiveness of the proposed control methods in terms of
improving the efficiency and reducing RMS current and torque ripple is
demonstrated in this thesis through simulations and experimental results. The
results are also compared with FCS-MPTC without the proposed commutation
angle control (conventional FCS-MPTC) and indirect average torque controller
with optimized commutation angles. Finally, a method is proposed to minimize the
steady state torque tracking error of FCS-MPTC in SRM drives. The main

contributions of this thesis are summarized as follows:

1. First online adaptive turn-off angle control for FCS-MPTC of SRM drives

2. Second online adaptive turn-off angle control for FCS-MPTC of SRM

drives

3. Multi-objective optimization based offline turn-off angle control for FCS-

MPTC of SRM drives
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4. Steady state torque tracking error minimization of FCS-MPTC for SRM

drives

5. Considerable reduction of online computation time of the conventional

FCS-MPTC with the proposed objective function evaluation technique

1.3 Thesis outline

The main focus of this thesis is proposing online and offline adaptive commutation
angle control methods with considerably reduced online computation time for FCS-
MPTC of SRM drives to reduce the phase negative torque, phase rms current, and
torque ripple. Besides, a method is proposed to minimize the steady state torque

tracking error of FCS-MPTC.

In Chapter 2, the fundamentals of switched reluctance motors including their
operating principles, static flux linkage and torque characteristics, phase voltage
equations and torque production principles are briefly described. After presenting
the schematic diagram of the asymmetric bridge converter and discussing the hard
and soft switching techniques, the current and torque control methods for SRM
drives are briefly introduced. The conventional torque control methods including

DTC, ITC, TSF and current profiling are then described in more details.

In Chapter 3, the classification of the predictive control approaches applied for
SRM drives in the literature are presented. Then, a comprehensive literature review

7
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is presented on predictive torque control methods for SRM drives. Both
conventional and predictive torque control methods are compared in terms of their
characteristics and performance. After presenting the schematic diagram of
different predictive torque control methods, these methods are compared in terms
of their phase torque distribution, the utilized predictive model, calculation of the

reference voltage, modulation scheme and the implemented switching type.

In chapter 4, after presenting the look up table based discrete predictive model of
SRM, the formulation and implementation of the conventional FCS-MPTC is
discussed. Then, the shortcomings of the conventional FCS-MPTC in adjusting the
commutation angles at higher speeds is shown and verified by simulations. Finally,
the experimental setup is described along with the characteristics of the test motors

used in this thesis and the experimental test results of the conventional FCS-MPTC.

In chapter 5, after describing the proposed optimality condition for the first online
adaptive commutation angle control scheme, the analytical equations to predict the
phase current waveform are presented and discussed. A sector partition technique
is then proposed to reduce the computational burden of FCS-MPTC. Finally, the
proposed method is validated by simulations and experimental results, and the

improvements are compared to the conventional FCS-MPTC.

In chapter 6, the proposed second online adaptive turn-off angle control is

presented. The proposed optimality condition to determine the optimal turn-off
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angle which is based on the energy balance concept is also discussed. Finally, the
simulation and experimental results are shown to prove the effectiveness of the

proposed scheme.

In chapter 7, the proposed offline multi-objective optimization-based commutation
angle control is presented. After formulating the multi objective optimization
problem, it is solved using the genetic algorithm (GA) optimization method.
Furthermore, a parametric sweep of optimization variables is demonstrated to show
the effect of the variation of optimization variables on the performance of SRM.
An optimal solution is selected after presenting and discussing the pareto front of
the optimization. Finally, the proposed method and the obtained results are

validated by simulations and experimental results.

In chapter 8, after presenting the simulations and experimental results for the
indirect average torque control with optimized conduction angles, a comprehensive
performance comparison (using both simulations and experimental tests) is carried
out by presenting and comparing the results of the conventional and proposed FCS-
MPTC and the ITC with optimized conduction angle methods. The performance of

the controllers is also compared under speed dynamics.

In chapter 9, a method is proposed to minimize the steady state torque tracking error
of the FCS-MPTC for SRM drives. In the proposed method, the reference torque is

updated at each sampling instant by calculating a compensation term considering
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the accumulative torque tracking error in the previous sample times. The
effectiveness of the proposed method in reducing the torque tracking error and its
effect on the performance of SRM is investigated by providing comprehensive

simulation results.

Finally, the conclusions and suggested future work along with the list of

publications are presented in chapter 10.

10
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Chapter 2
Fundamentals of Switched Reluctance Motor

(SRM) Drives

In this chapter, the fundamentals of operation, modeling and control of SRM drives
are briefly presented. First, the concept of pole configuration and the relationship
between mechanical and electrical angles are described. Then, the 2-D
characteristics of the SRM are introduced and the governing circuit equations are
presented. Finally, a brief description is given on SRM drives and the conventional

current and torque control methods for SRM are briefly introduced.

2.1 Operating principles of switched reluctance motors

Switched reluctance motors have a simple structure [41] and low manufacturing
cost compared to IPM and IM machines, as they have concentrated stator windings
with no permanent magnets or bars on the rotor [42]. Stator and rotor cores are both

fabricated from laminated silicon steel sheets. The number of stator and rotor poles

11
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in an SRM s selected based on the application requirements in the design stage.
The number of phases in an SRM is dictated by the pole configuration and the
connection type of the stator windings. The cross sections of sample 4-phase 8/6
and 3-phase 12/8 (used as the reference SRML in this thesis) switched reluctance
motors are shown in Figure 2.1-a and b respectively. The geometric parameters
including pole heights, pole arcs, air gap length, etc. need to be carefully designed
in the design stage to achieve a desired torque-speed performance under a specific
DC link voltage and dimensional constraints while minimizing the torque ripple

and acoustic noise.

Stator
/;‘

Stator

(a) (b)
Figure 2.1: Cross section of SRM; (a) four phase 8/6 SRM, and (b) three phase
12/8 SRM

In both IPM and IM machines the torque is generated by the interaction between
the stator and rotor magnetic fields. However, in SRM, there are no permanent
magnets or bars on the rotor. In SRM, the rotation happens as a result of reluctance
torque which tries to minimize the reluctance of the flux path by aligning the rotor

poles with the excited stator poles. In the conventional SRM, the phases are
12
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magnetically and electrically isolated and the mutual coupling between phases is
usually neglected. By sequential excitation of the consecutive phases, the

continuous rotation is maintained.

The position in which the rotor pole is aligned with the excited stator pole
(maximum phase inductance) is called the aligned position with the electrical angle
of 180°. On the other hand, the position in which the excited stator pole is located
in the middle of two consecutive rotor poles (minimum phase inductance) is called
the unaligned position (8,,.c = 0° = 360°). It can be understood that in a 3-phase
12/8 SRM, one complete electrical cycle (360° electrical) is equivalent to 45°
mechanical. In other words, 8 complete electrical cycles happen in one complete
rotor revolution. The relationship between electrical and mechanical angles in an
SRM is described as

Ociec = NrOmecn (2-1)

where 6, and 0,,..;, stand for electrical angle and mechanical angle of the phase,

and N is the number of rotor poles.

Unlike IM and IPM machines, flux and torque in SRM are largely dependent on
both current and rotor position. A 2.3 kW, 6000 rpm, three-phase 12/8 SRM with a
DC link voltage of 300 V is chosen as the reference machine (SRM1), in this thesis.
Flux linkage-position-current and torque-position-current characteristics of the

reference SRM1 have been derived from electromagnetic FEM software, IMAG.

13
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The characteristics are given in Figure 2.2-a and b respectively in one complete

electrical cycle (45° mechanical angle).
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Figure 2.2: Static characteristics of the test SRM1; (a) flux linkage-position-
current, and (b) torque-position-current

&
T

o
=
5]
AY
\
AY
7
7
Torque (N.m.)
o
d
1
L\

Flux linkage (Whb.turns)
\
1

o

It can be observed that both flux linkage and torque are functions of rotor position
and the phase current. Hence, SRM has a highly nonlinear flux and torque
characteristics which makes its performance analysis and control more complicated
compared to IM and IPM motors. As the phases of SRM are electrically isolated,
torque ripple happens in the commutation regions in which the conducting phase is
turned off and the upcoming phase is responsible to deliver the reference torque on
the shaft. These 2-D static characteristics are approximated using analytical
equations or stored in look up tables to incorporate in implementation of the control

schemes for SRM.

It can be observed from Figure 2.2-b that torque production capability of SRM is
zero at both aligned and unaligned positions. Furthermore, SRM generates positive
torque in inductance rising region (0°-180° electrical) known as motoring region.
The torque is negative in the inductance falling region (180°-360° electrical),

known as generating region. The variation of the phase inductance of the test SRM1

14
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versus position and phase current in one complete electrical cycle is shown in

Figure 2.3.
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Figure 2.3: Variation of phase inductance of the test SRM1 versus electrical angle
and current.

The phase voltage (vynqse) equation of SRM by neglecting the mutual coupling
between the phases is represented as [43]

dA(6, i)
dt

vphase =Ri+ (22)

where R, 4, i and @ stand for phase resistance, phase flux linkage, phase current
and the phase electrical angle, respectively. By expanding (2.2),

_ di . dL(6,i)
Vphase = Ri + L(6, L)E +i 70

) (2.3)

where L and w stand for phase inductance and rotor angular speed in electrical

rad/s. The term ¢ = i%w represents the back-emf in an SRM, which is

dependent on phase current, slope of inductance and speed. Unlike PM motors, the
back-emf cannot be directly measured in SRM [44]. The phase equivalent circuit

of an SRM is shown in Figure 2.4.
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Figure 2.4: Phase equivalent circuit of an SRM

Torque equation in an SRM is represented as

__ oW (2.4)

Te=——|=
e 00 |/1 constant

where Wy is the energy stored in the magnetic circuit. For theoretical analysis,
torque in SRM is usually expressed as a function of magnetic co-energy (W,). The
co-energy is a non-physical quantity, and it is used for theoretical analysis purposes.
The relationship between magnetic energy and co-energy is

W, =iA(6,i) — Wy. (2.5)
The torque equation as a function of magnetic co-energy is represented as [45], [46]

oW,
T, = a_gc li=constant:- (26)

The graphical representation of energy and co-energy in an SRM is given in Figure

2.5.

o
[N
[$)]

o
[

Flux linkage ( Wh. turns)

0

0 5 10 15 20
Current (A)

Figure 2.5: Graphical representation of energy and co-energy
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2.2 Switched reluctance motor drives

Per-phase diagram of asymmetric bridge converter which is commonly used to
drive SRM is presented in Figure 2.6. Three different voltage levels (-Vpc, 0 and
+Vbc) can be achieved using this converter. If both S; and S; are active (S=1), the
phase voltage is +Vpc. The freewheeling mode (Vphase=0) is achieved if either Sy or
S» are active (S=0). Finally, if both S; and S; are off (S=-1), -Vpc appears on the
phase terminals. The representation of the phase current path corresponding to each
voltage level is depicted in Figure 2.6 (a)-(c). If all three possible switching states
per phase are used to control SRM, the switching mode is called “soft switching”.

If only +Vpc and -Vpc are used, the switching mode is known as “hard switching”.

D D D
S 1 S x S x
-@ ' Phase ¥ -@ " Phase -@ ' Phase

winding winding winding

Vbe Vbe Vpe

— —
ot @ ot @ of @
S=1 S=0 S=-1

(a_) (b_) ()

Figure 2.6: Per-phase diagram of asymmetric bridge converter; (a) Vphase=tVpc
(8= +1), (b) Vphase=0 (5=0), and (C) Vphase=-Vc (S= -1).

Similar to AC machines, torque control in SRM can be implemented using cascaded
control loops. The outer loop usually controls the speed and generates the desired

reference torque required for tracking the reference speed. The inner loop (current

17
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control loop) is usually implemented to track the reference currents to achieve the
desired reference torque on the shaft. Hysteresis current control (HCC) [47], [48]
is usually preferred to other control methods in SRM drives due to its simple
structure, straightforward implementation, and elimination of the need to know
machine parameters. The purpose of HCC is keeping the current within a band
known as hysteresis band. However, HCC suffers from the variable switching
frequency. To achieve a current control with constant switching frequency, PWM
current control [49] can be implemented. This, on the other hand, brings the need
for a PWM modulator, and reduces the speed of the dynamic response of the
controller. Recently, the predictive current control (PCC) approach has gained
considerable attention among researchers. Generalized predictive control (GPC)
[50], deadbeat predictive control [29], [30], [51]-[54], hysteresis-based predictive
control [55], [56], and model predictive control (MPC) are considered as the main
predictive control approaches in the literature developed for current control of SRM
drives. MPC is categorized as continuous control set-MPC (CCS-MPC) [19], [20],
[57] and finite control set-MPC (FCS-MPC) [58]-[60]. A predictive model is
required in both MPC methods to predict the future state of the machine. A
modulation stage is required to be integrated with CCS-MPC, hence, resulting in a
constant switching frequency control. On the other hand, FCS-MPC, which is the
most popular predictive current control strategy applied in power electronics and

motor drive applications, eliminates the need for the modulator, leading to a
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variable switching frequency control. Elimination of the modulation stage results

in a faster dynamic response compared to CCS-MPC.

The conventional torque control techniques are generally divided into two broad
categories, direct torque control (DTC) and indirect torque control (ITC). In the
former, the switching signals are usually generated directly using torque hysteresis
controller and switching tables [16], while the internal current control loop is
implemented in the latter to regulate the current and produce the reference torque.
The indirect torque control can be divided into two broad categories; indirect
average torque control and indirect instantaneous torque control. The most common
indirect torque control scheme is the indirect average torque control method.
Characteristics of both conventional and predictive torque control methods for

SRM drives are summarize in Table 3.1.

DTC has a simple structure, proper robustness, and faster dynamic response as there
is no internal current loop, and the torque is directly treated as the control variable.

The block diagram of DTC control strategy is given in Figure 2.7.
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Figure 2.7: Block diagram of direct torque control (DTC) for the SRM
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DTC requires complex switching rules to be calculated offline. As a response,
DITC has gained popularity in SRM due to the simplicity in implementation and
proper ripple results, but both DTC [16], [61] and DITC [62], [63] suffer from large
current ripples and limited performance at the high-speed region [15] and low-load
condition. The lack of regulation of phase currents also represents a potential hazard
for the drive itself. Torque control capability in DITC technique, depends on

complex switching rules and sampling time of the controller [64].

On the other hand, indirect average torque control with optimized conduction
angles, torque sharing functions and current profiling are considered as three main
ITC methods for SRM drives. The block diagram of the indirect average torque
control with optimized conduction angles which is considered as the most

commonly used technique for torque control of SRM drives is presented in Figure

2.8.
- u*=d(k)
* * i
O i pI (L. T ol o Modulator
w(K) Conduction|%on.bort | Hysteresis u(k)=s(k)
angles
o)1 i(k) GEZ L
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i(k) I
@(K) (k)
do/dt M

Figure 2.8: Block diagram of indirect average torque control
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Optimization methods calculate, offline, optimal reference currents and
commutation angles for different operating conditions to achieve some predefined
performance targets (lower torque ripple, higher efficiency, lower vibration and
acoustic noise) [7], [65], [66]. The data is then stored as look-up tables (LUTSs) for
the experimental implementation. In ITC, the phase currents have rectangular
waveform at lower speeds. As speed increases, due to the induced back-emf, the
current cannot rise up to the desired predetermined reference level, and the current
waveform is not rectangular anymore. Either hysteresis or PWM current controller
can be used to control the phase currents in ITC. The indirect torque control with
optimized turn-on and turn-off angles is usually integrated with hysteresis current
controller. This method will be referred to as “optimized hysteresis controller” in
this thesis. This method is not capable of shaping the current and the current is
controlled to be inside the hysteresis band inside the conduction period. The
simulated performance of the reference SRM1 with optimized hysteresis controller
at 2000 rpm (under load torque of 3 Nm) and 6000 rpm (under load torque of 1.5

Nm) are presented in Figure 8.1 and Figure 8.2, respectively.

The phase currents are shaped in both TSF and current profiling schemes to achieve
the desired performance. Torque sharing functions distribute the reference torque
among individual phases to achieve a constant reference torque on the shaft [23].
The transition between the phases can be linear, quadratic, cubic or even sinusoidal

to compensate for the difference in phase inductance between the two interacting
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phases [67]. The reference currents are determined using i(T, ) static maps and
fed to the current controller to complete the control loop, and the switching
behavior depends on the current controller. Sample reference torque waveforms
(linear TSF) of the test three phase SRM1 for Trer=1 Nm are shown in Figure 2.9-
a. The corresponding reference current waveforms calculated using inverse i(T, 8)
LUT are depicted in Figure 2.9-b. These current waveforms are then fed to the

current controller to be tracked.
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Figure 2.9: Reference phase torques and phase currents of the three-phase SRM1
using linear torque sharing function (TSF); (a) phase torques, and (b) phase
currents.

The simulated performance of the test SRM1 with linear TSF at 1800 rpm under
load torque of 1 Nm is presented in Figure 2.10. Note that the turn on angle (6,,,)

and the overlapping angle (8,,,) are set to 40° and 15° mechanical, respectively.
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Figure 2.10: Current and torque waveforms of the test SRM1 at 1800 rpm (Linear

TSF, Tref:1 N.m., eon :400’ eOV :150)

The same simulation is repeated at a higher speed of 3000 rpm (Linear TSF, Trer=1

Nm, eon :400, eov =15°

). The waveforms are shown in Figure 2.11.
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Figure 2.11: Current and torque waveforms of the test SRM1 at 3000 rpm (Linear
TSF, Tres=1 N.m., Oon =40°, 0oy =15°)

It is observed from Figure 2.10 and Figure 2.11 that the reference current tracking
is deteriorated at higher speeds after the phase is turned off, which causes the
current tail in the generating region, and consequently the negative torque
production. Because torque production capability of the SRM is very low near the
unaligned position, having a lower turn-on angle leads to a large reference current.
Therefore, it is not possible to have advance firing using the TSF. So, TSF control
scheme cannot compete with conventional control methods at higher rotational
speeds. Simple control structure and straightforward implementation are the
advantages of TSF schemes. In the current profiling method, the reference current

profiles are calculated offline to achieve the desired performance targets [68].

The predictive torque control with its capability of handling nonlinearities and
constraints, simple and straightforward implementation and faster dynamic
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response compared to the conventional control techniques has gained considerable
attention among researchers to be used for motor control applications. As
mentioned earlier, SRM has a highly nonlinear flux and torque characteristics
which makes its control more challenging compared to the conventional AC drives.
Predictive torque control is considered a suitable approach to control SRM drives.
Next chapter will present a literature review on different predictive control

approaches developed to control SRM drives.

2.3 Summary

The fundamental concepts about modeling and control of SRM drives are briefly
presented in this chapter. After brief descriptions on operating and torque
production principles of SRM, the static 2-D characteristics of the test SRM1 are
presented. Then, the conventional current and torque control strategies are briefly
described. The predictive control approaches for SRM drives and their comparison

with conventional control methods will be presented in the next chapter.
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Chapter 3

Model Predictive Control of SRM Drives

In this chapter, the classification of predictive control approaches applied to SRM
drives in the literature is presented. Then, a comprehensive literature review is
presented on different predictive torque control methods applied to SRM drives in
the literature. The predictive torque control methods will be comprehensively
compared in terms of phase torque distribution, predictive model, calculation of the

reference voltage, modulation scheme and switching behavior.

