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Abstract

Switched reluctance machines (SRMs) have gained more interest in the past decades
due to their simple and robust structure. SRMs are classified into conventional SRMs
(CSRMs) and mutually coupled SRMs (MCSRMs). CSRMs are based on single-phase
excitation and torque is produced by the rate of change of self inductance. On the
other hand, MCSRMs are based on multi-phase excitation and torque is produced by
the rate of change of both self and mutual inductances. The drive system of CSRMs
consists of the asymmetric half-bridge converter and the hysteresis current controller.
That drive system is limiting the SRMs to be widely used since most applications
are using AC motors where the standard voltage inverter and the vector control are
used. Thus, in order to replace an AC motor with SRM, the converter and controller
used need to be changed and not only the motor. That issue is solved in this thesis.

This thesis presents the fundamentals and operating principles of MCSRMs. A
literature review of the existing modeling and control methods of MCSRMs is intro-
duced, followed by a performance comparison for MCSRMs with different winding
configurations and different control methods. After analysing the existing control
and modeling methods in literature of MCSRMs, the focus of this thesis will be on

MCSRMs controlled by sinusoidal currents. I preferred sinusoidal current excitation
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as it enables using the standard voltage source inverter and the standard vector con-
trol with the regular modulation schemes such as sinusoidal pulse width modulation
or space vector modulation.

In order to test the performance of MCSRM with sinusoidal current excitation, a
dynamic model is required that can predict the phase currents and electro-magnetic
torque when a given voltage is applied. Hence, a new modeling method is introduced
in this thesis that is based on vector representation of motor dynamics instead of
instantaneous values. The proposed modeling method reduces the size of the look-up
tables and the computational steps of finite element analysis (FEA) by 50% compared
to other methods. It has also the minimum error compared to other methods.

After having an accurate dynamic model, next is to apply the vector control on
the MCSRM and observe the motor performance. It will be concluded in this thesis
that the standard vector control could not create sinusoidal currents due to the effect
of spatial harmonics. Those harmonics are due to the slotting effect of the stator and
they are usually ignored in AC motors. However, they cannot be ignored in MCSRM
due to the high saliency of stator and rotor poles. Thus, a simple and effective spatial
harmonics compensation method is introduced to eliminate the spatial harmonics of
phase currents in MCSRM.

So far we have an accurate dynamic model and we can ensure sinusoidal current
excitation. The next step is how to choose the sinusoidal currents to optimize the
motor performance. In order to answer that question, a comprehensive analysis of
power factor, torque ripple, and efficiency of MCSRM with sinusoidal current excita-
tion is done. That analysis is then used to optimize the motor performance in terms

of power factor, efficiency, and torque ripple.
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1.1 Mutually Coupled Switched Reluctance Ma-
chines

Switched reluctance machines (SRMs) are firstly introduced by Ray, Davis and Lawren-
son in years 1979 and 1980 by using single-phase excitation as an extension of stepper
motors [1,2]. Early work and studies used to refer to SRM as the variable reluctance
stepper motor because they share the same operating principles of single-phase ex-
citation and the minimum reluctance path in torque production [3—-6]. SRMs are
characterized by their simple and robust structure among other electric motors due
to the absence of windings and magnets from the rotor. Rotor magnets used in syn-
chronous motors are rare-earth elements and they consume around 53% of the motor
cost. Rotor windings used in induction motor are costly as well. Thus, the advantage
of SRMs over other motors is the lower cost machine due to absence of rotor windings
and magnets. However, they suffer from poor performance in terms of torque ripple
and acoustic noise. In the past few decades, SRMs have been gaining more atten-
tion due to the advancements in power electronics that enable the use of complicated
control strategies to improve the performance of SRMs [7, §].

Barrie Mecrow tried to improve the performance of SRMs using multi-phase exci-
tation for four phase 8/6 SRM where two phases were excited simultaneously instead
of the common known single-phase excitation, with a fully pitched windings config-
uration instead of the common known short pitched windings. Mecrow referred to
his motor as the mutually coupled SRMs (MCSRMs), because the mutual induc-
tance contributes significantly in the torque production and to distinguish between

his motor and the standard SRM that is then referred to as the conventional SRMs
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(CSRMs). Mecrow trial of multi-phase excitation is extended to include unipolar and
bipolar rectangular current excitation with different conduction periods trying to find
the best performance of the MCSRMs.

The MCSRMs with rectangular current excitation could not compete with AC
motors that are widely used and controlled by sinusoidal currents, as the perfor-
mance of AC motors (in terms of efficiency and torque quality) and control (in terms
of using the standard vector control) are better and more flexible than MCSRMs. As
a result, most of the focus in the past decades was on CSRMs with the single-phase
excitation and MCSRMs and work on MCSRMs is relatively stagnated. The perfor-
mance of CSRMs is significantly improved with the current shaping techniques at low
speeds when the motor speed is less than the base speed, where the current wave-
form is shaped in a way to improve the torque quality, acoustic noise and efficiency.
That improvement lead the researchers believe that CSRMs can compete with the
permanent magnet synchronous motors (PMSMs) and induction motors (IMs).

In current shaping techniques, a unique current profile is defined for each oper-
ating point where each operating point has a different current waveform than the
other operating points. Those current profiles are saved as instantaneous values with
respect to rotor position in a micro-controller that requires a large memory to define
the current waveform at each operating point. On the other hand, AC motors are
controlled by sinusoidal currents where the current profile at any operating point is
defined as a vector in terms of direct-and quadrature-axis currents. Additionally, the
drive system of CSRMs consists of the hysteresis current controller (HCC) and the
asymmetric half-bridge converter to provide independent phase current control [9-12].

Hysteresis current controller (HCC) is the common current control method for SRMs
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with advantages such as fast transient response, simple implementation, and is ro-
bust to load variations. However, HCC requires high variable switching frequency to
achieve lower current ripple. The variable switching frequency of HCC can also cause
acoustic noise and adds difficulty in designing the electro-magnetic interference (EMI)
filter [13]. The HCC and asymmetric half-bridge converter are limiting SRMs to be
widely used in several application as the drive system of AC motors (which domi-
nate the market and are widely used in many applications) consists of the standard
voltage source inverter and vector control. Thus, in order to replace an AC motor
with SRM, the converter and the control system need to be changed in addition to
the motor. Although SRMs has lower cost compared to AC motors as I mentioned
before, the unpopular drive system of SRMs has higher cost than the drive system
of AC motors. Based on that, the perfect scenario to solve the high cost issue of
the drive system of SRM is to control it using the same drive system of AC motors.
Thus, the MCSRM will be controlled with 3-phase sinusoidal current to merge the
advantages of AC motors in terms of motor control with the advantages of SRMs in
terms of the simple and robust structure. The sinusoidal current excitation enables
to consider the MCSRM as an AC motor where the AC motor drive system can be
used such as the standard voltage source inverter (VSI) and the standard vector con-
trol with regular modulation schemes such as space vector modulation or sinusoidal
pulse width modulation. Hence, the issues of the unique current waveform, the odd
converter used, and the hysteresis current controller are solved.

The modeling of MCSRMs with 3-phase excitation is more complicated than the
single-phase excitation. Besides, the salient structure of stator and rotor poles of

SRM introduces a significant harmonics in the current waveform known by the spatial
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harmonics. Spatial harmonics are due to the mechanical structure unlike the time
harmonics that are due to non-linear load. Spatial harmonics also exist in AC motors
due to the slotting effect, however, they are usually ignored. In SRMs, stator and
rotor have salient poles not slots, and those salient poles are the main source for
torque production as will be explained in the next chapter. Hence, the standard
vector control of AC motors cannot handle the spatial harmonics in MCSRMs. The
difficulties in modeling and controlling the MCSRMs will be addressed and solved in

this thesis.

1.2 Objectives and Contributions

The main objective of this thesis is to control the SRM with sinusoidal current ex-
citation and consider it as one of the AC motors, so that we can use the same drive
systems of AC motors. By doing that, we will use low cost motor and low cost mo-
tor drive. The problems associated with the sinusoidal current control of MCSRMs
will be discussed and solved in details. Hence, there are four main contributions

introduced:

1. A comprehensive analysis and performance comparison of the existing modeling

methods and control methods that have been introduced before to MCSRMs.

2. A new dynamic modeling method is introduced, which reduces the size of the
look-up tables (LUTs) and the computational steps of finite element analysis

(FEA) by 50% compared to the existing modeling methods.

3. A spatial harmonics compensation method is introduced that eliminates the

spatial harmonics of the current waveform without the need to use extra devices
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or complex algorithms.

4. A comprehensive analysis of torque ripple and power factor of MCSRMs with
sinusoidal current excitation is introduced. That analysis is used to develop an
optimized control method that aims to reduce torque ripple, copper losses, and

to improve the power factor.

The mechanical aspects in terms of mechanical design, mechanical vibrations, and

acoustic noise will not be discussed in this thesis.

1.3 Summary of Thesis

In chapter 2, the fundamentals of MCSRM including the possible poles and windings
configuration that can be used in MCSRMs are introduced. A detailed review of the
existing control and modeling methods is presented in chapter 3 and chapter 4, respec-
tively. Modeling methods of MCSRM are analytical methods such as the inductance
and magnetic circuit modeling, or LUTs based models, which are more accurate. In
LUTSs based methods, the used LUTs and the simulated currents in the FEA model
represent two quadrants of the dg frame. In chapter 5, that method is improved so
that the simulated currents in the FEA model represent only a single quadrant in the
dq frame. Therefore, the number of FEA steps and the size of the LUTs are reduced
by 50%. The proposed method is validated by both FEA and experiments.

In chapter 6, a spatial harmonics compensation method is introduced, which cal-
culates the required voltage harmonics to ensure sinusoidal current excitation without

using additional proportional-integral (PI) and proportional-resonant (PR) controllers
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or extra devices. The proposed method is validated by both simulation and experi-
mental results.

After ensuring sinusoidal current excitation through the proposed harmonic com-
pensation method, defining the optimum operating point is introduced in chapter 7.
The optimized control aims to reduce torque ripple and to increase the power factor
and average torque.

Chapter 8 concludes the thesis and discusses the future work for further improve-

ments in MCSRMs’ performance.



Chapter 2

Mutually Coupled Switched
Reluctance Machine (SRM):

Fundamentals and Applications
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2.1 Introduction

In this chapter, the fundamentals of SRMs are presented and the differences between
CSRMs and MCSRMs are explained. The fundamentals include the operating con-

cept, windings configuration, and pole configuration for both CSRMs and MCSRMs.

2.2 Operating Concept

Torque production in SRM is due to the tendency of the generated magnetic flux to
have a minimum reluctance path, which in return rotates the rotor until the rotor
pole becomes aligned with the excited stator pole, maximizing the inductance of the
excited phase.

Considering a single phase SRM shown in figure 2.1(a) and for a linear magnetic
system shown in figure 2.1(b) (i.e., inductance does not change with current) half of
the input electrical energy is stored in the magnetic circuit, which is known as the
field energy. The lower half is converted to mechanical energy and it is responsible
for torque production. It is known as the co-energy. Equation (2.2.1) describes the

energy conversion dynamics:
elodt = dWy + T,.df (2.2.1)

where i, is phase a current, Wy is the field energy transferred between the source
and the magnetic circuit, and is equivalent to reactive power, and 7, is the electro-

magnetic torque responsible for angular displacement, df. e is the induced emf and
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di,
(b)

Figure 2.1: (a) single phase SRM, (b) flux linkage versus current for a linear
magnetic system.
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its magnitude is expressed by Faraday’s law:

dA,
dt

e = (2.2.2)

where )\, is phase a flux linkage. Using equation (2.2.2), equation (2.2.1) can be
formulated as:

iodN, = AW} + T.d6 (2.2.3)

From figure 2.1(b), the summation of field energy and co-energy is:

Aaia = We+ W, (2.2.4)

d(Aaia) = Aodiq + 1gdN, = AW, + dWy (2.2.5)