3.1 Classification of predictive control methods for

SRMs

Predictive control is known for its better dynamic response, simple control structure
and straightforward implementation [69]. Besides, it is capable of effectively
handling the constraints and nonlinearities of the system. It all comes at the expense
of higher computational burden, which can be managed by the recent advancements

in microprocessor technology.
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Predictive control determines the optimal inputs to the system (switching signals in
case of a motor drive) to achieve the desired performance target by predicting the
future state of the plant using a predictive model. Different approaches have been
considered to control SRM drives. Generalized predictive control (GPC), based on
linearizing the model of the plant, is not very popular in motor drive applications,
especially SRM drives, given the highly nonlinear characteristics of the motor and
inverter, but it offers the possibility to include disturbances within the formulation

[70].

In deadbeat predictive control (DBPC), the optimal input is directly calculated
using the predictive model, thus reducing the steady-state error to zero, but it suffers
from measurement noise and parameter sensitivity [69]. Both GPC and DBPC use

a modulator and hence have a fixed switching frequency.

In the case of using the predictive model along with a cost function, the predictive
approach is called model predictive control (MPC). It is divided into two general
categories; continuous control set (CCS-MPC) and finite control set (FCS-MPC).
The former defines a continuous cost function and finds the exact optimal voltage
to be applied in the next sampling period. As the converter applies the voltage in
form of PWM, a duty cycle output fixes the switching frequency through a
modulator. The modulator is eliminated in FCS-MPC, which allows including the
discrete states of the converter keeping a proper dynamic response [71]. Its

drawback is the variable switching frequency. A fixed switching frequency control
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has been achieved in FCS-MPC by using the virtual voltages (VV), and it has been

successfully implemented in multi-phase machines [72].

An alternative to simplify modelling and computational burden has been the use of
controllers in the virtual-flux (VF) domain. The VF-control maps the machine
variables into the flux domain, which allows controlling the equivalent rotor flux,

hence, resulting in improving the stability and robustness of the controller [73].

3.2 Predictive torque control of SRM

Predictive torque control (PTC) for induction and PMSM drives has been well
studied in the last decades; however, the nonlinear characteristics of the SRM and
the lack of straightforward and closed-form analytical equations for predicting its
performance have been a barrier for development of PTC for SRM drives. Recently,
researchers have been more interested towards implementing these techniques for
SRM drives. A comprehensive analysis, review and comparison on different
predictive torque control approaches applied for SRM drives in terms of their
requirements for modulator, modelling, control variable and switching behavior is
given in this section. The classification and characteristics of both conventional and

predictive torque control approaches for SRM drives are summarized in Table 3.1.
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Table 3.1: Characteristics of both conventional and predictive torque control
methods for SRM drives

Need for

Calculation of

Control type| Control technique offline reference voltage [Modulator reClLJJrlgi?(:n sng:é L'J::dur;-nt References
calculations |or switching state Y P 4
DTC ™ Switching table | [ O Ol A [16]
) DITC ™ Switching table | [ | Ol O [62]
Classic ITC with optimum
torque conductionpangles ™ Inner current loop|  n/a ™ ™ ™ [7], [66]
control
TSF ™ Inner current loop|  n/a M M | M |[3][26] [67]
Current profiling ™ Inner current loop|  n/a | M| M [68], [74]
DBPC O Direct calculation| [] O O O |17 1751-1791
Continuous cost
GPC M function M O O O [80]
Predictive ; [18], [21],
torque Conventional O Discrete cost O ™M M| O [31], [32],
q function 341-1361. 18
control FCS- . [ 4]*[ ]:[ 1]
MPC [VF-Fes-mpc| [ D'fSS;ectt?OCnOSt | M || O | 371038
VV-FCS- Discrete cost
MPC O function M M O O [33]

Figure 3.1 shows the block diagram of the FCS-MPC-based PTC strategy, which

is the most popular predictive control technique for torque ripple reduction thanks

to its simplicity, capability of handling nonlinearities and constraints, and

straightforward implementation.
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Figure 3.1: Block diagram of FCS-MPTC
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The algorithm uses the measured phase current i (k) and rotor position 6 (k) to feed
the predictive model and estimate the torque output T'(k + 1). In this case, the
torque output is a n-size vector where n is the number of possible switching states,
which is 33 = 27 for a three-phase SRM. The predicted torque values are then used
in a cost function to decide which of the switching states provides the minimum
error with respect to the torque reference. Alternatively, as shown in Figure 3.1, the
phase currents i(k + 1) can also be predicted and included in the cost function to
be minimized, as an effort to reduce the copper losses. This is included in the cost
function as a secondary objective with a weight factor §; [21]. The optimal
switching state can be selected based on the predicted performance of the machine
in either one (single-step MPC) or more (multi-step MPC [21]) future sample times.
Using multi-step FCS-MPC leads to exponentially increased computational burden,
but it still cannot provide considerable improvements in the high-speed
performance. The effect of number of prediction horizons on the performance of

FCS-MPC for low-speed torque control of SRM is shown in [21].

Figure 3.2 shows the DBPC strategy for torque control, in which the cost function
is omitted, and the reference voltage v(k + 1) is directly calculated by the
predictive model in form of a duty cycle. This guarantees a constant switching

frequency by using a modulator.
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Figure 3.2: Block diagram of deadbeat predictive control (DBPC)

As the response of this model lies on the predictive model, the accuracy can be
enhanced by mapping the control variable in the VF frame (VF-DBPC). This
representation modifies the control as shown in Figure 3.3, where static maps are
included to estimate flux linkages, thus simplifying the prediction and calculations,
as it is possible to use equation (2.2) to compute a discrete-time flux linkage

representation.

—| Duty cycle Modulator
v(k+1) u(k)=s(k)

LSk
Predictive ~— [z (K | Ve

T model |20 /il L
r o o

(k)

Figure 3.3: Block diagram of virtual flux deadbeat predictive control (VF-DBPC)
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Whether cost function, hysteresis or modulator is used, the control performance
depends on the accuracy of their predictive model, cost function and the ability to
distribute the total torque within the individual torque contributions for each phase.

These features are discussed next.

3.2.1 Phase torque distribution

The torque ripple problem in SRMs is originated during the phase transition. Figure
3.4 shows adopted strategies in the literature for PTC in SRMs. The simplest
approach is to use pre-calculated torque distributions, it means, adopting the TSF
LUTs and focus on the tracking of phase torque [34], [36]. The main advantage is
the flexibility, as it works in multi-phase machines and needs a simple hysteresis
loop. It can also include features like compensating for the loss of current tracking
due to the back-EMF at higher speeds [26]. However, the optimal sharing of this
technique is not static for every operating point, it operates mostly in the constant-

torque (low-speed) region and multiple tables would be required.

Phase Torque
Distribution in PTC

Offline

TSF From predictive
TSF-based model Cost function

Figure 3.4: Phase torque distribution used for predictive torque control (PTC) for

SRM drives
32



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

One advantage of using PTC is the possibility of letting the controller decide the
optimal trajectory, thus reducing the offline computation and the uncertainty of
designing regulators for unknown operating points. In that way, the principle of
TSF can be implemented online, simply by considering a reference distributed
among the active phases, which depend on the rotor position. One of the phases
provides its maximum torgue, based on static maps, and the remaining reference
torque is distributed to the next phase [17], [78], [81]. It also applies to multi-phase
topologies considering the maximum torque contribution of each active phase and
penalizing those with less efficiency [76], [77]. The problem is again reduced to a
single-phase torque tracking, but the interaction of all phases for further

improvement is not considered.

An alternative appears on including the torque distribution implicit within the
controller [75]. The predictive control can be integrated, for instance, with DTC in
the d-q rotating frame to improve its performance [37]. Besides, the representation

of torque in the VF domain helps to simplify this process.

Finally, it is common to use the flexibility of the cost function in FCS-MPC to
obtain an optimal distribution. Comparing a torque reference with a prediction of
all possible torque contributions from all possible switching states allows
determining the optimal trajectory online [18], [21], [31], [33], [35]. The
comparison can also be implemented in the VF-domain [37], [38]. However, its

performance in the four-quadrant operation is not reported, and it is difficult for the
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cost function to consider advanced turn-on angles for high-speed operation as this
would penalize the cost with a temporally negative torque. Incapability of FCS-
MPC in advancing commutation angles in the high-speed region is considered as
one of the main shortcomings of this method. An adaptive commutation angle
control method is proposed in [32] to extend the operating speed range of FCS-

MPC for SRM drives.

3.2.2 Predictive model

Beyond the torque distribution or not, the effectivity of predictive control relies on
its ability to track these references. The performance depends on the accuracy of
the predicted variables and the model. Modelling in torque control of SRM is more
complex than current control because it requires two models to operate: the flux
linkage and torque characteristics, which are highly nonlinear, as in Figure 2.2. In
general, the objective is to predict the torque in order to decide the input sequence
that produces the minimum tracking error. Then, it iS common to assume an
inductance or flux model and compute the torque from the definition using
equations (2.4) or (2.6). Therefore, if a proper representation of the flux linkage 4
is obtained, an accurate torque can be predicted. Figure 3.5 summarizes the models

used in PTC for SRM.
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Figure 3.5: Modeling techniques used for predictive torque control in SRM drives

The simplest approach is to define the inductance as a linear function of rotor
position, while the torque is computed from the equivalent flux characteristic [31],
[79]. This inductance can be determined, for instance, as a function of the average

inductance L,,, and the difference between maximum and minimum inductance AL:

L = Lg, — AL cos(6).

The use of Fourier expansion to represent the nonlinear characteristic is also
considered. By tuning the Fourier coefficients, it is possible to represent the flux

linkage characteristic as an analytical expression as shown in the following

equation [18], [31]:

A= 2(1 — e7PO%)

p(6) = a + B cos(q) + v sin(q)

q=N.6—(—1)2r/3
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In this equation, j represents the active phase. a and f are constants to be tuned
experimentally. A is the flux linkage under saturation. The use of this analytical

expression allows obtaining derivative terms to compute torque.

A variation of equation (3.2) simplifies the model using the piece-wise relation

p(6). It allows expressing the flux as a function of the current separated from rotor

position. The model was originally proposed in [82] and adapted to PTC [21], [33],

[34], [37], [38], [75]:

1282 —48% 11 0 € [0,m/4]
- -

p(0) = f(%) _o 6 € [n/4,m/2]

. (3.3)

The use of analytical equations allows a fast execution time on the microprocessor,
but it comes at the expense of reduced prediction accuracy. Accurate modeling of
the nonlinear characteristics of the SRM using closed-form analytical equations is
a challenging task. An alternative is to use the flux-based equation in equation (2.2)
and obtain a more accurate behavior of the machine using static maps [17], [32],
[36], [76]-[78]. There is a compromise between the memory usage and accuracy of
prediction model by defining the size of the flux and torque static maps. In practice,
it is possible to optimize the trade-off between the allocated memory space and

achieving a satisfactory performance [83].
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3.2.3 Calculation of reference voltage

From Table 3.1, it is notorious that only cost functions and direct calculations are
implemented in PTC for SRM to obtain the actuating variable of the control loop.
DBPC uses the predictive model to define the switching pattern in form of a
reference voltage, which is applied to the converter through a modulator. This
calculation can be performed through various methods. For instance, the phase
currents can be represented in a rotating reference frame like in AC drives, and the
d-g-axis flux linkage can be use in a DTC-based strategy [53]. In this case, the
reference voltage is also defined in the rotating frame and implemented through a
space vector modulation stage. Another way is to use the natural variables and map
them in the VF-domain. This procedure allows using simple discretization
techniques to compute the reference voltage using the desired and the previously
estimated virtual flux [17], [75]-[78].

The use of a cost function is the other adopted approach for PTC. Figure 3.6 shows

the typical objectives included in the cost function using FCS-MPC.

Cost Function Weight
Primary Secondary
objective e objective
[ Terll? [herell® [[Aul? zij?

Figure 3.6: Cost function objectives in FCS-MPTC for torque control in SRM

drives
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A simple quadratic cost function helps achieving a single target like minimizing the
torque error T,,, and choosing between the finite switching states [36]. The
advantage of a cost function is its simplicity of including control objectives, then it
is recommended to use more than one. The primary objective is either torque error
[18], [21], [31], [32], [34], [35] or virtual-flux error A,,, minimization [37], [38].
If more than one target is pursued along with the constraints, one or more weight
factors 6 are usually used to create a multi-objective cost function. Tuning the
weight factors to achieve the optimal performance in the entire operating range is a
challenging task. A cost function with adaptive time-varying weights is proposed
as a solution in [84]; however, it increases the complexity of the control scheme.
Secondary objectives include minimization of the phase currents to optimize
efficiency [18], [21], [31]-[33], [35], or minimization of switching transitions Au
to optimize switching losses [18], [21], [31], [35]. However, from the design of
predictive control, it is not recommended to cost the input since it compromises
dynamic response, which is one of the most attractive features in these family of
control techniques. Finally, limitations are also considered, as the maximum current

Imax PeNalizes the cost if the i(k) > I,,4, thus avoiding that solution option [31].

An alternative to fix the switching frequency and improve the dynamics of the
phase current is the use of virtual states. Instead of using the converter states, a

group of virtual states are evaluated, which can be synthetized by a modulator stage
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and the volts-second approach [33]. Although the f,, is constant, the drawback is

the increase in its average value.

3.2.4 Modulation scheme and switching behavior

Both PWM from a duty cycle [17], [75]-[78] and SVM [33], [79] modulation can
be integrated with predictive control schemes. The modulator is required for CCS-
MPC, GPC or DBPC methods, and it leads to achieve a constant switching
frequency, which results in a better loss distribution among the switches. However,
it increases the complexity of the control scheme and reduces the speed of the

dynamic response.

Similar to DTC and hysteresis controller, one of the advantages of FCS-MPC is
eliminating the modulator [18], [21], [31], [32], [34]-[38], [81], but the variable
switching frequency of this method can also raise some problems related to loss
distribution and thermal management of the semiconductor devices. The attempt of
getting the dynamics of FCS and a fixed switching frequency appeared with the use
of virtual voltages, in which an optimum voltage v, < vy, is applied to the
converter during the same sampling period, just like the volts-second strategy in

SVM [33].

Either hard or soft switching can be implemented with the predictive control, but
soft switching is generally preferred given the higher number of possible switching
states and thus more degrees of freedom. It results in a smoother current and torque
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control and reduces the voltage stress (dv/dt) on the switches. With FCS-MPC,
these advantages come at the expense of increased computational burden. In a
three-phase SRM, the number of evaluated states increases from 8 in hard switching

to 27 in soft switching.

3.3 Summary

In this chapter, a comprehensive literature review is presented on predictive torque
control approaches for SRM drives. After, classifying the predictive control
methods, the characteristics and specifications of both conventional and predictive
torque control methods along with the corresponding references are presented and
discussed. Finally, the predictive methods are compared and analyzed in terms of
phase torque distribution techniques, the implemented predictive mode, calculation
of reference voltage, modulation scheme and switching behavior. The
implementation of the conventional FCS-MPTC which is the most common
predictive torque control approach for SRM drives and its shortcomings in
adaptively adjusting the commutation angles for high-speed torque control

applications will be presented in the next chapter.
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Chapter 4
Implementation of Conventional Finite Control
Set Model Predictive Torque Control (FCS-

MPTC) for SRM and its Shortcomings

The implementation of the conventional finite control set model predictive torque
control for switched reluctance motor drives along with the simulations results on
the test SRM1 are presented in this chapter. Then, the shortcomings of the
conventional FCS-MPTC in controlling the SRM at high-speed range are described
and discussed through simulation results. The experimental setup will then be
explained and the experimental test results of the test SRM2 with the conventional

FCS-MPTC are presented and discussed.

4.1 Implementation of conventional FCS-MPTC

In Finite Control Set Model Predictive Control (FCS-MPC), an optimal control

voltage vector corresponding to the minimum cost is selected among the finite set
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of all possible voltage vectors. The cost for the motor control is usually formulated
to achieve a reference torque, reference current, or speed along with certain
constraints. The control voltage vectors are essentially the possible switching states
of an inverter. An SRM is driven by asymmetric bridge converter and the per-phase
circuit is shown in Figure 2.6. Depending on the switching state of the switches (S1
and Sp), the phase voltage can be -Vpc, 0 or +Vpc. Therefore, there are three
different possible switching states for each phase at each sampling time.
Considering a three phase SRM, 3%=27 different switching states are possible. The
optimal switching state is selected from these twenty-seven switching states in a
sampling interval if the prediction horizon is one. The computational burden of
FCS-MPC increases exponentially with the length of the prediction horizon. For
example, 27°=729 possible switching states need to be evaluated for two prediction

length.

The model of SRM to predict the future states in FCS-MPC is

da
= Ri 4+ — 4.1
v=Ri+ T (4.1)

where v, R, i and 1 stand for phase voltage, phase resistance, phase current, and
phase flux linkage. 4 is a 2D look-up table and it varies with both rotor position and
phase current as shown in Figure 2.2-a. The discrete version of equation (4.1)
using forward Euler method is

v(k) = Ri(k) + Alk + 1T) — A0 (4.2)
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where Ts is the sampling interval. Then, the flux linkage of the SRM at one future

time step (time instant k+1) can be obtained using

Ak + 1) = 2(k) + Ts(v(k) — Ri(k)). (4.3)

The flux linkage at time instant k+1 is a function of the current machine states and

the switching state, which is going to be applied at sampling instant k.

From the flux linkage-position-current characteristic of the test SRM1, given in
Figure 2.2-a, it can be observed that flux linkage is a function of the rotor position
and the phase current. Hence, using both current and position feedbacks, the flux
linkage of the machine at time instant k, A(k) can be found from the flux linkage

LUT in Figure 2.2-a:
Alk) = A(i(k)lemech(k))- (4-4)

Once the flux linkage at time k is known, the flux linkage at time (k+1) is estimated
from equation (4.3). As the time constant of the electrical dynamics is much lower
than the mechanical dynamics, the speed can be assumed as a constant in one
sampling time. Hence, the mechanical position at time k+1, 6,,..,(k + 1) can be

found as
360
emech(k + 1) = emech(k) + Eans (4-5)

where ny is the rotor speed in rpm. Once both the flux linkage and rotor position at
time instant k+1 are known, the phase current can be found at time k+1 from the

flux linkage LUT in Figure 2.2-a:
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i(k+1) =i(Ak + 1), Opecn (k + 1)). (4.6)

Phase torque can then be calculated using the torque LUT Figure 2.2-b:

Tonase(k + 1) = Topase(i(k + 1), Opecn(k + 1)). 4.7
Finally, the total torque can be determined by summing up the torque produced by
the individual phases:

T,(k+1) = Z Ti(k + 1) (4.8)
=1

where m is the number of phases, which is three for both the reference machines in
this thesis. Using equations (4.3)-(4.8), all the required future states of the SRM
can be found. Phase voltage at time instant k, v(k) is the only unknow in equation
(4.3), which is the decision variable for the FCS-MPC to determine. As stated
earlier, there are 27 different possible switching states for the reference 3-phase
SRM. The future states of the machine are predicted using equations (4.3)-(4.8) for
all the possible switching states. The state (voltage vector) which minimizes the
objective function of FCS-MPC is selected and applied to the machine by
commanding the corresponding gating signals to the asymmetric bridge converter.
The objective function in this thesis includes both the terms to track the
instantaneous reference torque and to minimize the instantaneous current:

ik +1)

2
mlmax

fupc = (Te(k + 1) — Tref)2 + kupc (4.9)
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where Tret, Ij, and Imax are the reference torque, instantaneous phase current of phase
J, and the peak current limit of the machine (Imax=21A for SRM1), respectively.
Sum of three instantaneous phase currents is normalized by mimax®. The coefficient
kmpc determines the weight of the current minimization term with respect to the
torque tracking term. If kmpc is set to be too small, then MPC does not care about
the current and, instead, focuses on tracking the reference torque, which could lead
to high RMS currents and lower efficiency. On the other hand, a large weighting
factor reduces the RMS current (current waveform gets smoother as well), but the
reference torque tracking deteriorates and leads to steady state torque error. After
conducting simulations at different operating points in the torque-speed envelope
of the reference SRM, the weighting factor is set to be kmpc=5 for SRM1 and

kmpc=2 for SRM2 in all the analysis in this thesis.