From equation (2.2.3) and equation (2.2.5), co-energy can be formulated as:
AW, = \dig + T,.dO (2.2.6)
Co-energy is a function of current and rotor position. Hence, the partial derivatives

of co-energy is equal to:

oW,
dW, = 50 dé

oW,

ia

dig (2.2.7)

1q=const O=const

Comparing equation (2.2.6) and equation (2.2.7), flux linkage and torque expressions

11
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can be calculated as:

ow, ow,
Ay = < T, = = 2.2.8
aia O=const a0 | ( )

1qa=const

For a linear magnetic circuit shown in figure 2.1(b), co-energy is half of the input
electrical energy:
1

We = 5l (2.2.9)

Assuming two phases are excited simultaneously (phases a and b), co-energy can be

expressed as:

1 1
We = 5alb.ia,i8) i + 5 20(0, 0, ) i (2.2.10)

where i, and A\, are phase b current and flux linkage, respectively. Flux linkages
include self and mutual inductances and are functions of phase currents and rotor

position:

Aa(8, 0, i) = iaLa + is M, (2.2.11a)

)\5(9, ia, ib) = ibLb + iaMab (2211b)

where L,, L, and M, are self inductance of phase a, self inductance of phase b and mu-
tual inductance between phases a and b, respectively. Substituting equation (2.2.11)

into equation (2.2.10) results in:

1
W, = 5(Laz'g + Lyii + 2iqiyMap) (2.2.12)

12
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Therefore, electro-magnetic torque equals to:

oW, 1 dL, 1.dL, . dMy,
T, = ¢ = P2 2 g, —2 2.2.13
90 5laap T2% e Tl g (2.2.13)

1=const

Similarly, for 3-phase excitation (phases a, b, and ¢) the torque equation is expressed

as.

1,dL, 1 ,dL, 1 ,dL.
= _Za + _Zb_ + _Zc
dMy, . . dM,. . . dM,. -

+ Z'aZ'b a0 + 1ale a0 + Zb’LCW

Te

where L., M,. and M, are phase ¢ self inductance, mutual inductance between phases
a and ¢, and mutual inductance between phases b and c¢, respectively. For CSRM
where mutual coupling between phases is ignored, M., = M;. = M,. = 0. Based
on equation (2.2.14), torque developed due to self inductance is dependent on the
slope of the inductance profile and independent of the direction of current, similar
to CSRM. While torque developed due to mutual coupling is dependent on both the

direction of current and slope of the inductance.

2.2.1 Pole Configuration

Number of stator and rotor poles in MCSRM is selected to achieve balanced operation
for a given number of phases. This means that stator poles which belong to the
same phase should have the same electrical angle at any rotor position. In light of

that, equation (2.2.15) explains the relationship between the number of stator poles,

13
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number of rotor poles and number of phases to achieve a balanced operation [1]:

LCM(N,, N,) = mN, (2.2.15)

where LCM represents the least common multiple operator, N, is the number of
stator poles, N, is the number of rotor poles, and m is the number of phases. It is
worth mentioning that number of stator poles per phase is always an integer number

for SRMs.

2.2.2 Winding Configuration

Concentrated winding is widely utilized in SRMs, where the coils are concentrated in
one slot. As CSRM has single-phase excitation, the concentrated winding provides
the highest magnetomotive force (MMF') to maximize the generated electro-magnetic

torque [3,6,14-16].

Single Layer Short Pitched SRM [17-21]

A stator slot in single layer windings has one phase coil and it is not shared by other
phase coils. So, the number of coils is half of the number of stator poles. The angular
displacement between poles is 180° electrical, and it is called pole span or pole pitch.
If the coil span is less than the pole span (180° electrical), then it is called a short
pitched winding as shown in figure 2.2(a).

Single layer short pitched winding can be CSRM or MCSRM. In CSRM, each two
consequent stator poles of the same phase has different polarities. These poles create
a single flux path. Therefore, the magnetic flux path in CSRM is within the stator

poles of the excited phase only and negligible flux flows through the stator poles of

14
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coil span<180°

=180°

pole span

Figure 2.2: Winding configuration of 3-phase 12/8 SRM and flux distribution when
phase a is excited (a) single layer short pitched CSRM, (b) single layer short pitched
MCSRM.

an unexcited phase. This can be seen in figure 2.2(a). The consequent stator poles
of phase a have different polarities of North (N) and South (S). All flux paths are
through the excited phase a poles and there is almost no flux paths within the poles
of the other phases. This is why the mutual coupling in CSRM can be ignored.

In MCSRM, to enhance the mutual coupling between phases, the stator poles of
the same phase have the same polarity. Thus, flux generated by one phase have flux
paths through the poles of the other phases. As it can be seen from figure 2.2(b),
the flux generated by the excited phase a have flux paths through other phases which
creates mutual coupling between phases.

Equation (2.2.15) can result in odd number of stator poles, for instance, 9/12
3-phase SRM. The odd number of stator poles is only valid for MCSRM as CSRM

requires even number of stator poles [22], so that each two consequent stator poles

15
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provide one flux path.

Double Layer Short Pitched SRM [17-19,21, 23, 24]

The difference between the double layer short pitched winding with that of single
layer one is that two coils of different phases share the same slot in the double layer
winding. Thus, the number of coils is equal to the number of stator poles. Similar to
single layer short pitched winding, double layer short pitched winding can be CSRM
or MCSRM.

figure 2.3(c) and figure 2.3(d) show the winding diagrams for double layer short
pitched 12/8 CSRM (DL-SP-CSRM) and MCSRM (DL-SP-MCSRM), respectively.
The flux paths are also shown when phase a is excited. It can be observed that the
polarity of the coils define whether the motor is a CSRM or MCSRM. As shown
in figure 2.3(d), the coils of the same phase in MCSRM have the same polarity.
Therefore, the magnetic path is through the poles of the other phases, enhancing the
mutual coupling. As shown in figure 2.3(c), the coils of the same phase in CSRM

have opposite poles. Therefore, the flux paths only use the stator poles of phase a.