The block diagram of the FCS-MPTC is shown in Figure 4.1. As discussed earlier,
current, position and speed feedbacks are required to calculate the future state of
the machine. After estimating the flux linkage A(k) using equation (4.4), immediate
future states of the SRM are predicted for all possible switching vectors. The
optimum switching state which minimizes the cost function is then calculated and

applied in each sampling time.
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Figure 4.1: Block diagram of the FCS-MPTC

4.2 Shortcomings of conventional FCS-MPTC

The FCS-MPTC with a single prediction horizon decides the optimum switching
states based on only the immediate future state of the machine. Therefore, MPC
keeps a phase excited if it can develop positive torque. Once MPC finds that the
excited phase generates negative torque in the immediate future, then it shuts down
the phase and does not take the upcoming negative torque production by the
demagnetizing currents into account. In this manner, MPC always turns-off the

phase close to the aligned position regardless of the speed.

The results from a MATLAB Simulink simulation of the FCS-MPTC for SRM1
are shown in Figure 4.2 for the case without turn-off angle control for nes= 2000
rpm (low speed) and Tres = 3 Nm. The simulation models are implemented

according to the block diagram in Figure 4.1. SRM is in torque control mode and
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runs at a constant speed, which is controlled by the load motor (not shown in Figure

4.1).
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Figure 4.2: Simulation results of the test SRM1 with the conventional FCS-MPTC
at nrer=2000 rpm (low-speed) and Trer=3 Nm without the turn-off angle control;
(a) total torque, (b) phase current in one electrical cycle, (c) phase torque in one

electrical cycle, and (d) phase torques.

Figure 4.3 shows the simulation results of SRM1 for nret = 6000 rpm (base speed)
and Trer = 1.5 Nm. The sampling time of the simulations is 50 ps. Hence, the
maximum switching frequency of FCS-MPTC is 20 kHz. At lower speeds, the
induced back emf is low and, hence, the current can rapidly decay to zero after the
phase is turned off as shown in Figure 4.2-b. However, at high speed, higher
induced emf slows down the rate of change of current, as shown in Figure 4.3-b.
As a result, the phase still conducts even after the aligned position (generating
region) for a considerable duration. Consequently, the conducting phase produces
significant negative torque and the upcoming phase needs to compensate that by

producing high positive torque, which is undesirable. The upcoming phase needs
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higher current to produce the same torque magnitude as compared to the conducting
phase, due to the difference in the rate of change of inductances. This results in high
RMS current, low torque per ampere ratio, and lower efficiency. Therefore, the
FCS-MPTC without the turn-off angle control is not the right choice to control the

SRM, especially in the high-speed region.
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Figure 4.3: Simulation results of the test SRM1 with the conventional FCS-MPTC
at nrer=6000 rpm (base speed) and Trer=1.5 Nm without the turn-off angle control;
(a) total torque, (b) phase current in one electrical cycle, (c) phase torque in one
electrical cycle, and (d) phase torques.

The negative torque production can be avoided by advancing the phase turn-off
angle so that the phase current reaches zero before entering to the inductance falling
region which starts from 180 electrical. The correct turn-off angle can be identified
by predicting the demagnetizing current at each sampling interval. Once it is found
that turning off a phase at a sampling instant results in zero current at 180° electrical,
the corresponding angle at that sampling instant can be chosen as the turn-off angle.

The concept is shown in Figure 4.4. By integrating this concept into the FCS-
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MPTC, it automatically advances the phase turn-on angle to avoid negative torque

production.
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Figure 4.4: Graphical representation of the turn-off angle control to achieve zero
negative torque (The waveforms are for SRM1 at nyr=6000 rpm and
Trer=1.5 Nm); (a) phase current in one electrical cycle, and (b) phase torque in one
electrical cycle.

Simulation results of SRM1 for this case are presented in Figure 4.5 for nr=6000
rpm and Trer=1.5 Nm. It can be observed from Figure 4.5-a that the torque ripple is
slightly reduced compared to Figure 4.3-a (without turn-off angle control). The
turn-off angle is 122.7° (see Figure 4.4-a) to let the phase current decay to zero
before the aligned position (180" electrical). FCS-MPTC also advances the turn-on
angle to 21.31°, as can be seen in Figure 4.4-a, to maintain the reference torque
tracking while eliminating negative torque production. However, the test SRM has

lower torque production capability at positions close to Geec=0° (unaligned
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position) as seen in Figure 2.2-b. Hence, a considerable part of torque production
capacity of the machine is not well utilized by including turn-off angle control into
FCS-MPTC. Moreover, due to the low torque production capability of the SRM
close to the unaligned position, phase current increases as the turn-on angle is

advanced (see Figure 4.4-a).
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Figure 4.5: Simulation results of the test SRM1 with FCS-MPTC at nrer=6000 rpm
(base speed) and Trer=1.5 Nm with zero negative torque; (a) total torque, and (b)
phase torques.

0 0

In order to overcome these shortcomings of the turn-off angle control, a small
negative torque could be allowed by slightly shifting the commutation angles
towards the aligned position. For this purpose, an optimum turn-off angle that
results in better utilization of the torque production capability with lower current
and negative torque, is proposed. Two online and one optimization-based offline
methods are proposed in this thesis to adaptively control the commutation angles

in FCS-MPTC for SRM drives in the wide operating speed range.
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4.3 Experimental setup

In this thesis, the proposed methods are experimentally validated on a 5.5 kW, 12/8,
3-phase SRM (will be referred to as SRMZ2 in this thesis) drive with the base speed
of 5000 rpm and the DC link voltage of 72 V. An asymmetric bridge converter
equipped with liquid cooling is used to control the SRM. The shaft speed is
controlled by a 3-phase, 15 kW fully enclosed, air-cooled IPMSM driven by a
Sevcon Gen 4 S4 72V, 350 A AC motor controller in a back to back configuration.

The experimental setup is shown in Figure 4.6.

Control board and
asymmetric bridge
converter

Cooling pipes

Figure 4.6: Experimental Setup

The specifications of both SRM2 and the dyno IPMSM motors are given in Table

4.1.
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Table 4.1: Specifications of SRM2 and the dyno motor

SRM2 IPMSM
Parameter Value Parameter Value
Configuration | 12/8, 3-phase | Number of phases 3

Power 5.5 kw Power 15 kw
Base speed 5000 rpm Speed 4500 rpm

Torque 10.5 Nm Torque 37 Nm

Rated current 81.7A Phase current 220 A

Peak power 11 kw Peak power 42 kW
Maximum speed | 10000 rpm | Maximum speed | 8000 rpm
Phase resistance 7.6 mQ Maximum torque | 107 Nm
DC link voltage 72V DC link voltage | 48-120 V

The flux linkage-position-current characteristic of SRM2 is obtained by locking the

rotor at different positions (between unaligned and aligned positions in both

motoring and generating regions) and applying the phase voltage pulses. The

measured flux linkage characteristic of the test SRM2 is presented in Figure 4.7-a.

The torque-position-current characteristic of the test SRM2 is then obtained based

on the co-energy concept and using equation (2.6). The torque characteristic is

depicted in Figure 4.7-b.
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Figure 4.7: Static characteristics of the test SRM2; (a) flux linkage-position-
current, and (b) torque-position-current

The nonlinear phase inductance of the test SRM 2, calculated from the flux linkage

data is presented in Figure 4.8.
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Figure 4.8: Measured inductance-position-current characteristic of the test SRM2

4.3.1 Experimental results for conventional FCS-MPTC

The conventional FCS-MPTC is implemented in real-time on the DSP platform
(Texas Instruments C2000 F28335 microcontroller) to validate the performance of
the predictive methods experimentally. In the experimental tests, the SRM operates
in torque control mode (operating with FCS-MPTC), and the dyno IPMSM operates
in speed control mode to keep the shaft speed constant at the desired reference. The

sampling frequency of the predictive controller is set to 20 kHz, hence the sampling
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time is 50 ps. However, the average switching frequency will be lower than 20 kHz,
as FCS-MPTC is a variable frequency control strategy. To have a fair comparison,
the control frequency is set to 20 kHz in all the experimental results in this thesis.
A single step delay compensation has also been applied to the predictive controller
to compensate for the measurement delays and the computation time. The
experimental results of the conventional FCS-MPTC at 2000 rpm with the
reference torque of 3 Nm are presented in Figure 4.9. The measured phase current
and phase torque in one electrical cycle are shown in Figure 4.9-b and c,
respectively. Because of the low bandwidth of the torque sensor, it is not feasible
to compare the measured torque ripples at higher speeds, hence, the phase torques,
and the shaft torque is estimated by recording the phase currents and the electrical
angle of Phase A (through digital to analog conversion (DAC)), and using the
corresponding torque-position-current characteristic of the test SRM2. The
measured phase currents and the estimated phase torques are depicted in Figure 4.9-
d and e, respectively. The total torque which is calculating by summing up the
torque generated by individual phases is shown in Figure 4.9-a. Based on Figure
4.9-b, it can be observed that the current can quickly decay to zero after the turn-
off angle and the generated phase negative torque is negligible (see Figure 4.9-c).
Because of incapability of the conventional FCS-MPTC in controlling the
commutation angles, huge phase current peaks (around 150 A) are observed as can

be seen in both Figure 4.9-b and Figure 4.9-d.
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Figure 4.9: Experimental test results of SRM2 with the conventional FCS-MPTC
(20 kHz) at nrer=2000 rpm (low-speed) and Trer=3 Nm; (a) torque, (b) phase
current in one electrical cycle, (c) phase torque in one electrical cycle, (d) phase
currents, and (e) phase torques.

The experimental test results at 4000 rpm under load torque of 3 Nm are presented
in Figure 4.10. According to the phase current waveform given in Figure 4.10-b,
due to the increased back-emf at higher speed, there is a big current tail in the
generating region after the phase is turned off resulting in the negative phase torque
as can be seen in Figure 4.10-c and e. The upcoming phase tries to compensate for
this negative torque by increasing the phase current to deliver the reference torque
on the shaft. However, it can be observed from Figure 4.10-a that the torque ripple

is significantly bigger compared to low-speed operation. Besides, the average shaft
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torque is considerably lower than the reference torque. Similar to the low-speed

operation, big phase current peaks are observed as can be seen in both Figure 4.10-

b and d.
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Figure 4.10: Experimental test results of SRM2 with the conventional FCS-MPTC
(20 kHz) at nrer=4000 rpm and Trr=3 Nm; (a) torque, (b) phase current in one
electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents, and (e)
phase torques.

Two online and one offline adaptive commutation angle control strategies are

proposed in three following chapters to improve the performance of the

conventional FCS-MPTC for SRM drives.
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4.4 Summary

The implementation of the conventional single prediction horizon FCS-MPTC for
SRM s presented in this chapter. The discretized voltage equation to predict the
future state of SRM and the block diagram of FCS-MPTC are given and discussed.
After presenting the simulation results of the conventional FCS-MPTC in both low-
speed and high-speed regions, its shortcomings in controlling the commutation
angles at different speeds are discussed based on the simulation results. It is
concluded that a specific amount of phase negative torque needs to be allowed by
controlling the turn-off angle to achieve the optimal performance in terms of torque
ripple and copper losses. The experimental setup is briefly described and the
specifications of the test SRM2 and the dyno IPMSM are given. Finally, the
experimental results of the test machine in both low-speed and high-speed regions
are presented and discussed. In the following three chapters, three methods (two
online and one offline) will be proposed to adaptively control the commutation

angles in both low-speed and high-speed ranges.
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Chapter 5
First Online Adaptive Turn-Off Angle Control

for FCS-MPTC of SRM Drives

This chapter presents an online adaptive method to adjust the phase turn-off angle
in finite control set model predictive torque control (FCS-MPTC) of SRM drives
to reduce the negative torque production. The current in the inductance falling
region generates negative torque which increases the torque ripple, RMS current,
and reduces the efficiency, especially at high-speed operation. The existing FCS-
MPTC needs long prediction horizon to predict and reduce the negative torque
production by adjusting the turn-off angle. However, long prediction horizon
substantially increases the computational burden. A simple online method to
automatically adjust the phase turn-off angle for single prediction horizon FCS-
MPTC is proposed in this chapter. To reduce the computational burden of FCS-
MPTC, a sector partition technique is also proposed in this chapter. The proposed
method can allow for the negative phase turn-on angle while reducing the

computational burden significantly. The proposed commutation angle control
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method is validated in simulations for a three phase, 12/8, 2.3 kW SRM (SRML1) in
the entire operating region. The comparison with the existing FCS-MPTC shows
the effectiveness of the proposed method in terms of efficiency and torque ripple
reduction. The experimental test results of the test SRM2 with the proposed
commutation angle control method are also presented at both low-speed and high-

speed operating points.

5.1 Proposed first online method

An online adaptive method to find the optimal turn-off angle for FCS-MPTC in the
whole speed range is proposed in this section. The proposed method is based on
predicting the phase demagnetizing current for an extended time interval, and the
prediction horizon for FCS-MPTC is kept as one. As depicted in Figure 5.1, the
optimality condition for the turn-off angle is chosen in such a way that the
maximum allowable conduction time in the generating region (negative torque
region) (46-) should be equal to the time interval (4161) between the phase turn-off
instant and the aligned position (Gelec=180°). This optimality criteria allows
considerable positive torque while limiting the negative torque production. In other
words, in each sampling interval, after predicting the demagnetizing current in the
extended time interval, if the optimality condition for the turn-off angle is not
satisfied, the single prediction horizon FCS-MPTC applies the optimum switching

state that minimizes the cost function in equation (4.9). Once the optimality
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condition is met, the conducting phase is turned off, and FCS-MPTC starts

energizing the upcoming phase to achieve the torque reference.
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Figure 5.1: Graphical representation of the proposed online turn-off angle control
method (The waveforms are for SRM1 at nre=2000 rpm and Trer=3 Nm); ()
phase current in one electrical cycle, and (b) phase torque in one electrical cycle.

The turn-off angle usually lies in the interval of [90°, 180°]. So, in the proposed
scheme, 461 and 40, are calculated from the predicted phase demagnetizing current
at each sampling interval. The voltage across the phase in the demagnetization
period is -Vpc. Therefore, the per-phase voltage equation in this time interval is

i, dL(8,D)
dt ' dr

daA
~Vpc = Ri+—-=Ri+ L(6,1) (5.1)

where L(0, i) is the nonlinear phase inductance. Assuming a linear inductance

variation for a small change in the rotor position, equation (5.1) can be treated as a
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linear differential equation. So, the current at a future step j, ijis predicted from the

solution of equation (5.1) as

—(R+dL(6,0)/dt)At _v —(R+dL(6,0)/dt)AL
;0 bc <1 —e Lj(6.0) > (5.2)

lj = lj_le + (R + dL(9; I')/dt)

where L;(6, i) and 4¢ are the phase inductance at future step j and the time difference
between steps j-1 and j. ij-1 is the current from the previous time step and it is used
as the initial value in the current time step. The nonlinear inductance look-up table
is used to calculate Lj(0, i). At each sampling instant, the current ij is predicted until
it becomes zero. Then, the corresponding 461 and 46, are found. This process is
repeated for each sampling interval until it meets the desired condition 461=46,.
The rotor position corresponding to the sampling interval that meets the condition
(401=465) is the optimal turn-off angle. Hence, the outgoing phase is turned-off at

this sampling interval.

The flowchart of the proposed turn off angle control scheme is presented in Figure
5.2. Note that a delay compensation is needed in experimental implementation of
both conventional and proposed predictive approaches to compensate the delay for
the measurements and online computation time. Note that the calculation proposed

in this flowchart is carried out for all three phases of SRM.
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Figure 5.2: Flowchart of the first proposed online method

5.2 Proposed Sector Partition Technique

A sector partition technique is proposed in this section to reduce the computational
burden of the conventional FCS-MPTC. The proposed method can allow for the
negative turn-on angle, if needed. In the proposed method, each phase can be in
conduction in the [-20°,180°] interval. The phase voltage is forced to be -Vpc
outside this region. The diagram of the proposed sector partition technique

indicating the shut-down periods for a three-phase SRM is presented in Figure 5.3.

62



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

0° Shut down period | @° Shut down period | (°
Phase 1 180° | 340 ‘ 180° | 340°
down period Shut down period Shut
Phase 2 | 0° ‘ 220° | 60° ‘ 220°
Shut down period Shut down period
Phase 3 300° 100° 300° 100°

Figure 5.3: The proposed sector partition scheme

As stated earlier, 27 different switching states have to be calculated at each sample
time for a 3-phase SRM. Number of future states to be predicted is reduced to 9 or
3 depending on the rotor position using the proposed sector partition scheme. In the
overlap region of shut-down periods of two consecutive phases, only 3 future states
need to be predicted. Otherwise, 9 different switching states are evaluated. Hence,
the computational burden of FCS-MPTC is significantly reduced. The proposed
sector partition scheme will be applied to both conventional and the proposed FCS-

MPTC methods in this thesis.

5.3 Simulation results

The proposed method is implemented in MATLAB/Simulink. The simulation
results for n=2000 rpm and Trer=3 Nm are given in Figure 5.4. Similar to the
previous cases, the sampling time and maximum switching frequency are set to 50
ps and 20 kHz. It can be observed that the proposed method sets the turn-off angle
to 160.9° (see Figure 5.1-a) — it was 175.3° with FCS-MPTC without the turn-off
angle control. In order to track the desired reference torque, the turn-on angle is

automatically set to 43.3° (Figure 5.1-a) — it was 48.1° with FCS-MPTC without
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the turn-off angle control. If Figure 4.2, Figure 5.1 and Figure 5.4 are compared, it
can be observed that the negative torque and, hence, the rms current is reduced

under similar operating conditions.
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(@) (b)
Figure 5.4: Simulation results of the test SRM1 with the proposed method at
nrer=2000 rpm (low-speed) and Tre=3 Nm; (a) total torque, and (b) phase torques.
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In order to investigate the effectiveness of the proposed method at a higher speed,
the same simulations are repeated for nre=6000 rpm (base-speed) and Tre=1.5 Nm.
The results are presented in Figure 5.5. The turn-off angle is effectively advanced
to 151.5° (it was 177.4° with FCS-MPTC without the turn-off angle control) to
prevent the negative torque production. The turn-on angle is also reduced to 36.29°
(it was 50.69° with FCS-MPC without the turn-off angle control) to deliver the
reference torque. Significant improvement in both average torque and torque ripple
can be observed by comparing Figure 5.5-a and Figure 4.3-a. Comparing Figure
5.5-c and Figure 4.3-c reveals the significant reduction in the negative torque
production with the proposed method. It can be observed from both Figure 5.4 and

Figure 5.5 that the negative torque is significantly reduced in the proposed method.
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Figure 5.5: Simulation results of the test SRM1 with the proposed method at
nrer=6000 rpm (base speed) and Trer=1.5 Nm; (a) total torque, (b) phase current in
one electrical cycle, (c) phase torque in one electrical cycle, and (d) phase
torques.

The simulated performance of the reference machine is summarized in Table 5.1
for FCS-MPTC with and without the proposed turn-off angle control. It can be
observed that the proposed method can effectively adjust the commutation angles
at both low and high-speed regions. At 6000 rpm, there is a significant
improvement in the average torque. The average torque is increased by 39% for the
same reference torque (Tre=1.5 N.m.). The RMS current has also been reduced
around 24%. Moreover, the torque ripple has been reduced from 192.6% to 73.5%.
On the other hand, in the low-speed region, for 0.7% lower output torque, the RMS
current is reduced around 5%. However, the torque ripple is increased from 19.6%

to 36.9%. This implies that, the proposed commutation angle control method needs
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to be further improved to achieve better performance at the low-speed region, but

it provides significant improvement at higher speeds.

Table 5.1: Performance comparison of the test SRM1 with the existing FCS-
MPTC and the proposed method

Performance parameters Oen Oof Tavg | IRwis| Tripple

P (elec. deg) | (elec. deg) |[(Nm) | (A) | (%)

n=2000 rpm | EXxisting MPC 48.1 1753 | 2.8418.21| 19.6
Tre=3 Nm |Proposed method| 43.3 1609 |2.82|7.8]|36.9

nr=6000 rpm| Existing MPC 50.69 177.4 0.9 |6.69/192.6
Trer=1.5 Nm |Proposed method| 36.29 1515 |1.25|51|735

5.4 Experimental results

To investigate the low-speed performance of the proposed commutation angle
control method, the experimental test results of SRM2 at n,.., = 2000 rpm under
the load torque of T;.., = 3 Nm are presented in Figure 5.6. Note that the optimal
turn-off angle with the proposed method is calculated using simulations in the entire
torque and speed ranges. Then, the data are stored in look up tables to incorporate
in experimental implementation of the proposed method. As mentioned earlier, the
weighting factor of the objective function of FCS-MPTC is kept constant at kypc =
2 in the conventional and proposed online methods. Similar to the experimental
results with the conventional FCS-MPTC, the control frequency is set to 20 kHz.
Because of the low-speed operation and lower phase back-emf, the phase current

can quickly decay to zero after the turn-off angle, and the generated negative phase
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torque is negligible as seen in both Figure 5.6-c and e. Hence, the turn-off angle is
selected to be close to the aligned position with the proposed method (similar to the
conventional FCS-MPTC). Note that the phase current peak is greatly reduced
compared to the conventional FCS-MPTC with the proposed commutation angle

control scheme as seen in Figure 5.6-b and d.
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Figure 5.6: Experimental test results of SRM2 with the first online method (20
kHz) at nre=2000 rpm (low-speed) and Tre=3 Nm; () torque, (b) phase current in
one electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents,
and (e) phase torques.

The experimental test results of SRM2 with the proposed method at n,.r =
4000 rpm under the load torque of T,.., = 3 Nm are presented in Figure 5.7.

Comparing the measured phase currents in Figure 5.7-b and Figure 4.10-b reveals
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that both phase turn-on and turn-off angles are advanced with the proposed method
to reduce the negative torque production in the generating region after the phase is
turned off. Besides the phase current peak is considerably reduced compared to the
conventional FCS-MPTC. By comparing Figure 5.7-c, and Figure 5.7-e with Figure
4.10-c and Figure 4.10-e respectively, significant reduction of the phase negative
torque with the proposed method can be observed, as the current tail in the
generating region is considerably shorter with the proposed method. This results in
a lower rms phase current with the proposed method as can be understood by
comparing Figure 5.7-d and Figure 4.10-d. By comparing Figure 5.7-a and Figure
4.10-a, it can be seen that a higher average torque is achieved with the proposed

turn-off angle control method. A comprehensive performance comparison is carried

out in Chapter 8.
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Figure 5.7: Experimental test results of SRM2 with the first online method (20
kHz) at nrer=4000 rpm and Tre=3 Nm; (a) torque, (b) phase current in one
electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents, and (e)

phase torques.
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5.5 Summary

An extended-speed online adaptive commutation angle control for finite control set
model predictive torque control of switched reluctance motors is proposed in this
chapter. As, mentioned earlier, the existing FCS-MPTC is not capable of adjusting
commutation angles which limits its application especially at higher speeds where
advanced commutation is needed to prevent negative torque production. The
effectiveness of the proposed method in adjusting the commutation angles is
verified by comparing the simulation results of SRM1 for the FCS-MPTC with and
without the proposed turn-off angle control. It Is observed that the average torque
is increased by 39% at the base speed. Moreover, RMS current and torque ripple
are reduced by 24% and 119.1% respectively. The experimental results of test
SRM2 at both low-speed and high-speed operating points are also provided to

validate the performance of the proposed control method.
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Chapter 6
Second Online Adaptive Turn-Off Angle Control

for FCS-MPTC of SRM Drives

In this chapter, the second online adaptive commutation angle control method for
FCS-MPTC of SRM drives is proposed. The optimality condition, defined in the
first online method, is modified in this chapter to achieve an improved performance.
After presenting the method and the proposed optimality condition, the
effectiveness of the proposed method in adaptively controlling the commutation
angles at different speeds are shown using simulation results on the test SRML1.
Finally, the experimental results of the test SRM2 with the proposed turn-off angle

control scheme are presented.

6.1 Proposed second online method

To improve the performance of the first proposed online method, the second online

commutation angle control method is proposed in this section for FCS-MPTC of

70



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

SRM drives. Similar to the first proposed online method, this method is based on
predicting the freewheeling phase current and phase torque for an extended time
interval much bigger than the prediction horizon of FCS-MPTC. Note that the
prediction horizon of FCS-MPTC is kept as 1. As discussed earlier, the turn-off
angle is around 180° in the conventional FCS-MPTC regardless of the speed, which
is the main drawback of this method. Negative torque production leads to a lower
average torque and higher rms current and consequently a lower efficiency. To
prevent the negative torque production (zero negative torque), the phase has to be
shut down early. In this case, a large amount of toque production capability of the
phase is not used and the average shaft torque is again reduced. Hence, there is an
optimal phase turn-off angle which helps to use the maximum torque production
capability of the SRM while preventing excessive negative torque production. A
method is proposed in this section based on the calculation of the work done by the

excited phase after the phase is turned off.

Torque (T) is proportional to the radial force (Fr) exerted on the rotor surface
(T=R/F), where R is the rotor outer diameter. Under a constant speed, the rotor
position (0r) has a linear variation with time (6r=kt). Hence, the area under the
torque-time curve is a representation of the work done by the excited phase (f F.d6)
as

[Tdt = [ R,F.d(k'0) = Rk’ [ E.d6. (6.1)
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The area under the torque-time (torque-position) curve can also be interpreted as
the co-energy (W) by rearranging equation (2.6) as

W, = [Td6 =R, [ E.d6. (6.2)

In the proposed method, this work is calculated for the conducting phase after the
turn-off angle. The area under the T-t curve is divided into two sections after the
turn-off angle; between turn-off angle and the alignment position, and the other one
between the alignment position and the point in which phase current reaches zero.
It is obvious that the former area will be positive, however, the latter will be
negative. The negative work (and the negative produced torque) which is done by
the excited phase after the alignment position has to be compensated by another
phase. If this negative area gets bigger, then a large extra torque will be needed to
be developed by the upcoming phase. This requires higher phase current and again
lower efficiency. In the proposed method, at the specific electrical angle in which
the negative work (after the alignment position) becomes equal to the positive work
(before the alignment position), the phase will be shut down. This is shown in
Figure 6.1. Areas A1 and A; are equal and the phase is shut down at 6ot Which is
shown on the figure. In the ideal case, area Az has to be equal to A> to compensate
for the negative torque, and hence to deliver the reference torque on the shaft.
However, the upcoming phase cannot compensate for all the negative torque

especially at higher speeds, so, |45| < |42] = |A4].
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Figure 6.1: Representation of the optimality condition for the second proposed
online turn-off angle control method

The turn-off angle usually lies in the interval of [90°, 180°]. In the proposed
scheme, A1 and A; are calculated from the predicted freewheeling phase current
and predicted phase torque at each sampling interval. The phase voltage equation
after the turn-off angle is given in equation (5.1). Similar to the previous chapter,
the current at a future step j (i;) can be predicted by solving this differential
equation. The closed form solution for this differential equation is given in equation
(5.2). At every sampling instant, the current ij is predicted until its value becomes
zero. The torque is also estimated using the torque-position-current LUT. The area
under the torque curve is calculated using the midpoint integration rule. before the
alignment position (0e=180°), torque is positive. The torque area becomes negative
once the rotor passes the alignment position. This process is repeated at each

sampling instant until the desired optimality condition (A1=A>) is met. The rotor
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angle corresponding to the sampling instant meeting the condition (A1=A>) is the
optimal turn-off angle. Therefore, the outgoing phase is turned-off at this sampling
instant. Note that the flowchart of the second online method is very similar (except
for the optimality condition) to the first proposed online method presented in Figure

5.2.

6.2 Simulation results

The proposed method is implemented in MATLAB/Simulink. The simulation
results of the test SRM1 for nr=2000 rpm and Trei=3 Nm are given in Figure 6.2.
Similar to the previous simulations, the sample time and maximum switching
frequency are set to 50 ps and 20 kHz respectively. It can be observed that the turn-
ff angle is adjusted to be 169.8° (175.3° with FCS-MPC without turn-off angle
control) using the proposed method. To track the desired reference torque, the turn-
on angle is automatically adjusted to be 47.71° (48.1° with FCS-MPC without turn-
off angle control). Comparing the results with the conventional FCS-MPTC reveals
the effective reduction in phase negative torque and hence the rms current under

similar operating conditions.

74



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

X 169.8
15 Y 13.92

ISy

w

Phase Torque ( N.m. )
)

S

[ Y 0.02207
X 47.71
~ Yo

i

L L L L L L L
50 100 150 200 250 300 350

. . . . . . .
0 50 100 150 200 250 300 350 Electrical Angle ( deg. )
Electrical Angle ( deg.)
25 T T T T T T ] T T T T Ty
ase ~ ——— Phase B
<20 g6 Phase C
z —-—-—Reference total torque
E15 T4 B
AT TR -
g o
g 5 H]
£
B o — AV—[—
~
0 v |4
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (sec) %107 Time (sec) %107

Figure 6.2: Simulation results of the test SRM1 with the second online method at
Nrer=2000 rpm (low-speed) and Trr=3 Nm; (a) torque, (b) phase current in one
electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents, and (e)
phase torques.

To investigate the effectiveness of the proposed method at high-speed region, the
same simulations are repeated for nr=6000 rpm (base-speed) and Trer=1.5 Nm. The
results are presented in Figure 6.3. The turn-off angle is effectively advanced to
165.3° (it is 177.4° with FCS-MPC without turn-off angle control) to prevent the
negative torque production. The turn-on angle is also automatically reduced by
FCS-MPTC (43.49°, it is 50.69° with FCS-MPTC without turn-off angle control)
to deliver the desired average torque on the shaft. Significant improvement in terms
of average torque and torque ripple can be observed by comparing the results with
the conventional FCS-MPTC. A significant reduction in phase negative torque is
achieved compared to the conventional FCS-MPTC by adjusting the commutation

angles in the proposed method.
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Figure 6.3: Simulation results of the test SRM1 with the second online method at
nrer=6000 rpm (high-speed) and Tr=1.5 Nm; (a) torque, (b) phase current in one
electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents, and (e)
phase torques.

6.3 Experimental results

The experimental test results of the test SRM2 with the proposed second online
method at n,..; = 2000 rpm under the load torque of T;.., = 3 Nm are presented
in Figure 6.4. The look up table of the optimal turn-off angles in the entire torque
and speed ranges are calculated using the proposed method in simulations to be
used for experimental implementation of the proposed control scheme. Similar to
the previous experimental tests, the control frequency is set to 20 kHz. Due to the

lower phase back-emf at 2000 rpm, the phase current can quickly reach to zero after
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the turn-off angle (see Figure 6.4-b), and the phase negative torque is negligible as
can be seen in both Figure 6.4-c and e. Hence, similar to the conventional FCS-
MPTC, the optimal turn-off angle is adjusted to be close to the aligned position at
lower speeds with the proposed method. By comparing Figure 6.4-b and d with
Figure 4.9-b and d, it can be observed that the phase current peak is considerably
reduced with the proposed turn-off angle control strategy compared to the

conventional FCS-MPTC.
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Figure 6.4: Experimental test results of SRM2 with the second online method (20
kHz) at nr=2000 rpm (low-speed) and Trr=3 Nm; (a) torque, (b) phase current in
one electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents,
and (e) phase torques.

To investigate the performance of the proposed control method at higher speeds,

the experimental results of SRM2 are presented at n,.., = 4000 rpm under the load
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torque of T;.. = 3 Nm in Figure 6.5. According to Figure 6.5-a and Figure 4.10-a,
it can be observed that higher average torque can be achieved with the proposed
method compared to the conventional FCS-MPTC. By comparing the measured
phase currents in Figure 6.5-b and Figure 4.10-b, it can be understood that the
commutation angles are advanced with the proposed method to reduce the negative
phase torque. The current tail in the generating region is shorter compared to the
conventional FCS-MPTC resulting in a lower phase negative torque as can be seen
in both Figure 6.5-c and Figure 6.5-e. This reduction in the phase negative torque
leads to the reduction in the rms phase current as can be understood by comparing
Figure 6.5-b and d with Figure 4.10-b and d, respectively. Moreover, it can be also
observed that the phase current peak is significantly lower with the proposed
method compared to the conventional FCS-MPTC. Comparing the experimental
results of the second online method (Figure 6.5) with the first online method (Figure
5.7) reveals that the commutation angles are less advanced with the second online
method, resulting in a slightly larger phase negative torque with this method. On
the other hand, the torque production capability of SRM close to the aligned

position is better utilized with the second online method.
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Figure 6.5: Experimental test results of SRM2 with the second online method (20
kHz) at nrer=4000 rpm and Tre=3 Nm; (a) torque, (b) phase current in one
electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents, and (e)
phase torques.

6.4 Summary

In order to improve the performance of the first online method, presented in
Chapter 5, the second online adaptive commutation angle control method with
modified optimality condition is proposed in this chapter. The optimality condition
is based on the balance between the positive work and the negative work done by
the conducting phase after the turn-off angle. The simulation results of the test
SRM1 reveal the superior performance of the proposed method compared to the
conventional FCS-MPTC at base-speed in terms of torque ripple, average torque,
and phase negative torque. Comparing the experimental results of the test SRM2
with the conventional FCS-MPTC shows that a smaller negative torque can be

achieved by the proposed method by advancing the commutation angles at higher
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speeds. The proposed second online method has a less advanced turn-off angle, and
hence, a larger phase negative torque compared to the first proposed online method
especially at higher speeds. However, it has a better utilization of the torque
production capability of SRM close to the aligned position compared to the first
proposed online method. An offline multi-objective optimization-based method is
proposed in the next chapter to find the globally optimal turn-off angle and kypc

for FCS-MPTC of SRM drives in the entire torque and speed ranges.
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Chapter 7
Multi-Objective Optimization-Based Offline

Commutation Angle Control

In this chapter, an offline multi-objective optimization problem, with both average
torque tracking error and rms current minimization as optimization objectives, is
defined and solved to determine the globally optimal phase turn-off angle in FCS-
MPTC for SRM drives. The weighting factor in the objective function of FCS-
MPTC (kmec) is considered as the second optimization variable. A parametric
sweep is carried out to analyze the effect of changing the optimization variables on
the performance of the test SRM1. After presenting the optimization results and the
pareto-front analysis for both SRM1 and SRM2, the optimal solution to the multi-
objective optimization problem is selected. The performance of the proposed
optimization-based offline method is then validated by presenting the simulation
results of the test SRM1 for the selected optimal points. Finally, the experimental

test results of the test SRM2 for the selected optimal points, found based on multi-

81



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

objective optimization, are presented to experimentally validate the performance of

the proposed commutation angle control scheme.
7.1 Multi-objective optimization problem

The optimal turn-off angle is determined in both proposed online methods based on
a defined optimality condition, however, it is not proven whether the obtained turn-
off angle is the globally optimal commutation angle or not. Besides, the weighting
factor (kmpc) of the objective function of FCS-MPTC is kept constant in all the
simulations and experimental results for online methods. Note that changing the

weighting factor will affect the performance of the controller.

7.1.1 Objective function of optimization problem

A multi-objective optimization problem is formulated and solved in this chapter to
find the globally optimal turn-off angle and kwec in the entire torque and speed
ranges to achieve the desired performance. Delivering the average torque on the
shaft while minimizing the rms phase current are considered as two objectives of

the optimization as

(Tavg - Tref)2
Trzgted (7.1)
fz _ Irms

fi=

s
where Trated and Imax, Which are used for normalization of the objective functions,

are rated torque and maximum current amplitude limit of the test SRM respectively.
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7.1.2 Selection of optimization variables

The variables of the optimization are the phase turn-off angle (6,5¢) and the
weighting factor (kmec) used in the objective function of FCS-MPTC. The optimum
kmec is selected to make a trade off between minimized rms current (also more
smooth current) and torque tracking with minimum steady state error. The
simulation results of SRM1 for kmpc=0.2 and kmpc=20 (nrer=2000 rpm, Trer=3 Nm)
under maximum switching frequency of 20 kHz using the proposed first online

adaptive angle control are given in Figure 7.1 and Figure 7.2 respectively.
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Figure 7.1: Simulation results of the test SRM1 with the proposed first online
method with kmpc=0.2 at ner=2000 rpm and Tre=3 Nm; (a) torque, and (b) phase
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Figure 7.2: Simulation results of the test SRM1 with the proposed first online
method with kmpc=20 at ner=2000 rpm and Trer=3 Nm; (a) torque, and (b) phase
current in one electrical cycle.
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It can be observed from Figure 7.1 that a lower kmpc results in extra undesirable

switching which increases both switching and copper losses. On the other hand, a
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higher kvrec leads to a smoother current as can be seen in Figure 7.2-b, however,
there is a steady state torque error (see Figure 7.2-a) as the importance of the
average torque tracking term has been reduced compared to the rms current

minimization term by increasing Kmpc.

7.1.3 Parametric sweep by varying optimization variables

To observe the effect of variations in 6otf and kmec on performance of SRM1, a
parametric sweep is carried out by varying 90°< Oof <180° and 0< kmpc <50. The
simulation results at nr=2000 rpm and Tr=3 Nm are presented in Figure 7.3. It
can be observed from Figure 7.3-a that maximum torque is achieved when Kwrc is
close to zero and 6off IS near 180°. However, rms current is higher when Ooff IS very
close to 180° (see Figure 7.3-b) as the current extends to inductance falling region
leading to negative torque production. Moreover, it is observed from Figure 7.3-c
that thermal limit of the SRM due to peak current constraint (Imax=21 A) has an
important effect in determining the optimal feasible operating point. Torque ripple
is also reduced by selecting kmpc close to zero and 6Ooff close to 180°. However, it is
high when 8ot is in [175°,180°] interval due to negative torque as can be seen in
both Figure 7.3-d and Figure 7.3-e. As the desired reference torque is achieved
when 0off IS very close to the aligned position (180°), it can be concluded that, at
lower speed region, the turn-off angle with the conventional FCS-MPTC without

turn-off angle control is close to the globally optimal turn-off angle point.
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Figure 7.3: Performance calculation results of the test SRM1 with a parametric
sweep over Botf and kmrc at nrer=2000 rpm (low-speed) and Trr=3 Nm; (a) average
torque, (b) rms current, (c) peak current, (d) torque ripple (%), and (e) torque
ripple (rms).