Single Layer Full Pitched SRM [16,19,21,25-30]

In full pitched winding, the coil span is equal to pole span (180° electrical). Fig-
ure 2.4(e) shows single layer full pitched 12/8 MCSRM (SL-FP-MCSRM). In a full
pitched configuration, single-phase excitation is not enough to magnetize any stator
pole. Therefore, at least two phases should be excited simultaneously. This is why

single layer full pitched winding can only work as a MCSRM.
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Double Layer Fractional Pitched SRM [31]

The fractional pitched winding is similar to the short pitched winding but with differ-
ent coil span as shown in figure 2.4(f). This winding configuration is not commonly
applied. The single layer full pitch winding that was described earlier, provides con-
stant self inductance when applied to MCSRM. Hence, torque production relies on
the variation of the mutual inductance only [16]. On the other hand, the double
layer fractional pitched winding can utilize both self and mutual inductance in torque

production [31].

2.3 Applications

Technically, the MCSRM can replace any AC motor since the MCSRM controlled
by sinusoidal currents utilizes the standard voltage source inverter (VSI) and the
standard vector control with the conventional modulation methods such as Space
Vector Modulation (SVM) and the Sinusoidal Pulse Width Modulation (SPWM).
However, most of MCSRM designs are for traction applications such as electric vehi-
cles [30,32,33] or electric bikes [34].

SRMs are also considered as a good candidate for the applications where noise or
torque ripple are not an important factor to consider. For example, we all know that
noise or sound waves in general require a medium to transfer. Thus, SRMs will not
generate noise in space due to the absence of the medium such as air or water. On
the other hand, SRMs can be also used in noisy environments where the noise from
the SRMs become negligible. For instance, SRMs can be used by digging equipments

in construction sites, or by electrified war tanks.

18



Ph.D. Thesis — Peter Azer McMaster University — ECE

2.4 Summary

SRMs are classified into conventional SRMs (CSRMs) and mutually coupled SRMs
(MCSRMs). CSRMs are based on single-phase excitation and torque is produced by
the rate of change of self inductance. In CSRM, the commutation happens when two
phases have current at the same time. That overlapping occurs when one phase is
excited while the other phase is not fully demagnetized. The mutual coupling during
commutation is usually negligible in CSRM. This is because the winding configuration
in SRM minimizes the mutual flux path and the phase currents are small during com-
mutation. MCSRMs are based on multi-phase excitation and torque is produced by
the rate of change of both self and mutual inductances. SRMs which have odd num-
ber of stator poles can only operate as MCSRM. Winding configurations of MCSRM
can be single layer short pitched, double layer short pitched, double layer fractional
pitched, and single layer full pitched. The single layer full pitched SRM can only
operate as MCSRM, as at least two phases are needed to be excited to magnetize a

single stator pole.
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3.1 Introduction

The standard current waveform of CSRMs is unipolar rectangular waveform. In order
to improve the performance of CSRMs, advanced control techniques, such as current
profile shaping, are applied to reduce the torque ripple and acoustic noise [35-38]. On
the other hand, current waveform of MCSRMs can be unipolar rectangular waveforms,
bipolar rectangular waveforms or sine waveform [20,21,26].

In electric motors, the motor speed is regulated by controlling the electro-magnetic
torque, which is controlled through the phase currents. Current control in MCSRMs
can be classified into dependent phase current control where the phase currents are
related together and independent phase current control where the phase currents are
not related in any way. Section 3.2 presents the dependent phase current control
methods, section 3.3 introduces the independent phase current control methods, and

section 3.5 presents the summary of the chapter.

3.2 Dependent Phase Current Control

Dependent phase current control is referred to the case when the sum of phase currents
at any time instant is zero. In this control strategy, MCSRM can be considered as an
AC motor where the standard voltage source inverter (VSI) shown in figure 3.1 can be
used. Phase current can be any waveform, such as sinusoidal or bipolar rectangular
(alternating between positive and negative half cycles) so that the sum of the phase

currents is zero.

21



Ph.D. Thesis — Peter Azer McMaster University — ECE

Figure 3.1: 2-level voltage source inverter for dependent phase current control.

Sinusoidal Current Excitation [17-19,21,30, 39, 40]

Figure 3.2(a) shows 3-phase sinusoidal currents, which is the most common way for

motor control. The system parameters for sinusoidal excitation can be calculated

as [41]:
Ty = gp(mq ~ Ayia) (3.2.1)
Vg = 1gR — Mw (3.2.2)
Vg = 1R+ Aqw (3.2.3)
P g(vdz’d +vgiy) (3.2.4)
Q- g(vqid — vaiy) (3.2.5)
cos(¢) = _r (3.2.6)

VP @

where Tg,, is the output average torque, w is the electrical angular frequency, p is
the number of pole pairs and is equal to half of the number of rotor poles. A; and
Aq are dg components of phase flux linkage, vq and v, are the dg components of the

phase voltage, and ¢4 and i, are the dg components of the phase current. R is the
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phase resistance, and P and () are active and reactive power, respectively. cos(¢) is
the power factor of the three-phase load.

Equation (3.2.1) to equation (3.2.6) describe the average torque calculation, ac-
tive power, reactive power, and power factor. Sinusoidal current control is the only
control method that provides these direct formulas for system parameters calculation,
which is an advantage. Another advantage of the sinusoidal current excitation is that
the vector control (dg-current control) can be applied with space vector modulation
(SVM) or sinusoidal pulse width modulation (SPWM) like in AC motors. Thus,
there is no need to use hysteresis current controller (HCC) which is commonly used
in CSRMs. HCC has the advantages of fast dynamic response, maximum current
limitation, and simple implementation. Since the sum of phase currents is zero in a
balanced 3-phase system (referred as inter-phase dependency), a major drawback of
HCC is the high switching frequency operation as each phase is controlled separately
without the coordination with other phases [45-47]. The inter-phase dependency is
considered in SVM since the 3-phase currents are controlled by one vector represent-
ing the line voltage. Additional advantage of the sinusoidal current control, MCSRM
has better performance than CSRM regarding vibration and acoustic noise. Authors
in [48] have shown that the 3-phase 6/4 MCSRM has radial forces half that of 6/4
CSRM for the same output torque. In [17], it was demonstrated that the 3-phase
12/8 MCSRM has lower vibration and lower sound pressure level (SPL) than the the
3-phase 12/8 CSRM, when both motors have the same geometry and are supplied by

the same sinusoidal current.

Four Quadrants Operation: Motor control by 3-phase sinusoidal currents is

classified into scalar control and vector control. In scalar control, only the magnitude
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Figure 3.2: Dependent phase current control (a) Sinusoidal current excitation,
symmetric bipolar current (b) 240° conduction period [16, 18,26, 27,40, 42-44] (60°
zero current + 120° positive current + 60° zero current + 120° negative current),
(¢) 240° conduction period [18,20,31] (120° positive current + 120° zero current +

120° negative current).
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Figure 3.3: The four quadrants operation in the dq frame

of phase voltage and phase current are controlled as scalar values. While in vector
control, phase voltage and phase current are considered as vector quantities which
have a magnitude and an angle. The magnitude and the angle of that vector is defined

by d-axis and ¢- axis components as:

X = V2a? + 2,2 (3.2.7a)
04y = tan ™" (ﬁ) (3.2.7b)
T4

where x4 and z, are the d-axis and g-axis components, X,, is the vector magnitude
and 64, is angle of the vector. The d-axis and g-axis define the dq rotating frame
where there are four quadrants of operation based on torque and speed directions of
the motor. Figure 3.3 shows the operation at the four dq quadrants; the dq quadrant is
defined as motoring mode of operation when torque and speed directions are similar,
while it is defined as generating mode of operation when torque and speed have
different directions. Thus, there are two quadrants correspond to the motoring mode
which are the first and third quadrants, and the other two quadrants correspond

to the generating mode which are the second and fourth quadrants. In generating
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Figure 3.4: Real power flow and reactive power flow directions: (a) motoring mode,
(b) generating mode

mode, the SRM has an input of mechanical power and outputs real power to the
electrical source, and in motoring mode, the SRM has an input of real power and
outputs mechanical power. Since SRMs have no source for reactive power such as
field windings or magnets, SRMs always consume reactive power from the electrical
source in either motoring mode or generating mode. Figure 3.4 shows the real power

flow and reactive power flow directions at generating and motoring modes.

Symmetric Bipolar Current Excitation [16,18,20,23,26,27,31,40,42]

Bipolar current excitation is when the current waveform alternates between the pos-
itive and negative half cycles. Figure 3.2(b) and figure 3.2(c) show two rectangular
current waveforms where the sum of the instantaneous values of the phase currents is
zero. Usually two phases are excited simultaneously; one phase current has positive
magnitude and the other phase current has the same magnitude, but with nega-
tive polarity. The phase shift between phase currents is 360/m (m is the number
of phases), which is 120° electrical for a 3-phase MCSRM. HCC is usually used in

symmetric bipolar excitation to regulate the current.
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3.3 Independent Phase Current Control

In the independent phase current control, the sum of the instantaneous values of
the phase currents is not zero and, hence, the standard VSI cannot be used. If phase
currents are unipolar, then an asymmetric half bridge converter is used to control each
phase separately as shown in figure 3.5(a) [7,8]. If phase currents are bipolar, then a
single-phase full bridge inverter is used for each phase as shown in figure 3.5(b) [49].
As phase currents are not sinusoidal, SVM and SPWM cannot be used and HCC is
usually utilized to control the current. The single-phase full bridge inverter can also
be used for dependent current control to increase the motor drive reliability since the
number of legs of the full-bridge converter is double the number of legs of the VSI.
However, this will increase the cost and volume of the motor drive. In this thesis, we

will use the VSI similar to AC drive systems.

Unipolar Current Excitation

Unipolar current excitation in MCSRM is similar to CSRM, but the conduction pe-
riod is increased to provide overlapping between phase currents. For instance, con-
duction period for a 3-phase MCSRM is larger than 120° electrical. Figure 3.6(a)
shows unipolar current excitation for 180° electrical conduction period [20,42] and
figure 3.6(b) shows unipolar current excitation for 240° electrical conduction pe-

riod [16,26,27,32,42,50] for a 3-phase MCSRM.

Non-symmetric Bipolar Current Excitation

Non-symmetric bipolar phase current is when the positive and negative current half

cycles are not identical. Non-symmetric bipolar current excitation is introduced
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(b)

Figure 3.5: Converters used for independent phase current control (a) Asymmetric
half-bridge converter for unipolar excitation, (b) Symmetric full-bridge converter for
bipolar excitation.

in [18,20,51], and [52] to increase the torque generated from mutual inductance.
Figure 3.7(a) and figure 3.7(b) show current waveforms for a 3-phase MCSRM for

180° [20,51,52] and 360° [18] electrical conduction periods, respectively.

Symmetric Bipolar Current Excitation [16,26,42]

The conduction period is the main difference between the symmetric bipolar excita-
tion for independent phase current control and for dependent phase current control

discussed in section 3.2. The symmetric current in dependent phase control has
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Figure 3.6: Independent phase current control: Unipolar current excitation of (a)
180° conduction period (180° positive current + 180° zero current), (b) 240°
conduction period (240° positive current + 120° zero current).

a conduction period of 240° electrical (see figure 3.2(b)), while the bipolar current
for independent control has a conduction period of 360° electrical as shown in fig-
ure 3.7(c).