The same parametric sweep is carried out for SRM1 by varying 90°< 0ot <180° and

0< kmpc <30 at nrer=6000 rpm and Trer=1.5 Nm. The results are given in Figure 7.4,
85



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

Due to higher back-emf at 6000 rpm, the phase current needs more time to decay,
S0 the maximum average torque is achieved around 0o1=165° and kmpc=0 as seen
in Figure 7.4-a. The average torque decreases by increasing kmpc. On the other
hand, the rms current increases by reducing the weighting factor for current
minimization term (kmpec) based on Figure 7.4-b. When kmpc=0 the rms current has
a minimum around 0o=155°. As the SRM1 has lower torque production capability
close to unaligned position, the peak phase current is high when turn-off angle is
excessively advanced as can be observed from Figure 7.4-c. Torque ripple also
increases by selecting 0ot Very close to the aligned position (180°) based on both
Figure 7.4-d and Figure 7.4-e because of the high-speed operation, the higher back-
emf, the longer required time for current decay and consequently the larger negative

torque.
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Figure 7.4: Performance calculation results of the test SRM1 with a parametric
sweep over Boff and kmpc at nrer=6000 rpm (high-speed) and Trei=1.5 Nm; (a)
average torque, (b) rms current, (c) peak current, (d) torque ripple (%), and (e)
torque ripple (rms).

Note that rms torque ripple (ATms) iS @ measure of the output torque quality. It

represents how far the instantaneous torque is from the average torque [7]. ATms IS

calculated using

ATyps =

87
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where T(0) is the torque waveform as a function of rotor position. (82-01) is equal

to one full electrical cycle. Tayg is the average torque over one electrical cycle as

1 6
Tavg = ﬁfef T(Q)d@. (7.3)

Torque ripple is usually defined as the function of (Tmax-Tmin) Over Tayg in the

literature as

Thax — T
ercent — 100 % max min

AT,
Tavg

D (7.4)

where Tmin and Tmax Stand for the minimum and maximum of the instantaneous total
torque, respectively. In this thesis, both ATwms and ATpercent are calculated and

compared for different control methods. Finally, rms current is calculated using

0, (. 2
Lyms = \/ﬁ I (iphase () d6. (7.5)

7.2 Optimization results for SRM1

A constrained multi-objective genetic algorithm optimization is carried out for
SRM1 considering both peak current (Imax<21 A) and rms current (Irms<14.15 A)
limits. A comprehensive guide on genetic algorithm optimization can be found in
[85]. Required simulations in the optimization process are done under maximum
switching frequency of 500 kHz to eliminate the effect of sampling. Optimum
90°<001r<180° and 0<kmpc<200 are determined for different reference torque and
reference speed levels covering all operating regions of SRM1. The objective

function for multi-objective optimization is formulated as
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Tav - Tre 2 Izms
fea=whi+ (A —w)f, :W<( ?z 2 >+(1—W) <12 ) (7.6)
rated max

where w is the weighting factor varying in the interval of [0,1] to change the
importance of average torque tracking term compared to rms current minimization
term. Number of populations, number of stall generations, objective function

tolerance and number of elite count are set to 300, 12, 0.05 and 5 respectively.

In the optimization process for each reference torque and reference speed point, GA
runs Simulink to calculate performance of SRM for all the individual populations
(0ofr, kmpc) of the corresponding generation. 5 populations with lower fitness
function (fca) values are survived to the next generation. Other populations in the
next generation are constructed using mutation and cross over functions of GA.

This process is repeated until the desired stopping criteria is met.

The optimization results for SRM1 at 2000 rpm for different reference torque levels

are given in Figure 7.5.
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Figure 7.5: Multi-objective genetic algorithm (GA) optimization results for SRM1
at nrer=2000 rpm (low-speed); (a) optimum turn-off angle, (b) optimum kwpc, (C)
average torque, (d) rms current, (e) torque ripple (%), and (f) torque ripple (rms).

The optimization results for SRM1 at 6000 rpm are presented in Figure 7.6.
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Figure 7.6: Multi-objective GA optimization results for SRM1 at nrr=6000 rpm
(high-speed); (a) optimum turn-off angle, (b) optimum kwmec, (C) average torque,
(d) rms current, (e) torque ripple (%), and (f) torque ripple (rms).

Turn-off angle increases by increasing w based on Figure 7.5-a and Figure 7.6-a to

utilize maximum torque production capability of SRM. On the other hand, kmec is
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reduced to decrease the effect of the instantaneous current minimization term in the
objective function of FCS-MPTC (Figure 7.5-b and Figure 7.6-b). It can be
observed from both Figure 7.5-c and Figure 7.6-c that good average torque tracking
is achieved when w = 1. However, rms current is also maximized with this
weighting factor as seen in Figure 7.5-d and Figure 7.6-d. By increasing w the
importance of average torque tracking term increases and hence a better torque
quality is achieved. So, torque ripple is reduced as w changes from 0 to 1 based on
Figure 7.5-e,f and Figure 7.6-e,f. Because delivering the desired torque on the shaft
is considered as the first priority, w is preferred to be as close as possible to 1.
Based on Figure 7.1, it can be seen that a very low kwvpc leads to excessive
undesirable switching which has to be avoided. The optimum w is selected to be
0.8 by making a compromise between maximizing average torque tracking and the

smoothness of the current.

7.2.1 Pareto-front analysis of multi-objective optimization for

SRM1

In order to choose an optimal weighting factor for GA optimization in the entire
operating range of SRM, the pareto front of the multi-objective optimization is
presented in this section for different operating regions of SRM1. Note that the

rated torque of the test SRM1 is 3.8 Nm.
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1) High torque at base speed (3Nm at 6000 rpm)

The pareto front of the multi-objective optimization at 6000 rpm under 3 Nm is

presented in Figure 7.7.
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Figure 7.7: Pareto front of multi-objective optimization for SRM1 at 6000 rpm

under 3 Nm; (a) variation of optimal turn off angle on pareto front, (b) variation

of optimal ky,pc On pareto front, (c) variation of f; with optimization variables,
and (d) variation of £, with optimization variables.

2) High torque at low speed (3 Nm at 2000 rpm)

The results at 2000 rpm under load torque of 3 Nm are presented in Figure 7.8.
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3) Low torque at base speed (1Nm at 6000 rpm)

The pareto front of the multi-objective optimization at 6000 rpm under 1 Nm is

presented in Figure 7.9.
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Figure 7.9: Pareto front of multi-objective optimization for SRM1 at 6000 rpm
under 1 Nm; (a) variation of optimal turn off angle on pareto front, (b) variation
of optimal k,,p- on pareto front, (c) variation of f; with optimization variables,
and (d) variation of £, with optimization variables.

4) Low torque at low speed (1 Nm at 2000 rpm)

Finally, the pareto front of optimization at 2000 rpm under load torque of 1 Nm is

given in Figure 7.10.
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Figure 7.10: Pareto front of multi-objective optimization for SRM1 at 2000 rpm

under 1 Nm; (a) variation of optimal turn off angle on pareto front, (b) variation

of optimal ky,pc On pareto front, (c) variation of f; with optimization variables,
and (d) variation of £, with optimization variables.

According to Figure 7.7-Figure 7.10, some gaps are observed on the pareto fronts
of the optimizations. In this thesis, the gaps on the pareto fronts have been reduced
by increasing the number of populations of the multi-objective optimization.
However, searching for gaps algorithms [86] can also be implemented to further
minimize the gaps on the pareto fronts of the optimizations. Note that in the
optimization problem the torque tracking is considered as the primary objective
with rms current minimization as a side objective. Therefore, the purpose is to
achieve a minimized f1 to have a torque tracking with minimized steady state error.
Based on the pareto front results provided for different operating points in the entire
operating region of SRM1 up to the base speed, it can be observed that as w
increases the torque tracking error is minimized, but the rms current increases. It

can be also observed that as w increases the optimal turn-off angle is pushed
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towards 180° electrical to use the maximum torque production capability of SRM.
On the other hand, optimal kmpc reduces which results in a higher rms current and
hence lower efficiency. According to the pareto fronts in the entire operating
region, as stated in the previous section, the weighting factor corresponding to the
optimal solution of the multi-objective optimization problem for SRML1 is selected
to be w = 0.8 in this thesis. The optimal solution corresponding to w = 0.8 is

shown on the pareto fronts provided in the entire torque-speed range (Figure 7.7-

Figure 7.10).

7.2.2 Contour plots of optimal solution for SRM1

The contour plots of the optimal solution of the genetic algorithm optimization with
w = 0.8 are presented in Figure 7.11 for the entire operating torque and speed
ranges of SRM1. Note that x and y axes of the graphs stand for reference speed and
average delivered torque respectively except for Figure 7.11-a in which y-axis

stands for the reference torque.
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Figure 7.11: GA Optimization results for SRM1 with w = 0.8; (a) average torque,
(b) optimum turn-off angle, (c) optimum kwmpec, (d) rms current, (e) torque ripple
(%), (f) torque ripple (rms), and (g) peak current.

It can be observed from Figure 7.11-a that the reference average torque cannot be
perfectly tracked especially at higher speeds. It means that there is a steady state
torque tracking error which increases by the speed. This is because FCS-MPTC
selects and applies the optimum switching state taking only one immediate future
step into consideration. As a result, FCS-MPTC does not have any information on
torque history and only instantaneous torque is considered. Moreover, based on the
construction of its objective function, FCS-MPTC aims to maximize torque
extraction while minimizing the rms current for a given reference torque. Hence,
the instantaneous torque is always equal (in the best-case scenario) or less than the
reference torque resulting in steady state torque error. Based on Figure 7.11-b, it
can be understood that optimal turn-off angle is mostly dependent on speed. In other

words, for constant speed, the optimal turn-off angle is almost constant as the
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reference torque increases. However, optimal kmpc is dependent on both speed and
torque based on Figure 7.11-c. Both turn off angle and kwrc are reduced as the
speed increases. Higher rms current is required as the torque increases as seen in
Figure 7.11-d. It can be understood from both Figure 7.11-e and Figure 7.11-f that
torque ripple increases as the motor moves into higher speed and higher torque
regions. Finally, it can be observed from Figure 7.11-g that the maximum current
amplitude (Imax=21 A) is the main limiting factor determining the maximum torque

production capability of the SRM over the operating speed range.

7.3 Simulation results for 12/8 2.3 kW SRM (SRM1)

The simulation results of the test SRM1 with the proposed offline multi-objective
optimization-based commutation angle control method at nrr=2000 rpm and Tre=3
Nm are given in Figure 7.12. The optimal turn-off angle and kvpc at this operating
point are 166.68° and 6.09 based on optimization results given in Figure 7.11.

Similar to all previous simulations, maximum switching frequency is set to 20 kHz.
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Figure 7.12: Simulation results of the test SRM1 with the proposed offline
optimization-based method at nre=2000 rpm (low-speed) and Trer=3 Nm; (a)
torque, (b) phase current in one electrical cycle, (c) phase torque in one electrical
cycle, (d) phase currents, and (e) phase torques.

It can be seen from Figure 7.12-b that by adjusting the turn-off angle to 166.68° the
turn-on angle is advanced by FCS-MPTC to 45.7° compared to FCS-MPTC without
commutation angle control (48.1°) to deliver the desired torque on the shaft. The
negative torque is considerably reduced as seen in Figure 7.12-c compared to the
existing FCS-MPTC resulting in lower rms current and better utilization of torque
production capability of the machine. The simulation results of the test SRM1 at
Nrer=6000 rpm and Trer=1.5 Nm are presented in Figure 7.13. Optimal turn-off angle
and weighting factor for FCS-MPTC are found to be 00+=150.39° and kmpc=2.93

based on the optimization results.
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Figure 7.13: Simulation results of the test SRM1 with the proposed offline

optimization-based method at nr=6000 rpm (base-speed) and Trr=1.5 Nm; (a)
torque, (b) phase current in one electrical cycle, (c) phase torque in one electrical
cycle, (d) phase currents, and (e) phase torques.

It can be seen from Figure 7.13-a that torque ripple and torque quality are

significantly improved compared to the existing FCS-MPTC without commutation

angle control. The phase turn-on angle is advanced by FCS-MPTC to 36.29° as

seen in Figure 7.13-b (it is 50.69° with the existing FCS-MPTC) to deliver the

desired average torque on the shaft. It can be observed from Figure 7.13-c that

negative torque is effectively reduced in high-speed region compared to FCS-

MPTC without turn-off angle control. Hence, there is a considerable improvement
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in SRM performance at 6000 rpm (base-speed) compared to the conventional FCS-

MPTC without tun-off angle control.

7.4 Optimization results for SRM2

A similar constrained multi-objective optimization problem is formulated and
solved for SRM2 to determine the optimal turn-off angle and k,,p. (optimization
variables) on the pareto front of the optimization at both low speed (1000 rpm) and
base speed (5000 rpm) operating points. Similar to the previous case, functions f;
and f5, given in equation (7.1), are used to construct the objective function for the
multi-objective optimization problem (f;,), presented in equation (7.6). The
weighting factor (w) dictates the importance of the average torque tracking term
with respect to rms current minimization term. The configurations of the multi-

objective optimization are set similar to the previous case.

7.4.1 Pareto front analysis of multi-objective optimization for

SRM2

The pareto front of the multi-objective optimization at low speed (1000 rpm) under
reference torque of 3 Nm is presented in Figure 7.14. The variation of the optimal
turn-off angle and kyp are shown on the pareto front in Figure 7.14-a and b,
respectively. It can be observed that as w increases, the optimal turn-off angle is
increased to maximize the average output torque. On the other hand, the optimal

100



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

kypc 1s reduced resulting in a higher rms current. The optimal solutions
corresponding tow = 0.4,0.7,0.8,0.9 and 1 are also marked on the pareto fronts.
The trajectory of the optimal solutions along with the variation of f; and f, are

presented in Figure 7.14-c and d, respectively.
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Figure 7.14: Pareto front of multi-objective optimization for SRM2 at 1000 rpm

under 3 Nm; (a) variation of optimal turn off angle on pareto front, (b) variation

of optimal ky,pc On pareto front, (c) variation of f; with optimization variables,
and (d) variation of £, with optimization variables.

The optimization results at the base speed (5000 rpm) under reference torque of
3 Nm are presented in Figure 7.15. The variation of the optimal turn-off angle and
optimal kypc are shown on the pareto fronts in Figure 7.15-a and b, respectively.
Similar to the low-speed operation, as w increases, the optimal turn-off angle is
increased and the optimal k,,p is reduced. The variation of f; and f, are shown on

the trajectory of the optimal solutions given in Figure 7.15-c and d, respectively.
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Figure 7.15: Pareto front of multi-objective optimization for SRM2 at 5000 rpm

under 3 Nm; (a) variation of optimal turn off angle on pareto front, (b) variation

of optimal ky,pc On pareto front, (c) variation of f; with optimization variables,
and (d) variation of £, with optimization variables.

As stated earlier, torque tracking term (f;) is considered the primary objective for
this multi-objective optimization problem. The best torque tracking is achieved
when the weighting factor (w) is set to 1. However, as discussed earlier, this
condition results in undesirable switchings, non-smooth phase currents, higher rms
phase current, and consequently, lower efficiency. In order to overcome this issue,
the weighting factor (w) is selected as close as possible to 1 to have the minimum
torque tracking error while achieving a smooth phase current waveform.
Considering the optimization results at both low speed and base speed given in
Figure 7.14 and Figure 7.15, respectively, the optimal weighting factor for SRM2

is selected to be w = 0.9 in the entire speed range.
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7.4.2 Counter plots of optimal solution for SRM?2

The counter plots of the GA optimization results with the selected optimal
weighting factor of w = 0.9 are demonstrated in Figure 7.16. In all the figures, the
horizontal axis represents the speed, and the vertical axis represents the shaft
torque, except for Figure 7.16-a in which the vertical axis shows the reference
torque. It can be concluded from Figure 7.16-a that the torque tracking error
increases at higher speeds. In other words, a higher reference torque is needed to
achieve a specific shaft torque at higher speeds. According to Figure 7.16-b, the
optimal turn-off angle decreases by increasing the speed to limit the negative phase
torque production in the generating region. The optimal k. is dependent on both
torque and speed as shown in the counter plots given in Figure 7.16-c. It can be
understood from Figure 7.16-d that the rms phase current increases almost linearly
with torque in the low-speed region. According to the counter plots of both
percentage of torque ripple and rms torque ripple, presented in Figure 7.16-e and f
respectively, it can be understood that the torque ripple increases with both speed
and torque. Finally, Figure 7.16-g represents the counter plots for the peak phase

current and its increase with the torque level.

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
speed (rpm)

(@)
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Figure 7.16: GA Optimization results for SRM2 with w = 0.9; (a) average torque,
(b) optimum turn-off angle, (c) optimum kwmpc, (d) rms current, (e) torque ripple
(%), (f) torque ripple (rms), and (g) peak current.

7.5 Experimental results for 12/8 5.5 kW SRM (SRM2)

The experimental test results at n,., = 2000 rpm (low speed) under the load
torque of T,..r = 3 Nm are presented in Figure 7.17. Similar to the previous
experimental results, the control frequency is 20 kHz. The optimal turn-off angle
and kmec (with w=0.9) at n,.., = 2000 rpm with the reference torque of T;.., =
3 Nm are 147.27° and 1.26, respectively. Comparing Figure 7.17-b and Figure 4.9-

b reveals that the optimal turn-off angle is slightly advanced with the proposed
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offline method compared to the conventional FCS-MPTC. As a result, the phase
current peak is considerably reduced compared to the conventional FCS-MPTC as
can be understood by comparing Figure 7.17-b and d with Figure 4.9-b and d,
respectively. The negative phase torque is negligible according to both Figure 7.17-

c and e, as the SRM operates at low-speed.
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Figure 7.17: Experimental test results of SRM2 with the proposed offline
optimization-based method (with w=0.9 at 20 kHz) at nr=2000 rpm (low-speed)
and Tre=3 Nm; (a) torque, (b) phase current in one electrical cycle, (c) phase
torque in one electrical cycle, (d) phase currents, and (e) phase torques.

The experimental results of the test SRM2 for the optimal solution (with w=0.9) at

Nyer = 4000 rpm under the load torque of T;.., = 3 Nm are presented in Figure
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7.18. The optimal turn-off angle and kmec are 143.16° and 0.5, respectively.
Comparing Figure 7.18-b with Figure 4.10-b reveals that the commutation angles
are advanced with the proposed method to reduce the current tail in the generating
region after the phase is turned off, and hence to reduce the phase negative torque
(see Figure 7.18-c and e). Besides, the phase current peak is significantly reduced
compared to the conventional FCS-MPTC as can be understood by comparing
Figure 7.18-b and d with Figure 4.10-b and d, respectively. According to Figure
7.18-a and Figure 4.10-a, there is a significant improvement in the average torque
with the proposed method. By comparing the measured phase current in Figure
7.18-b with both Figure 5.7-b and Figure 6.5-b, it can be concluded that the optimal
phase turn-off angle with the proposed offline method is bigger than the turn-off
angle with the first online method and smaller than the turn-off angle with the

second online method.
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Figure 7.18: Experimental test results of SRM2 with the proposed offline
optimization-based method (with w=0.9 at 20 kHz) at nrer=4000 rpm and Tret=3
Nm; (a) torque, (b) phase current in one electrical cycle, (c) phase torque in one

electrical cycle, (d) phase currents, and (e) phase torques.

7.6 Summary

An offline multi-objective optimization-based commutation angle control method
is proposed in this chapter for FCS-MPTC of SRM drives. The multi-objective
optimization problem with two objective functions (average torque tracking and
rms current minimization) is formulated and solved using GA optimization to
determine the optimal turn-off angle and kmpc in the entire operating torque and
speed ranges of SRM. The optimal solution is selected after analyzing the pareto-
front of the optimization problem. After presenting the contour plots of the optimal
solution, the simulation results of the test SRM1 on two selected points are given
to validate the performance of the proposed offline turn-off angle control method.
Finally, the experimental results of SRM2 at two selected optimal points (low-
speed and high-speed) show the effectiveness of the proposed offline method in
adaptively controlling the commutation angles compared to the conventional FCS-

MPTC.