It should be noted that the currents shown in figure 3.2, figure 3.6, and figure 3.7
(except for the sinusoidal current) are applicable only at low speed operation, gener-
ally when the motor speed is lower than the base speed. When the motor speed is
higher than the base speed, the phase current has a different waveform at different
operating speeds. For instance, figure 3.8 shows unipolar current excitation wave-

forms at low speed and high speed operation. It can be seen from figure 3.8 that, at
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Figure 3.7: Independent phase current control: Non-symmetric bipolar current
excitation of (a) 180° conduction period (60° negative current + 120° positive
current + 180° zero current), (b) 360° conduction period (120° negative current +
240° positive current), (¢) symmetric bipolar current excitation for 360° conduction
period (180° positive current 4+ 180° negative current).
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Figure 3.8: Unipolar current excitation at low speed operation where current control
is applicable and high speed operation where current control is not applicable.

low speed, the phase current waveform reaches the reference value where switching
action takes place. This is defined as current chopping control (CCC) which results
in a phase current waveform close to the rectangular waveform. At high speed (i.e.,
when motor speed exceeds the base speed), the induced emf is higher than the DC
link voltage. Thus, phase current might not reach the reference value. This is defined
as the single pulse control where a duty ratio of one is applied to the switching device
(phase voltage is equal to the DC link voltage). When the rotor position reaches 6y,
the duty cycle is zero (phase voltage is equal to the negative DC link voltage). At
high speed operation, when current control is not available, different motor speeds
result in different values of induced emf, which in turn creates different phase current
waveforms. The same issue also exists in CSRMs.

Sinusoidal phase currents do not have the high rate-of-change as in the rectangular
waveforms shown in figure 3.2, figure 3.6, and figure 3.7. Therefore, the current
waveform can be maintained as sinusoidal or close to sinusoidal even at high speeds

[53,54]. This is another advantage for sinusoidal excitation.
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Table 3.1: Motor Specifications

Stator pole number 12 Number of turns per phase 132
Rotor pole number 8  Stator outer diameter 90
Phase number 3 Rotor outer diameter 53
Rated RMS current (A) 10  Rotor inner diameter 31.4
Current density (A,,,s/mm?) 5.68 Air-gap length (mm) 0.5
Active length (mm) 60

3.4 Performance Comparison

In this section, a performance comparison for different winding configurations for
a 3-phase 12/8 MCSRM with different control methods is presented. The motor

dimensions and parameters used in the comparison are shown in table 3.1 [18,20,21].

Sinusoidal Current Control [21]

The performance of the 3-phase 12/8 MCSRM controlled by sinusoidal current excita-
tion at the rated phase current is analyzed for three different winding configurations:
full pitched, double layer short pitched, and single layer short pitched. Performance
comparison is shown in figure 3.9(a), and it includes the maximum achievable base
speed with the same DC link voltage, power factor and iron loss at that base speed,
copper loss, maximum achievable efficiency, torque density, and torque ripple. The
SL-FP-MCSRM has the highest copper loss because it has the largest end winding
length compared to other winding configurations. The SL-SP-MCSRM has two coils
per phase, while the DL-SP-MCSRM has four coils per phase. In order to keep the
number of turns per phase the same in both configurations, SL-SP-MCSRM has twice

the number of turns per coil which results in higher mean length per turn compared to
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Figure 3.9: 12/8 MCSRM performance comparison (at the rated current) for (a)
different winding configurations with 3-phase sinusoidal current excitation, (b)
different control methods for SL-SP-MCSRM, (c) different control methods for

DL-SP-MCSRM.

the DL-SP-MCSRM. Therefore, SL-SP-MCSRM has a slightly higher copper length
than DL-SP-MCSRM and, hence, higher copper loss.

SL-FP-MCSRM has the highest variation in stator and rotor flux density com-
pared to other winding configurations, so it has the highest iron loss [21]. DL-SP-
MCSRM has the lowest iron loss. The efficiency of DL-SP-MCSRM is slightly higher
than SL-SP-MCSRM. This is because the copper loss is more dominant than iron loss
in the low-power 12/8 MCSRM used in this comparison. Since, SL-FP-MCSRM has
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the highest copper loss, it has the lowest efficiency.

Single layer winding configurations (SL-FP-MCSRM and SL-SP-MCSRM) have
double the number of turns per coil compared to the double layer winding (DL-SP-
MCSRM), and they can generate higher level of saturation. Among the single layer
winding configurations, SL-FP-MCSRM can generate higher saturation for the same
MMF compared to SL-SP-MCSRM. With saturation, the effective inductance and the
required reactive power decrease. So the machine can achieve higher power factor.
Therefore, SL-FP-MCSRM has the highest power factor and DL-SP-MCSRM has the
lowest power factor.

The difference between the torque performances with sinusoidal current control
can be analyzed based on the motor inductances. The electro-magnetic torque in

equation (3.2.1) can be expressed in terms of inductance components:

3 .
Tong = §p(Ld — Ly)iql, (3.4.1)

where Ly and L, are dq inductances, and I; and I, are dg currents. (Ly; — L) is
maximum for SL-FP-MCSRM and minimum for DL-SP-MCSRM. Therefore, SL-FP-
MCSRM and DL-SP-MCSRM have the highest and lowest torque density, respec-
tively. Figure 3.9(a) also shows that DL-SP-MCSRM has the highest torque ripple,
while SL-FP-MCSRM has the lowest torque ripple.

SL-SP-MCSRM [20]

The 3-phase 12/8 SL-SP-MCSRM can also be controlled by unipolar current exci-
tation of 180° conduction period (see section 3.3), bipolar current excitation of 180°

conduction period (see section 3.3), and bipolar current excitation of 240° conduction
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period (see section 3.2). Figure 3.9(b) compares the performance of these excitations.
The three excitation currents have the same RMS value and they are applied to the
same winding configuration with the same resistance. Hence, they generate the same
copper loss. The bipolar current excitations (180° and 240° conduction periods) have
higher iron loss than unipolar current excitation due to the change in the polarity of
the magnetic flux density.

The torque components generated by self and mutual inductances differ for each
current excitation. The torque component by self inductance depends on the rate
of change of the self inductance and the torque component by mutual coupling (see
equation (2.2.14)) depends on both the direction of the phase current and the slope of
mutual inductance profile. The generated electro-magnetic torque is the summation of
these torque components. Figure 3.9(b) shows that bipolar current excitation of 180°
conduction period and unipolar current excitation of 180° conduction period have the
highest and lowest total torque, respectively. Figure 3.9(b) also shows that the bipolar
current excitation of 240° conduction period and the unipolar current excitation of
180° conduction period has the highest and lowest torque ripples, respectively. As the
three current excitations have the same copper loss, the efficiency difference at the
given rotor speed depends on the iron loss. Thus, unipolar current excitation of 180°
and bipolar current excitation of 240° have the maximum and minimum efficiencies,

respectively.