107



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

Chapter 8
Performance Comparison of the Proposed

Commutation Angle Control Methods

In this chapter, after a brief description of the indirect average torque control
method with optimized conduction angles and presenting the corresponding
simulation and experimental results, a quantitative comparison is carried out
between the conventional FCS-MPTC, the proposed methods, and the conventional
indirect average torque control with optimized angles based on simulation results
for the test SRM1. Then, the simulation results of the test SRM1 for both
conventional and predictive (both conventional and the proposed) torque control
methods are also presented under speed dynamics. The results are then compared
and discussed. Finally, a comprehensive comparative analysis is carried out based
on the experimental results of the test SRM2 for conventional FCS-MPTC, the

proposed methods, and the optimized hysteresis controller.
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8.1 Indirect average torque control with optimized

conduction angles

As the indirect average torque control is the mostly used control scheme for SRM
in both literature and industrial applications, the simulations and experimental
results of FCS-MPTC with and without commutation angle control are compared
to the optimized indirect average torque controller. Indirect average torque
controller in not capable of shaping the phase current and the current is controlled
to follow a pre-defined reference current in the conduction period. However, the
phase current is shaped using FCS-MPTC by selecting the optimal switching state
at each sample time to achieve the desired performance. Either PWM or hysteresis
current controller can be implemented to track the reference current. SRM can be
controlled using conventional indirect average torque controller if three control
parameters (-90° < Bon < 90°, 90° < Bofr < 180°, 0 < Iref < Imax) are known. GA
optimization is used to determine the optimal control parameters to achieve the

desired performance dictated by the objective function of GA as

12
fGA,hyst = (Tavg - Tref)z + O-5< Tms) + 0-1(ATrms)2 (8.1)

2
Imax

under maximum rms current limit (Irms < 14.15 A) of the reference SRM1. For a
specific operating point (reference torque and reference speed), GA optimization is
run to find the optimum control parameters (Oon, Ooff aNd lref). The weighting factors

are selected by trial and error in a manner to give the highest priority to average
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torque tracking term. The weight of rms current minimization term is set to be half
of the average torque tracking term. Torque ripple minimization term has the lowest
weighting factor. Number of populations, number of stall generations, objective
function tolerance and number of elite count are set to 100, 30, 0.01 and 10,

respectively.

8.1.1 Simulation results

The simulation results of the optimized indirect average torque controller with
hysteresis current control (soft switching) for SRM1 at nre=2000 rpm and Tre=3
Nm are presented in Figure 8.1. The optimal control parameters are found to be
Bon=22.73°, 0o1=166.6° and ler=13.17 A. Similar to FCS-MPTC soft switching is
implemented and the hysteresis band is set to be within 2% of the reference current

in both sides.
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Figure 8.1: Simulation results of the test SRM1 with optimized hysteresis
controller at ner=2000 rpm (low-speed) and Trr=3 Nm; (a) torque, (b) phase
current in one electrical cycle, (c) phase torque in one electrical cycle, (d) phase
currents, and (e) phase torques.
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It can be observed that the optimized hysteresis controller has a wider conduction
period at 2000 rpm than FCS-MPTC leading to higher rms current. The turn-on
angle is advanced more in optimized hysteresis controller compared to FCS-MPTC.
The simulation results of the optimized hysteresis controller for SRM1 at nrer=6000

rpm and Tre=1.5 Nm are given in Figure 8.2.
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Figure 8.2: Simulation results of the test SRM1 with optimized hysteresis
controller at ner=6000 rpm (base-speed) and Trer=1.5 Nm; (a) torque, (b) phase
current in one electrical cycle, (c) phase torque in one electrical cycle, (d) phase

currents, and (e) phase torques.

L

It can be seen that the optimized turn-on angle is advanced more using the indirect
average torque controller compared to FCS-MPTC. However, the optimized turn-
off angle with indirect average torque controller is very close to both proposed
online and offline FCS-MPTCs leading to a wider conduction period with

optimized indirect average torque control.

8.1.2 Experimental results

A similar genetic algorithm optimization problem is formulated and solved for
SRM2 to determine the optimal control parameters (8on, 6off and lref). LOOK up tables
of optimal control parameters (3, 2-D look up tables) in the entire operating torque
and speed ranges are obtained to be used in the experimental implementations. The

optimal turn-on angle, turn-off angle and the reference current at n,.., = 2000 rpm
(low-speed) under the load torque of T,..; = 3 Nm are Oon =24.41°, Ooff =162.78°,

and lrer =52.01 A, respectively. The experimental test results at this operating point

are presented in Figure 8.3. Note that soft switching is implemented to control the
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phase currents. Similar to all the previous experimental tests for predictive torque

control methods, the control frequency is set to 20 kHz.
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Figure 8.3: Experimental test results of SRM2 with the optimized hysteresis
controller (20 kHz) at nrr=2000 rpm (low-speed) and Tr=3 Nm; (a) torque, (b)
phase current in one electrical cycle, (c) phase torque in one electrical cycle, (d)

phase currents, and (e) phase torques.

It can be observed from Figure 8.3-b that optimized hysteresis controller is not
capable of shaping the phase current and the current is tracking a pre-determined
reference value inside the conduction period. Moreover, it can be seen that the
phase current can quickly decay to zero after the turn-off angle. According to Figure
8.3-c and e, it can be understood that the negative phase torque is negligible for

SRM2 at 2000 rpm (low-speed).
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The experimental test results of SRM2 at n,.., = 4000 rpm under the load torque
of .. = 3 Nm are presented in Figure 8.4. The optimal control parameters at this

operating point are found to be Bon =22.05°, B0t =159.3°, and lref =52.83 A.

IS

w

Torque (Nm )
~

—_

Measured
- = —Reference

0 1 2 3 4 5
Time ( sec) %107

(@)

T
Measured |
— — —Reference total torque

o

=

EN
T

'S
=)
T
w

N
=3

Phase Current (A)

Phase Torque (Nm )
~

1}
0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Electrical Angle ( deg.) Electrical Angle ( deg.)
—_ - Phase A Phase B Phase C - - -Reference‘
< 60 1 g
- z 4
§40 1 S N /WR-7o VR TV -
s )
< £
2 20 Phase A 2
s Phase B 2
£ S =0 -
0 2 e Phase C A
L L :
0 1 2 3 4 5 0
Time ( sec) %107 Tlme (sec )
(d) (e)

Figure 8.4: Experimental test results of SRM2 with the optimized hysteresis
controller (20 kHz) at nrer=4000 rpm and Tr=3 Nm; (a) torque, (b) phase current
in one electrical cycle, (c) phase torque in one electrical cycle, (d) phase currents,

and (e) phase torques.

It can be concluded from Figure 8.4-b that the phase current cannot quickly decay
to zero after the phase is turned off, and there is a current tail in the inductance
falling region resulting in the phase negative torque as can be observed in both

Figure 8.4-c and e.
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The performance of the optimized hysteresis controller for both SRM1 and SRM2

will be compared to the conventional FCS-MPTC and the proposed control

methods in this chapter.

8.2 Performance comparison for SRM1 at 2000 and

6000 rpm

The simulated performance of the reference SRM1 is summarized in Table 8.1 for

FCS-MPTC with and without proposed turn-off angle control and optimized

indirect average torque control with hysteresis current controller under load torque

of 3.6 Nm (rated torque) at both 2000 rpm and 6000 rpm (base-speed).

Table 8.1: Comparison of the simulation results for SRM1 with the conventional
FCS-MPTC, the proposed online and offline methods and the optimized
hysteresis controller

Performance parameters ((—Z‘e|[(J-Z‘nC Ooff Iref Tavg Irms Tripple Tripple

P deg). (elec. deg)| (A) [(Nm)| (A) | (%) [ (rms)

Conventional FCS-MPTC 36.5 169.7 === 3.388.96 | 50.76 |0.2875

2000 First proposed online method [32] | 37.92 158.5 3.41]8.85|53.87 |0.3687
nr;pm Second proposed online method 46 169.5 --- 3.35]8.78 | 53.5 |0.3137
Tref=3.6 Proposed offline method (w=0.8) | 42.9° 165.19° --- 3.26]8.49| 48.6 | 0.305
Nm Proposed offline method (w=1) | 4042 | 163.92° 3.45]8.83 | 46.2 |0.3082
ClpimiEd '”dc'gflf:oal"eragetorq“e 3094 | 16739 | 1475 |3.67|9.22 6555 |0.4157
Conventional FCS-MPTC 30 173 === 1.99110.64{219.04(1.1186

~6000 First proposed online method 21.31 137.4 2.98|8.81[97.26 |10.7412
nr; m Second proposed online method | 35.14 151.5 3.2419.35]69.98 |0.5794
T f:3 6 Proposed offline method (w=0.8) | 27.94 | 149.62° 3.2719.23 | 69.2 |0.5508)
rel}\lm. Proposed offline method (w=1) 28.8 154.64° --- 3.53]10.15] 59.4 ]0.4795
Colliizes '”igﬁf:o‘i"eragetorq“e 2016 | 15124 | 1666 |3.17|9.67|57.02 |0.4201

The optimal turn-off angle and kmpc at 2000 rpm in the offline method with w=0.8

are 165.19° and 7.02, respectively. These values are 163.92° and 2.6 if w=1 is used
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in the offline method. At 6000 rpm, optimized turn-off angle and kvec are 149.62°
and 1.71, respectively, in the offline method with w=0.8. With w=1, these values

are 154.64° and 0.2896, respectively.

The variation of both turn-off angle and turn-on angle versus speed are plotted for
the conventional FCS-MPTC and the proposed online and offline (with w=0.8)

methods. The results are presented in Figure 8.5.
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Figure 8.5: Variation of commutation angles versus speed for SRM1; (a) phase
turn-off angle, and (b) phase turn-on angle.

<

The incapability of the conventional FCS-MPTC in controlling the commutation
angles can be understood from this figure. On the other hand, it can be observed
that the commutation angles are effectively advanced using the proposed online and

offline methods as speed increases. The optimal commutation angles with the
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second online method are closer (compared to the first online method) to the

commutation angles of the proposed offline method.

For a better comparative illustration, the variation of average torque, rms current,
rms torque ripple, and the percentage of torque ripple, reported in Table 8.1, are
plotted in bar charts at both 2000 and 6000 rpm. The results are presented in Figure

8.6.
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Figure 8.6: Performance comparison for SRM1 with the indirect average torque
control, the conventional FCS-MPTC, and the proposed methods; (a) average
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Considering Table 8.1, Figure 8.5 and Figure 8.6, the superior performance
achieved with the proposed online and offline turn-off angle control methods can
be observed by comparing the results with the conventional FCS-MPTC at 6000
rpm (base-speed). The second proposed online method shows better performance
in terms of average output torque and torque ripple compared to first proposed
online method and the conventional FCS-MPTC. Comparing the results of the
second proposed online method with the offline optimization-based method with
w=0.8 shows that both methods have almost similar performance at 6000 rpm. The
turn-on angle is 8° earlier with the offline method resulting in the longer phase
conduction period. The steady state average torque error which is considered as one
of the main drawbacks of FCS-MPTC is observed in almost all the proposed
techniques and the conventional FCS-MPTC. As stated earlier, by increasing the
importance of the torque tracking term in the objective function this steady state
torque error is reduced, however, less smooth current waveforms and extra

unnecessary switchings are observed which results in the degraded performance of
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the controller in terms of efficiency. As can be seen from the results of offline
method with w=1 (torque tracking is the only objective), the torque tracking error

is much lower compared to the other methods.

Comparing the results at 2000 rpm for conventional FCS-MPTC and the first
proposed online method reveals that a slightly higher average torque is achieved
with the online method, however, the rms current is lower. Hence, the first online
method outperforms the conventional FCS-MPTC in terms of copper losses and
torque tracking error. The second proposed online method results in a similar torque
ripple (%) with first online method, but a lower rms torque ripple, which is a
measure of torque quality in the SRM. The offline method with w=0.8 achieves the
best performance in terms of torque ripple compared to both online methods,
however, the average torque is slightly lower. This torque tracking error is

significantly reduced when offline method with w=1 is used.

All the proposed methods outperform the optimized hysteresis controller in terms
of torque ripple at 2000 rpm. However, at 6000 rpm the torque ripple is slightly
lower with the hysteresis controller with optimized conduction angles. Finally, all
the proposed online and offline methods show a better performance in terms of
torque tracking and achieving a lower torque ripple and rms current at 6000 rpm
compared to conventional FCS-MPTC. At 2000 rpm, the offline method has lower

percentage of torque ripple compared to conventional FCS-MPTC, however, the
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percentage of torque ripple is slightly higher with both proposed online

commutation angle methods.

The copper losses can be calculated using

P, = mRIZ, (8.2)

where the phase winding resistance and number of phases are R = 0.2117 Q and
m = 3 for SRM1. The calculated copper losses for the conventional FCS-MPTC,
the proposed methods and the optimized hysteresis controller are compared in bar
charts given in Figure 8.7. It can be observed that the proposed online and offline
methods have lower copper losses compared to the conventional FCS-MPTC and
the optimized hysteresis controller at both low-speed and base-speed. At base-
speed, the average torque is significantly higher with the proposed methods
compared to the conventional FCS-MPTC. At 2000 rpm, the average torque is
slightly higher with the optimized hysteresis controller compared to the proposed

predictive methods.
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Figure 8.7: Comparison of copper losses for SRM1 with the indirect average
torque control, the conventional FCS-MPTC, and the proposed methods.
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The ratio of average torque over rms phase current (Tyyg/l-ms), Which is a
representative of the torque production capability with the implemented control
scheme, is calculated for the conventional FCS-MPTC, the proposed methods and
the optimized hysteresis controller. The results are presented in Figure 8.8. It can
be observed that the torque per ampere ratio with the proposed methods at 2000 rpm
is slightly higher compared to the conventional FCS-MPTC and slightly lower than
the optimized hysteresis controller. However, at 6000 rpm, the torque per ampere
ratio is significantly higher with the proposed methods compared to the
conventional FCS-MPTC. The torque per ampere ratio of the proposed methods is

also higher compared to the optimized hysteresis controller.
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Figure 8.8: Comparison of torque per ampere ratio for SRM1 with the indirect
average torque control, the conventional FCS-MPTC, and the proposed methods.

As mentioned earlier, the steady state torque tracking error is considered as one of
the drawbacks of FCS-MPTC. In the proposed offline method, selecting w closer
to 1 will reduce the steady state torque error with FCS-MPTC, however, rms current
will increase and excessive undesirable switching will appear leading to a non-

smooth current waveform and additional switching losses. Average torque tracking
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capability of FCS-MPTC needs to be further improved, so that it could compete

with optimized hysteresis controller.

To have a better comparison and to be able to rank the methods, the normalized
performance results for the test SRM1 with conventional and proposed methods are
presented in Table 8.2. In this table, the method with the best performance in terms
of the specific performance parameter gets the score of 1. The scores for the other
methods are calculated considering how far its performance is from the best
achieved performance. Besides, the best scores and worst scores for each
performance parameter are highlighted with green and red, respectively. It can be
understood that the conventional FCS-MPTC has the worst performance at 6000
rpm. The proposed offline method achieves the best performance in terms of
average torque and torque per ampere ratio at 6000 rpm. The first online method
has the lowest copper losses. Note that optimized hysteresis controller outperforms
the predictive approaches in terms of both rms and percentage of torque ripple at
6000 rpm. At 2000 rpm, the proposed offline method achieves the best performance
in terms of copper losses and percentage of torque ripple. The optimized hysteresis
controller has the worst performance in terms of copper losses and torque ripple at

2000 rpm.

Offline and online computational burden of both conventional and predictive
methods are also compared in Table 8.2. The proposed offline method and

optimized hysteresis controller require time consuming offline optimizations in the
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entire operating ranges, however, the offline computational burden is low with the
proposed online methods and conventional FCS-MPTC. On the other hand, the
proposed online methods have a high online computational burden. The online
calculation burden is lower with the offline method and the conventional FCS-
MPTC. The optimized hysteresis controller has the lowest online computational

burden.

Table 8.2: Normalized performance comparison for SRM1 with the indirect
average torque control, the conventional FCS-MPTC, and the proposed methods.

Online | Offline

Tripple Tripple  [cOmputat| Computa
(%) (rms) ional tional

burden | burden

Conventional FCS-MPTC| 0.921 0.897 I- 0.957 1 medium low
nr=2000 First online method 0.93 0.92 0.967 | 0.902 0.78 high low

Performance parameters Tavg Peu Tavgllrms

T rf’_rg s | Second online method | 0.913 | 0.935 | 0.96 | 0.908 [ 0.917 | high | low
rer—o.
Nm Offline method 1 medium | high

Optimized hysteresis low high

Conventional FCS-MPTC
n=6000 First online method 0.911 1 0.955 0.586 | 0.567 high low

medium low

T rf’_rg s | Second online method | 0991 | 0.888 | 098 | 0.815 [ 0.725 | high | low
rer—o.
Nm Offline method 1 0.911 1 0.824 | 0.763 | medium| high

Optimized hysteresis 0.97 0.83 0.924 1 1 Low high

To compare the overall performance of the control methods at 2000 rpm, the spider
(radar) charts, presented in Figure 8.9, are plotted. To derive the spider charts, the
values of the specific control parameter for different methods are normalized with
respect to the control scheme achieving the best performance in terms of that
control parameter (the results are presented in Table 8.2). According to Figure 8.9,

the offline method achieves the best performance in terms of copper losses and
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percentage of the torque ripple. It can be concluded that the conventional FCS-
MPTC has a comparable performance with respect to the proposed methods at low-
speed. It even outperforms the proposed methods in terms of rms torque ripple. The
optimized hysteresis controller achieves the best performance in terms of average
torque and torque per ampere ratio, however, it has the worst performance in terms
of copper losses, percentage of torque ripple and rms torque ripple. There is not a
considerable difference between the performance of the proposed first and second
online methods except for the rms torque ripple; the second online method achieves

a lower rms torque ripple.

Average torque - ® - Conventional MPC
First Online

— B —Second online

—k— Offline

Hysteresis

avg/Irms Copper losses

Torque ripple (%) Torque ripple (rms)

Figure 8.9: Overall performance comparison for SRM1 at 2000 rpm with the
indirect average torque control, the conventional FCS-MPTC, and the proposed
methods.

A similar spider chart is plotted to compare the overall performance of different
control methods at 6000 rpm (base-speed). The spider chart is presented in Figure

8.10. It can be observed that the proposed online and offline methods have
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significantly better overall performance compared to the conventional FCS-MPTC.
The proposed second online method and the offline method reveal quite similar
performance at the base-speed, and they achieve the highest average torque and
torque per ampere ratio. The first proposed online method has the best performance
in terms of copper losses. The optimized hysteresis controller has the lowest torque
ripple (both rms and the percentage of torque ripple). Its overall performance
outperforms the conventional FCS-MPTC, however all the proposed predictive
approaches have higher torque per ampere ratio and lower copper losses compared
to the optimized hysteresis controller. It can also be understood that the second
online method and the offline method have better overall performance compared to
the first online method, except the first online method has a lower rms current

(copper losses).

Average torque - ® - Conventional MPC
First Online

— B -Second online

—k— Offline

Hysteresis

Copper losses

Torque ripple (%) Torque ripple (rms)

Figure 8.10: Overall performance comparison for SRM1 at 6000 rpm (base-
speed) with the indirect average torque control, the conventional FCS-MPTC, and
the proposed methods.
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Comparing the overall performance of the conventional FCS-MPTC, the proposed
methods and the optimized hysteresis controller at both 2000 rpm and 6000 rpm
reveals the effectiveness of the proposed methods in adaptively adjusting the
commutation angles as the speed increases to achieve a considerably enhanced

performance compared to the conventional FCS-MPTC.

8.3 Simulation results of SRM1 under speed dynamics

Figure 8.11 shows the simulation results of SRM1 controlled by two conventional
methods (ITC with optimum conduction angles (Figure 8.11-a) and linear TSF
(Figure 8.11-b)) and four predictive control approaches (conventional FCS-MPTC
(Figure 8.11-c), first proposed online method (Figure 8.11-d) [32], second proposed
online method (Figure 8.11-e), and the proposed offline method (Figure 8.11-f)).
The test 3-phase, 12/8, 2.3 kW SRM (SRM1) driven by an asymmetric bridge
converter with the DC link voltage of 300 V and the flux linkage and torque
characteristics given in Figure 2.2 is simulated to evaluate the performance of these
techniques at different speeds. A constant reference torque of 2.5 N.m. is set while
the speed changes from 1000 to 6000 rpm to investigate the performance of the
controllers in a wide speed range. By neglecting mechanical transients, it is
assumed that the SRM speed is dictated by a stiff load (dyno machine) in a back to
back connection. To have a fair comparison, the maximum switching frequency is

set to 20 kHz in all the controllers.
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Figure 8.11: Performance of torque control techniques in SRM: (a) indirect torque
control with optimum conduction angles, (b) linear TSF, (c) conventional FCS-
MPTC, (d) FCS-MPTC with the first proposed online method, () FCS-MPTC
with the second proposed online method, and (f) FCS-MPTC with the proposed

offline method.

Figure 8.11-a shows the results for ITC control with optimized conduction angles.

Genetic algorithm (GA) optimization is used to obtain optimal commutation angles
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(Bon» B, ) and reference currents to minimize both current and torque ripple [44].
Although the reference torque is tracked, torque ripple at low speed is still high, as
the controller fails to evenly distribute the torque during phase commutation.
Moreover, at high-speed, the machine operates in single-pulse mode, thus matching
the average torque but increasing ripple. On the other hand, the 6,,, 8,7, and
overlapping angles for the linear TSF in Figure 8.11-b are selected to be 5°, 20°
and 2.5° (mechanical), respectively. These angles are obtained from optimization
to minimize the copper losses [23]. This technique, however, is not suitable for
high-speed without the proper back-emf compensation [26]. Note that hysteresis
current controller with soft switching is integrated with both ITC and TSF to track

the reference phase currents.

Figure 8.11-c shows the response considering the conventional FCS-MPTC like the
one proposed in [21], while Figure 8.11-d enhances this technique by adaptively
controlling the commutation angles using the first proposed online method [32].
The simulation results of the second proposed online method and the proposed
offline method are presented in Figure 8.11-e and f, respectively. In the low-speed
region, the reference torque is properly tracked in predictive methods, with a lower
torque and current ripples than in the conventional ones in Figure 8.11-a and b. As
a result, higher efficiency and lower vibrations might be obtained. Figure 8.11-c
evidences the lack of tracking ability of the conventional FCS-MPTC in the high-

speed region. In practice, a suitable solution considers advancing 8,,, so the current
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has enough time to build up, and hence, the operating speed range of SRM can be
extended. This is known as the natural field weakening of the SRM. The
incapability of the conventional FCS-MPTC in Figure 8.11-c of considering
negative angles comes from the definition of the cost function. As the cost function
minimizes the torque ripple, it is not possible to consider the inclusion of negative
torque production from the advanced angle, as discussed in [32]. Fortunately, the
flexibility in the problem definition in predictive control allows defining an
adaptive commutation angle control to improve the performance in high-speed
region, thus guaranteeing a proper tracking in Figure 8.11-d and Figure 8.11-e. The
control of commutation angles is done based on multi-objective optimization
results in Figure 8.11-f. By advancing the turn-off angle, the outgoing phase takes
time to reduce the current, and a small negative torque is produced before it turns-
off. The negative torque is compensated by the upcoming phase, thus increasing
the total current and degrading the efficiency. Figure 8.11-a to ¢ evidence this issue,
which is solved by a proper consideration of the deactivation time within the
compensated angles in Figure 8.11-d, e and f. Comparing the results of three
proposed predictive approaches reveals that the first proposed online method has
the minimum negative phase torque. In other words, it has the maximum
advancement of the turn-off angle. On the other hand, the second proposed online
method has the largest phase negative torque, and consequently it does not have the
high current peaks near the unaligned position at higher speeds which is observed

with both first online and the offline methods. It is also worth mentioning that
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conventional techniques require extensive computational burden for offline
optimizations and larger memory space for look up tables during experimental

implementation. However, there is no need for offline calculations in FCS-MPTC.

8.4 Performance comparison for SRM2

In this section, the performance of the test SRM2 is compared for the conventional
FCS-MPTC, the proposed methods and the optimized hysteresis controller. The
measured phase currents and phase torques of SRM2 at n,.., = 2000 rpm (low-
speed) under the load torque of T,.., = 3 Nm are compared in Figure 8.12-a and
Figure 8.12-b, respectively. It can be understood from Figure 8.12-a that the
conventional FCS-MPTC is not capable of controlling the turn-off angle.
Consequently, there is a huge current peak close to the aligned position with the
conventional FCS-MPTC. According to Figure 8.12-a, the proposed offline method
has the most advanced turn-off angle. The turn-off angle is advanced more with the
first online method compared to the second online method. Advancing the phase
turn-off angle with the proposed methods results in a significantly reduced phase
current peak as can be seen in Figure 8.12-a. Note that the turn-on angle is also
automatically advanced by the predictive controller to deliver the desired reference
torque on the shaft. Note that the optimized hysteresis controller is not capable of
shaping the current and a pre-determined reference current is tracked inside the

conduction period. Hence, the predictive approach leads to a better performance in
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terms of torque ripple compared to the optimized hysteresis controller at lower
speeds. It can be observed that the phase negative torque is negligible at 2000 rpm

with all the methods as can be understood from Figure 8.12-b.
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Figure 8.12: Performance comparison for the test SRM2 at 2000 rpm under load
torque of 3 Nm (a) measured phase current, and (b) measured phase torque.

(=]
i
=]

The total torque of the SRM2 obtained using experimental results is presented in
Figure 8.13 for the conventional FCS-MPTC, the proposed methods and the
optimized hysteresis controller at 2000 rpm with the reference torque of 3 Nm. It is
obvious that the torque ripple is higher with the conventional FCS-MPTC
compared to the proposed methods. According to Figure 8.13, the torque ripple is
also high with the optimized hysteresis controller, as it is not capable of shaping

the phase current.
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Figure 8.13: Comparison of the total torque of SRM2 obtained using experimental
tests at 2000 rpm, and under load torque of 3 Nm.

The measured phase currents and phase torques of the test SRM 2 at n,..r =
4000 rpm under the load torque of T;.., = 3 Nm are compared in Figure 8.14-a
and b, respectively. The incapability of the conventional FCS-MPTC in advancing
the commutation angles as the speed increases is obvious from Figure 8.14-a. This
results in a large peak phase current and large phase negative torque with the
conventional FCS-MPTC according to Figure 8.14-a and b, respectively. The first
proposed online method has the maximum commutation angle advancement and
the smallest phase negative torque. The commutation angle advancement with the
proposed offline method is smaller than the first online method and bigger than the
second online method. It reveals that the optimal phase negative torque (which is
achieved with the offline method) is smaller than the negative torque with the
second method and bigger than the phase negative torque with the first method.
According to Figure 8.14-b, the phase negative torque with the hysteresis controller
is larger than the proposed control strategies and smaller than the conventional

FCS-MPTC.

136



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

~ Conventional
< (/X | Online 1
= 100 - Online 2 4
e —— Offline
5 - — —Hysteresis
© 50
=
=
~
0 - - B
0 50 100 150 200 250 300 350
Electrical Angle ( deg.)
(a)
~ 4 A Conventional | -
; ————— Online 1
-~ 3r Online 2
g 2t —— Offline i
g - - —Hysteresis
S 1 N
F
P
20
=
~ i
0 50 100 150 200 250 300 350
Electrical Angle ( deg.)
(b)

Figure 8.14: Performance comparison for the test SRM2 at 4000 rpm under load
torque of 3 Nm (a) measured phase current, and (b) measured phase torque.

The torque waveform of the test SRM2 obtained using experimental results at 4000
rpm with the reference torque of 3 Nm is demonstrated in Figure 8.15 for the
conventional FCS-MPTC, the proposed methods and the optimized hysteresis
controller. The conventional FCS-MPTC has a lower average torque compared to
the other control schemes. In the next section, a quantitative comparison is carried

out for a more detailed performance analysis with different methods.
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Figure 8.15: Comparison of the total torque of SRM2 obtained using experimental
tests at 4000 rpm, and under load torque of 3 Nm.
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Table 8.3 summarizes the experimental performance calculation results for the test

SRM2 with the conventional FCS-MPTC, the proposed methods and the optimized

hysteresis controller at both 2000 rpm and 4000 rpm under the load torque of 3 Nm.
Table 8.3: Comparison of the experimental results for SRM2 with the

conventional FCS-MPTC, the proposed online and offline methods and the
optimized hysteresis controller

Performance parameters (-ll\-lal’\ﬁ) I(%s T(g/‘;p)'e z;rr'r‘;’g;

Conventional FCS-MPTC 2.78 | 40.5 | 165.2 | 0.6652

First proposed online method 2.65 | 32.7 | 112 | 0.6208

n[; ffggol\:ﬁqm Second proposed online method 2.73 | 35.76 [ 114.6 | 0.5442
Proposed offline method (w=0.9) 2.58 | 31.26|108.5| 0.585

Optimized indirect average torque control | 3.27 | 35.4 | 142.7 | 0.8722

Conventional FCS-MPTC 2.12 | 45.6 | 146.8 [ 0.7453

First proposed online method 2.32 | 28.68 | 145.3 | 0.7396

n[; jfggol\:?nm Second proposed online method 2.58 [ 34.12 | 135.6 | 0.6858
Proposed offline method (w=0.9) 2.59 [31.24141.2 | 0.7125

Optimized indirect average torque control | 2.74 | 34.2 | 125.9 ] 0.6778

For a better comparative illustration, the experimental performance for different
control methods is compared using the bar charts presented in Figure 8.16. It can

be observed that at 2000 rpm (low speed) the proposed control methods have lower
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rms current and torque ripple (both rms and percentage of torque ripple) compared
to the conventional FCS-MPTC. The average torque is slightly higher with the
conventional FCS-MPTC. As the optimized hysteresis controller is not capable of
shaping the phase current, it has the highest rms torque ripple at low-speed
according to Figure 8.16-c. The percentage of torque ripple is also higher with the
optimized hysteresis controller compared to the proposed predictive methods. On

the other hand, the average torque is higher with the optimized hysteresis controller.

At 4000 rpm, all the proposed methods achieve higher average torque, lower rms
current and lower torque ripple (both rms and the percentage of torque ripple)
compared to the conventional FCS-MPTC, hence, proving the promising
performance of the proposed control methods at higher speeds. The second online
and offline methods have almost similar performance in terms of average torque.
Besides, they achieve a higher average torque than the first online method. The
second online method achieves lower torque ripple compared to both first online
and offline methods, however it has a higher rms current. The optimized hysteresis
controller has a higher average torque and rms current compared to the proposed
predictive schemes. Furthermore, it has a lower torque ripple (both rms and
percentage of torque ripple) than the proposed methods. It can be concluded that
with the significant performance improvements achieved with the proposed
methods, the predictive controller can compete with the optimized hysteresis

controller at higher speeds.

139



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

I Conventional MPC [ First Online [ S d online Offline Hysteresis
Y

T M T
£
= 2.78
2.73
g 2.65
] 2.58
2.5
=
St
s
<«
2
2000 rpm 4000 rpm

(@)

‘- Conventional MPC [ First Online [0 Second online [ Offline [____| Hysteresis

‘ 45.6

45+
<
=40
g 35.4
‘;‘ 35 -
b1 31.26
wn

30
=
=

25

2000 rpm 4000 rpm

(b)

‘- Conventional MPC [ First Online [0 Second online [____]Offline [___|Hysteresis

0.9 - 0.8722 ]

S
%
T

I

0.7453 0.7396

Torque ripple (rms)

2000 rpm 4000 rpm
(©)

‘- Conventional MPC [ First Online [0 Second online [___]Offline [__]Hysteresis

165.2 ' ‘
2 ]
< 142.7 He8 1453 1412
= 135.6
(="
=
D
=
g 108.5
S

2000 rpm 4000 rpm

(d)

Figure 8.16: Comparison of the experimental results for SRM2 with the indirect
average torque control, the conventional FCS-MPTC, and the proposed methods;
(a) average torque, (b) rms current, (c) torque ripple (rms), and (d) torque ripple
(%).
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The copper losses are calculated for different control methods using equation (8.2).
Note that the measured phase resistance and the number of phases for SRM2 are
R =7.6 mQ and m = 3, respectively. The copper loss calculation results are
presented in Figure 8.17. The conventional FCS-MPTC has higher copper losses
compared to the proposed methods and the optimized hysteresis controller at
2000 rpm. It can be observed that there is a significant reduction in copper losses
with the proposed methods compared to the conventional FCS-MPTC at 4000 rpm.
Note that at 4000 rpm a higher average torque is also achieved with the proposed

schemes.
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Figure 8.17: Comparison of copper losses for SRM2 with the indirect average
torque control, the conventional FCS-MPTC, and the proposed methods.

To investigate the torque production capability of the control methods, the torque
per ampere ratio is compared in Figure 8.18. It can be observed that the proposed
methods achieve a higher torque per ampere ratio compared to the conventional
FCS-MPTC at 2000 rpm. The optimized hysteresis controller has the highest torque
per ampere ration at 2000 rpm. At 4000 rpm, a significant improvement is observed
with the proposed control schemes compared to the conventional FCS-MPTC. The

offline and first online methods achieve slightly higher torque per ampere ratio
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compared to the optimized hysteresis controller. The second online method has the
lowest torque per ampere ratio compare to both offline and first online methods at

both low speed and high speed operations.
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Figure 8.18: Comparison of torque per ampere ratio for SRM2 with indirect
average torque control, conventional FCS-MPTC, and proposed methods.

To have a better comparative understanding of the performance of both
conventional and predictive methods, the normalized performance of SRM2 is
calculated for different control schemes at both 2000 and 4000 rpm. In this
normalization, the method with the best performance gets the score of 1. Then, the
scores for other methods are calculated considering how degraded their
performance is compared to the best achieved performance. The calculation results
are summarized in Table 8.4. It can be observed that the conventional FCS-MPTC
has the worst performance in terms of copper losses, torque per ampere ratio and
the percentage of torque ripple at 2000 rpm. The optimized hysteresis controller
has the worst performance in terms of rms torque ripple. At 2000 rpm, the proposed
offline method achieves the best performance in terms of both copper losses and

percentage of torque ripple. The second proposed online method has the lowest rms
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torque ripple compared to other methods. Note that the optimized hysteresis
controller achieves the best performance in terms of average torque and torque per

ampere ratio.

At 4000 rpm, the conventional FCS-MPTC has the worst performance in terms of
average torque, copper losses, torque per ampere ratio, and torque ripple (both rms
and percentage of torque ripple). The proposed offline method achieves the best
performance in terms of torque per ampere ratio. The first online method has the
lowest copper losses compared to other control strategies. The best performance in
terms of average torque and torque ripple at 4000 rpm is achieved with the

optimized hysteresis controller.

The online and offline computational burden of the conventional and proposed
methods are also compared in Table 8.4. Both offline and optimized hysteresis
controller require significant offline calculation burden for GA optimizations in the
entire operating ranges. However, the offline computational burden is very low with
the conventional FCS-MPTC and the proposed online methods. On the other hand,
the proposed online methods have a higher online computational burden. The
online computational burden is lower with both offline and conventional FCS-
MPTC. The optimized hysteresis controller has the lowest online computational

burden.
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Table 8.4: Normalized performance comparison for SRM2 with the indirect
average torque control, the conventional FCS-MPTC, and the proposed methods.

Online | Offline

Tripple | Tripple [cOmputat|Computa
(%) (rms) ional tional

burden | burden

Conventional FCS-MPTC| 0.85 -- 0.833 | medium low

nr=2000 First online method 0.81 0.914 0.88 0.969 | 0.893 high low

Performance parameters Tavg Pecu Tavg/lms

Tr prg Second online method | 0.835 | 0.764 | 0.826 | 0.947 1 high | low

rer—
Nm Offline method 1 0.902 1 0.947 | medium | high
Optimized hysteresis 0.779 1 0.76 ‘ low high

nr=4000 First online method 0.847 1 0.976 | 0.867 | 0.916 high low

Tr prS Second online method | 0.942 | 0.707 | 0916 | 0.929 | 0.988 | high | low
rer—
Nm Offline method 0.945 | 0.843 1 0.892 | 0.951 |medium| high

Optimized hysteresis 1 0.703 | 0.964 1 1 low high

To compare the overall performance of the conventional FCS-MPTC, the proposed
methods and the optimized hysteresis controller at 2000 rpm, the spider charts are
plotted considering five different performance parameters as shown in Figure 8.19.
It can be understood that the area for the conventional FCS-MPTC is significantly
smaller than the other methods. In other words, it has a considerably degraded
performance compared to the proposed methods. The optimized hysteresis
controller has the worst performance in terms of torque ripple (both rms and the
percentage of torque ripple) compared to the proposed predictive approaches, as it
is not capable of shaping the phase current. However, it has the best performance

in terms of average torque and torque per ampere ratio.
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Figure 8.19: Overall performance comparison for SRM2 (2000 rpm) with indirect
average torque control, conventional FCS-MPTC and proposed methods.

A similar spider chart is plotted in Figure 8.20 to compare the overall performance
of different control methods at 4000 rpm. It can be observed that the conventional
FCS-MPTC has the worst overall performance, hence the effectiveness of the
proposed control schemes in adaptively controlling the commutation angles to
improve the performance of SRM at higher speeds is validated. The second online
method achieves the lowest torque ripple (both rms and the percentage of torque
ripple) in comparison with other predictive approaches. The first online method has
the lowest copper losses, however, it should be noticed that it achieves a lower
average torque compared to the second online method, the offline method, and the
optimized hysteresis controller. The optimized hysteresis controller has a slightly
better performance in terms of torque ripple compared to the proposed predictive

approaches.
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Figure 8.20: Overall performance comparison for SRM2 (4000 rpm) with indirect
average torque control, conventional FCS-MPTC and proposed methods.

According to Figure 8.20, the optimized hysteresis controller achieves a higher
average torque compared to the proposed predictive methods because of the steady
state torque tracking error of FCS-MPTC, which is considered as one of its main
shortcomings. The predictive approach needs to be further improved to achieve a

minimized torque tracking error.

One of the main advantages of the proposed online methods over the optimization-
based offline method is their robustness to parameter variations. Motor parameters
can change over time for various reasons including aging, temperature, etc.
resulting in a different optimal commutation angles for a specific operating point.
Combining the proposed online methods with the online parameter estimation
techniques can result in a more robust controller compared to the proposed offline

predictive approach. The first online method has a lower online computational
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burden compared to the second online method, as there is no need for prediction of

the phase torque and calculation of the area under torque-time curve.

The proposed offline method also has a huge offline computational burden and it
requires a larger memory space to store the optimal kmpc and turn-off angle look
up tables in the entire operating regions. On the other hand, the proposed offline
method has a significantly lower online computation time compared to the proposed

online methods.