35



Ph.D. Thesis — Peter Azer McMaster University — ECE

DL-SP-MCSRM (18]

The 3-phase 12/8 DL-SP-MCSRM can be controlled by sinusoidal excitation, bipolar
current excitation of 180° conduction period (see section 3.3), bipolar current ex-
citation of 240° conduction period (see section 3.2), and bipolar current excitation
of 360° conduction period (see section 3.3). Performance comparison presented in
figure 3.9(c) is based on average torque and torque ripple. Although the bipolar cur-
rent excitation of 360° conduction period generates the highest torque component by
mutual coupling [18], it also generates negative torque by the self inductance. This
results in lower total torque as compared to the sinusoidal excitation. As it can be
seen from figure 3.9(c), sinusoidal excitation achieves balanced self and mutual torque
components ending up with higher total torque than the other bipolar current exci-
tation types. The sinusoidal excitation has the minimum torque ripples as it provides
smoother change in the current waveform. The other bipolar rectangular currents

have a higher rate-of-change of current.

3.5 Summary

The phase current waveforms of MCSRMs can be unipolar rectangular waveforms,
bipolar rectangular waveforms or sinusoidal waveforms [20,21,26]. For sinusoidal
current excitation, the MCSRM can be considered as an AC motor where the stan-
dard voltage source inverter and vector control can be used. The performance of a
low-power 3-phase 12/8 MCSRM with different winding configurations and different
control methods has been compared. The comparison reveals that for the sinusoidal

current excitation, the single layer full pitched winding shows better performance
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in terms of torque density, torque ripple, and power factor. The double layer short
pitched winding has the highest efficiency. For single layer short pitched winding, the
bipolar phase current of 180° electrical conduction period has the highest torque den-
sity. The unipolar phase current of 180° electrical conduction period has the highest
efficiency and the lowest torque ripple. For double layer short pitched winding, sinu-

soidal current excitation has the maximum torque density and the minimum torque

ripple.
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Chapter 4

Modeling of Mutually Coupled
SR Ms

38



Ph.D. Thesis — Peter Azer McMaster University — ECE

4.1 Introduction

Modeling establishes a relationship between the phase currents, phase flux linkages
(or inductances), and rotor position, which is necessary to analyze the performance of
the motor. Only the modeling methods that consider mutual coupling are discussed
in this chapter. Modeling methods can be either a derivative model or an integral
model. In the derivative model, the phase current is calculated from the derivative of
the flux linkage as:

dAphase

Uphase —
iohase = . di (4.1.1)

where Aphases iphases and Uppese are the phase flux linkage, phase current, and phase
voltage, respectively. Then, the phase current is used to obtain the phase flux link-
age by a non-linear relation that can be a look-up table or a non-linear equation
such as an exponential function. Afterwards, the phase flux linkage is substituted in
equation (4.1.1) to calculate the phase current and so on.

In the integral model, the phase flux linkage is calculated:

)\phase(ia 0) = / (Uphase - iphaseR)dt (412)

Then, the phase flux linkage is used to obtain the phase current by a non-linear
relation. The integral model in equation (4.1.2) is more accurate than the derivative
model in equation (4.1.1), as the flux linkage derivative amplifies the noise in the
model [55]. For instance, if there is a 5 order harmonic noise, its derivative has a
magnitude which equals to the magnitude of this 5* order harmonic multiplied by

the angular frequency and a constant of five.
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In this chapter, the existing modeling methods for the mutual couplting between
phases are analysed. Section 4.2 presents the discussion of the analytical methods
including inductance modeling and magnetic circuit modeling. The LUT based mod-
eling methods are investigated in section 4.3. Modeling of MCSRM using different
software environments such as MATLAB/Simulink and JMAG are referred by Co-
simulation and is discussed in section 4.4. Section 4.5 provides the summary of the

chapter and the conclusion of the most accurate modeling method for MCSRM.

4.2 Analytical Methods

Analytical modeling methods are based on non-linear equations to describe the non-

linear relationship between the phase current, phase flux linkage, and rotor position.

Inductance Modeling

The self and mutual inductance profiles are expressed by Fourier series in this method
[56-63]. If the first three harmonic orders are considered, the self inductance is

expressed as:

L(i,0) =Y Lu(i)cos(no) (4.2.1)
L(i,0) = Lo(i) + Li(i)cos(nf) + La(i)cos(2nb) (4.2.2)

where Lo(i), Ly1(i) and Ly(i) are Fourier coefficients of the DC value, first order and
second order harmonics. In order to solve Ly(7), L1(i) and Ly(7), the inductance values
at three different rotor positions are calculated by finite element analysis (FEA) or

measured from experiments for single-phase excitation. For more accurate modeling
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of self inductance, the first five harmonic orders can be considered instead of three. In
this case, five rotor positions will be required to solve for the five Fourier coefficients
[64,65].

Similarly, the mutual coupling of the excited phase on the unexcited phase can be

expanded by Fourier series as [57]:
M(i,0) =) M,(i)cos(nd) (4.2.3)
n=0

where M, (i) represents the Fourier series coefficients. For 2-phase excitation, the

mutual inductance is a function of the two phase currents [56,66]:

M (ig, iy, 0) = My(iq,i,)cos(nd) (4.2.4)

n=0

where i, and i, are the currents of the excited phases. Solving equation (4.2.4) is
complicated as it is a function of two phase currents unlike the case for the self in-
ductance. Authors in [67] mentioned that solving equation (4.2.4) requires at least
4 rotor positions and 10 steps of each phase current, resulting in 400 measurements.
This explains why equation (4.2.4) was mentioned in [56] and [66] without solving
it. Equation (4.2.4) is for 2-phase excitation, thus, the complexity of the inductance
model increases as the number of excited phases increases. As a result, it can be con-
cluded that the inductance model can successfully model the self inductance in linear
and saturation regions like the case in CSRMs where single-phase excitation domi-
nates. However, it is more complicated to model the MCSRMs using the inductance

model.
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Figure 4.1: Magnetic circuit model for 3-phase 6/4 SRM.