As the optimal commutation angles are calculated using the GA optimization in the
entire operating ranges in the offline method, it is expected to achieve a better
overall performance with the proposed offline method compared to the online
methods. However, due to the limited control frequency, the number of control
points per electrical cycle is limited and this number reduces as speed increases.
For this reason, it is not possible to apply the exact optimal turn-off angle in the
experimental tests. For example, the electrical angle difference between the
consecutive control points at 4000 rpm under 20 kHz is 9.6° electrical, hence, there
might be a maximum error of 9.6° electrical in turning off the phase. This will affect
the results obtained using a specific method. The effect of sampling is considerably
lower at lower speeds. The effect of sampling is also higher at lower control
frequencies. In other words, the difference between the proposed methods may not

even be clearly distinguished if a very low control frequency is used. The stability
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of the controller might even be affected if a very low control frequency is used at a

high operating speed.

In this thesis, the online methods are implemented by calculating the optimal turn-
off angle using simulations and implementing it using the look up tables of the
optimal points. The maximum control frequency that can be achieved with the
proposed offline method and using the sector partition technique is around 20 kHz,
which is used in all the experimental results in this thesis. The computation time
for the conventional FCS-MPTC without using the sector partition technique is
much higher compared to the proposed methods. The measured online execution
time for the conventional FCS-MPTC, the FCS-MPTC with sector partition

technique and the optimized hysteresis controller are presented in Table 8.5.

Table 8.5: Comparison of online execution time for conventional and proposed
FCS-MPTC, and optimized hysteresis controller

Online execution|Maximum achievable
Method .
time control frequency
Conventional FCS-MPTC 83 s 12 kHz
Proposed FCS-MPTC 48 us 20.8 kHz
Optimized hysteresis 30 s 33.3 kHz
controller

It can be observed from Table 8.5 that the real-time computation time is reduced
around 42% using the sector partition technique. It needs to be mentioned that the
maximum achievable frequency for the online methods will be lower than 20 kHz
(if the optimality condition algorithm is executed online). Hence, the performance

of the online methods will be degraded if the proposed current tail calculation
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algorithm is executed in real-time. Moreover, the maximum control frequency with
the conventional FCS-MPTC is around 12 kHz, which is not enough to control
SRM2 at speeds higher than 3500 rpm. Note that, as mentioned earlier, the number
of control points per electrical cycle reduces by increasing the speed. In this thesis,
to have a fair comparison, the control frequency in the experimental results for all
the methods (including online and conventional FCS-MPTC) is set to 20 kHz. In
other words, the sector partition technique is also integrated with the conventional
FCS-MPTC in all the experimental results to achieve the control frequency of 20
kHz. It means that the achieved overall performance with the conventional FCS-
MPTC will be even more degraded if the sector partition technique is not integrated

with it.
8.5 Summary

The simulations and experimental results of the indirect average torque control with
optimized conduction angles, which is the mostly used conventional torque control
method for SRM drives, are presented in this chapter. The simulation results of
SRM1 are then quantitively compared to both conventional and proposed FCS-
MPTC methods. It can be observed that the proposed methods can adaptively
control the commutation angles in the entire speed range. It is concluded that the
proposed methods have a better performance in terms of torque ripple and rms

current compared to the conventional FCS-MPTC, especially in the high-speed
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region. Comparing the performance of the conventional and predictive torque
control methods under speed dynamics for SRML1 reveals the superior performance
of the predictive control methods, especially in the low-speed region. At higher
speeds, the proposed FCS-MPTC methods achieve lower torque ripple compared
to the conventional FCS-MPTC by adaptively advancing the commutation angles,
as the speed increases. The experimental results of the test SRM2 are compared for
the conventional FCS-MPTC, the proposed methods and the optimized hysteresis
controller. The optimized hysteresis controller has a higher torque ripple at low
speed (2000 rpm) because of its incapability in shaping the phase currents.
Furthermore, it is concluded that the proposed commutation angle control strategies
achieve a lower negative phase torque, and consequently a considerably better
overall performance compared to the conventional FCS-MPTC by adaptively

advancing the commutation angles as speed increases.
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Chapter 9
Steady State Torque Tracking Error

Minimization of FCS-MPTC for SRM Drives

A new method to reduce the steady state torque tracking error of finite control set
model predictive torque control for switched reluctance motor drives is proposed
in this chapter. The steady state tracking error is considered as one of the main
shortcomings of the conventional FCS-MPC. This can happen due to parameter
uncertainties or when the multiple objectives are achieved by a single function with
weighting factors. In the conventional model predictive torque control for SRM,
the optimal switching state which minimizes a multi-objective cost function
designed to track a reference torque while minimizing the phase currents over the
prediction horizon is selected and applied at each switching instant, which results
in the steady state torque tracking error. In this chapter, in order to minimize the
torque tracking error, a compensation term is added to the reference torque at each
sampling instant. The compensation term is calculated based on the estimated

average torque tracking error in the previous sample times. Simulation results on a
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three phase, 12/8, 2.3 kW SRM (SRM1) show promising results with the proposed

method as compared to the conventional FCS-MPTC.
9.1 Proposed method

In majority of the predictive methods in the literature, weighting factors are often
used to control several control objectives using a single objective function. Having
several control objectives along with the torque tracking term in the objective
function of FCS-MPTC can result in steady state torque tracking error, as it is
impossible to achieve all the control objectives simultaneously. Any uncertainties
in parameter estimations of the SRM can further increase the torque tracking error,
which is considered as one of the main drawbacks of FCS-MPTC resulting in its
degraded performance. An inductance auto-calibration algorithm to cope with
measurement errors and parameter uncertainties is proposed in [19], [20] for model
predictive current control of SRM drives. Several approaches have been proposed
in the literature to increase the robustness of FCS-MPC towards parameter
variations for predictive current, speed and torque control of IM and PMSM drives.
Active disturbance rejection-based MPTC is proposed in [87] to alleviate the torque
prediction error resulting from parameter mismatch for induction machines. A
novel current update mechanism is proposed in [88] to reduce the sensitivity of

FCS-MPC to parameter variations for current control of SPMSM drives.
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The main contribution of this chapter is proposing a method to reduce the torque
tracking error of the FCS-MPTC for torque control of SRM drives. In the proposed
method, the reference torque is compensated at each sample time using a
compensation term which is calculated considering the estimated average torque
error in the previous sample times. The effectiveness of the proposed method in
alleviating the torque tracking error of FCS-MPTC for SRM drives is demonstrated

through simulations.

Using the weighting factor (kmrc) in the objective function of FCS-MPTC, given
in equation (4.9), is necessary to achieve a smooth phase current waveform,
however, it results in the steady state torque tracking error. The variation of torque
tracking error versus kwvpec for the test SRM1 at three different speeds and under
constant load torque of 3 Nm is presented in Figure 9.1. The tracking error is bigger
as kmvec increases. In addition, operating at higher speeds results in a more degraded

performance with bigger tracking error.
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Figure 9.1: Variation of torque tracking error versus kwvpec under load torque of 3
Nm for SRM1.
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In the conventional single-step FCS-MPTC, the optimal switching state at each
sample time is decided based on the predicted performance of SRM in one future
time step using the instantaneous position and current feedbacks at that sample
time. To reduce the tracking error with FCS-MPTC, a method is proposed in this
chapter by adding a compensation term to the desired reference torque at each
sample time by calculating the estimated average torque tracking error in the
previous sample times. Assuming a desired average reference torque of Trer,
calculating the arithmetic mean of the (N+1) torque points, including the estimated
torque values at N previous sample times and the reference torque at time instant
(K) (T rer) yields:

_ Zliv=1 Ti + T:ef

Trer = N1 9.1)

where YN | T; is the sum of estimated average torque values in N previous sample

times. Rearranging equation (9.1) results in

N
T:ef = Tref + <NTT'ef - Z Tl> (92)

i=1
where the term (NTref -y, TL-) is the accumulative torque tracking error over N

previous sample times. By assuming a very large N (N — o),

T:ef = Tref + Z ET.i (9.3)
i=1
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where Y72, E7; is the accumulative torque tracking error over time. Hence, the
reference torque at time instant (k) (T rr) can be determined by adding the
accumulative torque tracking error in the previous sample times as the

compensation term to the desired average reference torque (Tref).

9.2 Simulation results

The simulation results on the test SRM1 are presented in this section to show the
effectiveness of the proposed method in reducing the torque tracking error of FCS-
MPTC for SRM drives. The simulation results with and without the proposed
method are provided for comparison purposes. Note that the adaptive commutation
angle control method to minimize the toque ripple proposed in [32] (first proposed
online method) is adopted in all the simulations of FCS-MPTC in this chapter. The
maximum switching frequency is limited to 20 kHz in the simulations, however,
the average switching frequency will be lower. Figure 9.2 shows the simulations
results for SRM1 at 2000 rpm under reference torque steps (1 to 5 Nm with the

steps of 1 Nm) without the proposed torque tracking error minimization algorithm.
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Figure 9.2: Simulation results of the FCS-MPTC without proposed method for
SRM1 at 2000 rpm under torque step commands; (a) total torque, (b) phase
torques, and (c) phase currents.
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It can be observed from Figure 9.2-a that the average torque seems to be slightly
lower than the desired reference torque in all the toque levels. Besides, the tracking
error is bigger at higher reference torques. Furthermore, the torque ripple increases
by increasing the reference torque as can be seen from both Figure 9.2-a and Figure
9.2-b. The simulation results for SRM1 at 2000 rpm and under similar torque step

commands are depicted in Figure 9.3.
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Figure 9.3: Simulation results of the FCS-MPTC with proposed method for
SRM1 at 2000 rpm under torque step commands; (a) total torque, (b) phase
torques, and (c) phase currents.

By comparing Figure 9.3-a with Figure 9.2-a, the increase in the average torque

and hence a better torque tracking is observed with the proposed method. However,

torque ripple seems to be higher with the proposed method. Both torque tracking

error and rms torque ripple are calculated for different torque levels at 2000 rpm

with and without applying the proposed method. The results are presented in Figure

9.4-a and Figure 9.4-b respectively.
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Figure 9.4: Variation of torque tracking error and rms torque ripple versus
reference torque for SRM1 at 2000 rpm with and without using the proposed
method; (a) torque tracking error, and (b) rms torque ripple.

It can be observed from Figure 9.4-a that the torque tracking error is significantly
reduced using the proposed method. The tracking error remains below 1.4% in the
entire torque range at 2000 rpm. The minimum and maximum improvement in
tracking error is around 6% and 25.5% respectively. It can be observed from Figure
9.4-b that torque ripple increases with the proposed method. The increase in torque
ripple is small at lower reference torques, however, it gets bigger as reference
torque increases. A slight increase in torque ripple with the proposed method is
expected as SRM delivers higher torque using the proposed method. It can be seen
from Figure 9.4-b that torque ripple increases by increasing the load torque.
Another reason for increase in torque ripple with the proposed method is updating
the reference torque at each sample time. Note that the reference torque remains

constant in the conventional FCS-MPTC.

To investigate the performance of the proposed method at higher speeds, the

simulation results of the test SRM1 at 6000 rpm (base-speed) under reference

158



Ph.D. Thesis — Rasul Tarvirdilu-Asl McMaster University — Electrical Engineering

torque step commands (1 to 3 Nm with the steps of 1 Nm) without using the

proposed method are presented in Figure 9.5.
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Figure 9.5: Simulation results of the FCS-MPTC without proposed method for
SRM1 at 6000 rpm under torque step commands; (a) total torque, (b) phase
torques, and (c) phase currents.
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Similar to the results at 2000 rpm, the average torque seems to be lower than the
reference torque specially under 3 Nm as can be seen from Figure 9.5-a. The

simulation results with the proposed method are presented in Figure 9.6.
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Figure 9.6: Simulation results of the FCS-MPTC without proposed method for
SRM1 at 6000 rpm under torque step commands; (a) total torque, (b) phase
torques, and (c) phase currents.
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Comparing Figure 9.6-a and Figure 9.5-a reveals that the average torque increases
with the proposed method. However, the torque ripples are bigger as can be
observed by comparing Figure 9.6-a and Figure 9.6-b with Figure 9.5-a and Figure
9.5-b. Furthermore, the rms phase currents seem to be bigger with the proposed
method as can be understood by comparing Figure 9.6-c and Figure 9.5-c which is

expected as a higher average torque is achieved with the proposed method.
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The variation of both torque tracking error and rms torque ripple versus load torque
for SRM1 at 6000 rpm with and without using the proposed method are shown in

Figure 9.7-a and Figure 9.7-b respectively.
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Figure 9.7: Variation of torque tracking error and rms torque ripple versus
reference torque for SRM1 at 6000 rpm with and without using the proposed
method; (a) torque tracking error, and (b) rms torque ripple.

The significant improvement in tracking error is observed from Figure 9.7-a in
which the tracking error remains below 3.2% in the entire torque range. The
minimum and maximum improvement in the torque tracking error is around 8.8%
and 23.9% respectively. Similar to the results at 2000 rpm, the torque ripple is
higher with the proposed method as shown in Figure 9.7-b. Part of this increase in
torque ripple is due to achieving a higher average torque and updating the reference

torque at each sample time as mentioned earlier. Note that achieving a higher
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average torque with SRM is more challenging at higher speeds due to increased
back-emf which makes it difficult to inject the current. The proposed method needs
to be further improved to achieve a better performance in terms of torque ripple

while maintaining the advantage of having a lower torque tracking error.

9.3 Summary

In this chapter, a method is proposed to minimize the steady state torque tracking
error of FCS-MPTC for SRM drives. The torque tracking error stemming from
either parameter uncertainties or achieving several performance objectives using a
single objective function with weighting factors is considered as one of the main
drawbacks of conventional FCS-MPTC. In this chapter, a compensation term which
is calculated based on the estimated average torque error at consecutive sample
times is added to the reference torque at each sample time. The effectiveness of the
proposed algorithm is verified by simulations on a 3-phase, 2.3 kW, 12/8 SRM
(SRM1). Simulation results at 2000 rpm and 6000 rpm (base-speed) reveal that the
torque tracking error is significantly reduced using the proposed method. The
torque tracking error remains below 1.4% and 3.2% in the entire torque range at
2000 rpm and 6000 rpm, respectively. The torque ripple is expectedly higher with
the proposed method, as a higher average torque is achieved, and the reference

torque is updated at each sample time. The performance of the proposed method
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needs to be further improved to reduce torque ripples while maintaining the

minimum tracking error.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

The main contribution of this thesis is proposing two online methods and one
optimization-based offline method to adaptively control the turn-on and turn-off
angles with the FCS-MPTC for SRM drives to extend the operating speed range of
the conventional FCS-MPTC. Furthermore, the real-time computational burden of
the conventional FCS-MPTC is significantly reduced using the sector partition
technique. Finally, a method is proposed to alleviate the steady state torque tracking

error of FCS-MPTC for SRM drives.

After demonstrating the incapability of the conventional FCS-MPTC in controlling
the commutation angles through simulations, the necessity of adaptively controlling
the commutation angles to extend the operating speed range of the conventional

FCS-MPTC is clarified. It is concluded that there exists an optimal turn-off angle
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at each reference speed and reference torque to achieve an optimal performance in

terms of torque ripple, average torque, rms current and efficiency.

The proposed first online method can successfully advance the commutation angles
as the speed increases to minimize the phase negative torque. Significant reduction
of the phase negative torque at higher speeds is achieved with the first proposed
online method. Besides, the average torque is considerably increased compared to
conventional FCS-MPTC for a constant reference torque at base-speed. The
performance of the first proposed online method is further improved by modifying
the defined optimality condition, and hence, the second online method is proposed.
This method achieves an improved performance compared to the first online
method by allowing a slightly larger phase negative torque. However, the second
online method has a higher online computational burden compared to the first
proposed online method. Hence, the issue of the large phase current peak close to
the unaligned position is resolved and the higher torque production capability of
the SRM close to the aligned position is better utilized. Both proposed online
methods are validated with simulations and experimental results. The real time
computational burden of the conventional FCS-MPTC is also considerably reduced

using the sector partition technique.

To determine the globally optimal phase turn-off angle and the weighting factor for
the objective function of FCS-MPTC, an offline multi-objective optimization-

based method is proposed to adaptively control the phase commutation angles in
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the entire operating range. After analyzing the pareto front of the optimization
results, an optimal solution to the optimization problem is selected. Simulations and
experimental results of the optimal solution at both low-speed and high-speed
reveal the significant improvements in terms of phase negative torque, average

torque, phase rms current, and torque ripple, especially at higher speeds.

The performance characteristics of the three proposed commutation angle control
methods are comprehensively compared in terms of commutation angles, offline
and online computational burden, average torque, rms current, and torque ripple
using simulations and experimental results. Furthermore, the performance of the
proposed methods is compared to the conventional FCS-MPTC, ITC with

optimized conduction angles and TSF.

Finally, a method is proposed to mitigate the steady state torque tracking error of
FCS-MPTC resulting from parameter uncertainties or achieving several
performance objectives with a single objective function with weighting factors.
Simulation results demonstrates the effectiveness of the proposed method in

minimizing the torque tracking error in the entire speed and torque ranges.

10.2 Future work

In this thesis, the proposed online methods are experimentally validated by
generating the look up tables of the optimal turn-off angles in simulations and using

these look up tables for experimental implementation. Real-time calculation of the
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current tail and torque-time area with both first and second online methods will add

more value to the experimental results.

In this thesis, the experimental results are carried out at the maximum achievable
control frequency (20 kHz). Analyzing the effects of implementing FCS-MPTC at
a lower control frequency on the performance of the conventional and proposed

methods can be considered as a future work.

Although, in this thesis, the performance of the proposed methods is evaluated on
2.3 KW and 5.5 kW switched reluctance motors, the proposed methods can also be
implemented in high power applications including transportation electrification.
Analyzing and investigating the performance of the proposed methods on a high-
power SRM to investigate the capability of the methods and possible challenges

can be considered as another future work.

The weighting factor of the FCS-MPTC (kwmpc) is kept constant in the proposed
online methods. In the offline method, it is shown that kmec needs to be changed to
achieve the optimized performance at different operating points. This weighting
factor can also be optimized with the proposed online methods to adaptively change

to achieve the improved performance in the entire operating ranges.

Efficiency is an important performance parameter that can be evaluated and
compared for the proposed methods. However, it needs the measurement of the

core losses of SRM which is challenging. Calculation and comparison of the
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efficiency for the conventional and proposed methods can be considered as a future

work.

It might be possible to quantify the amount of the phase negative torque (the
negative area under torque-time curve) to investigate the variation of the
performance parameters (torque ripple, rms current, etc.) with respect to the

quantified phase negative torque.

Although the steady state torque tracking error is reduced with the method proposed
in chapter 9, torque ripple is slightly increased especially at higher reference torque
levels. The proposed method can be modified to achieve a minimized steady state

tracking error with a reduced torque ripple.

Variation of the weighting factor of FCS-MPTC can significantly affect the
performance of the predictive control and its tuning is an exhausting task. It might
be possible to eliminate the weighting factor by adopting and improving the

hierarchical predictive control schemes proposed in [89]-[92].

In both of the proposed online methods in this thesis, the optimality condition is
defined by predicting the phase current in an extended time interval, much bigger
than the prediction horizon of FCS-MPTC. It might be possible to achieve an
optimal performance by embedding the desired optimality condition in the
objective function of FCS-MPTC. This can significantly reduce the real-time

computational burden of the proposed online methods.
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The minimization of the average switching frequency of the FCS-MPTC can also
be considered by adding a corresponding term to the objective function of FCS-

MPTC to minimize the number of switchings of the inverter switches.

Variable switching frequency is one the main drawbacks of the conventional FCS-
MPC. A fixed switching frequency predictive control with improved performance

can be achieved by integrating duty cycle control with FCS-MPC [93], [94].

The performance of FCS-MPC is largely dependent on model accuracy. It might be
possible to improve the robustness of the predictive torque control and reduce its
dependence on parameter accuracy by integrating FCS-MPTC with online

parameter estimation techniques.
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