Magnetic Circuit Modeling

The least common analytical modeling method for MCSRMs is the magnetic circuit
modeling due to its high level of complexity. The equivalent magnetic circuit of SRM
can be modeled with a number of reluctance elements. There is no standard way to
model the equivalent magnetic circuit like the case in inductance modeling. Several
approaches have been proposed to increase the model accuracy at the expense of
model complexity and simulation time [25,68-70]. It can be generalized that there
are five main reluctances describing stator core R,., rotor core R,., stator pole R,
rotor pole R,, and air gap R, as shown in figure 4.1.

It is worth mentioning that magnetic circuit models which include the mutual
coupling effect are either for CSRMs to model the mutual coupling during commu-
tation [69,70] or for MCSRMs with two phases of equal current excitation [25, 68]
where the excited phases have the same current waveform without phase shift. Au-
thors in [71] and [72] show that the variation of the mutual inductance with current
in CSRM is very small even during saturation. This simplifies the mutual coupling

model as an inductance which varies only with rotor position. Thus, models in [70]
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and [69] cannot be used for MCSRMs modeling. In MCSRM, the 2-phase equal cur-
rent excitation is equivalent to single-phase excitation [27] as the two phases carry the
same current, which also simplifies the modeling of the mutual coupling. Therefore,
the models in [68] and [25] cannot accurately model the mutual coupling if the two

excited phases have different current values.

Other Methods

In [73], the single-phase excitation magnetic characteristics are used to predict the
two-phase excitation magnetic characteristics. As mentioned earlier, mutual induc-
tance in CSRM is almost linear and does not strongly depend on phase currents.
This simplifies the modeling of mutual coupling in CSRMs, but it cannot be used for
modeling it in MCSRMs. Mutual coupling is modeled in [72] for 2-phase excitation
in CSRMs and it is dependent on rotor position and independent on current which
ease the modeling approach. This assumption is not valid for MCSRM, and hence,
this method cannot be used for MCSRMs modeling.

An analytical model is introduced in [28] to SL-FP-MCSRM close to the magnetic
circuit modeling, where the pole flux linkage is decoupled into main and fringe flux
linkage and they depend on rotor position and MMF. Results of [28] only show two
phases have equal current excitation. Therefore, it cannot be used for MCSRM with
different excited phase current values. Besides results comparing that model with

FEA have a relatively high error even at linear magnetic operation.
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4.3 Look-up Table Based Models

Modeling methods which use LUTs have higher accuracy compared to the analytical
models which use empirical formulas. For single-phase excitation like the case in
CSRMs, a 2D LUT is obtained from FEA or experimentally. This LUT has single
phase current and rotor position as inputs, and phase flux linkage as the output,
and it can be represented as Appase = f(iphase, ). For the integral model, which is
less prone to errors and noise amplification as compared to the derivative model,
the LUT should be inverted to obtain the phase current from the phase flux linkage:
iphase = f(Aphases 0) [55]. In order to model the instantaneous torque, another 2D LUT
is required which expresses the relationship between the phase current, rotor position,
and electro-magnetic torque: T, = f(iphase, #). For CRSMs, since mutual coupling is
negligible, a 2D LUT for one phase can be used to model the operation of the motor.
For multi-phase excitation, such as for a 3-phase motor, since mutual coupling cannot
be ignored, four 4D LUTs would be needed to describe the relationship between phase
currents, phase flux linkages, and torque: Ayp. = f(iq, b, %c, 0) and Tp = f(iq, @, ic, 0).
The mutual coupling between phases is modeled by considering the total phase flux
linkages (Aape) into account, instead of separately calculating the self and mutual

inductance. This increases the accuracy and simplifies the calculations.

Dependent Phase Current Modeling

As discussed in section 3.2, in dependent phase current control, the sum of phase
currents is zero at any instant (such as in a balanced 3-phase system). In this case,
the dimensions of the LUTSs can be reduced from 4D to 3D by transforming the sys-

tem variables from abc stationary frame (Agpe = f(ia, b, ic, 0)) to dg rotating frame
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(Adg = f(ig,i4,0)). Reducing the size of the LUTs results in faster simulation time
and provides more flexibility in obtaining the inverted LUTs for the integral model.
The mutual coupling between phases is modeled by considering the total phase flux
linkages (Aqpc) into account, instead of separately calculating the self and mutual
inductance. This increases the accuracy and simplifies the calculations. By trans-
forming the stationary frame variables into rotating frame variables, a MCSRM can
be modeled similar to an AC motor. Saturation and spatial harmonics are included
in the model by obtaining the LUTSs of the flux linkages and the instantaneous torque
as a function of dg currents and rotor position. Spatial harmonics is due to the slot-
ting effect of stator teeth which generates a non-uniform magnetic field. In other
words, the stator of MCSRM can be considered as a stator of an AC motor with
more salient teeth. A dynamic model of an interior permanent magnet synchronous
motor (IPMSM) considering spatial harmonics and saturation was introduced in [74]
to a 3-phase 12-slot/8-pole IPMSM. In [75], the same method has been used to model
a 3-phase 12/8 MCSRM.

Figure 4.2 shows the bock diagram of the dynamic models in [74] and [75] for de-
pendent phase current control. First, a range of dg currents that covers two quadra-
tures in the dg frame is defined. The dq currents are then transferred to abc currents
for the characterization of the motor in FEA. When d-axis is aligned with phase a
at the initial rotor position, abc to dg transformation is known as cosine-based Park
transformation. In this case, the d-axis is defined as the position where the stator
poles of phase a are at the aligned position as shown in figure 4.3(a). If the d-axis
is defined to be 90° behind the aligned position for phase a (see figure 4.3(b)), it is

referred as sine-based Park transformation. In this case, the stator poles of phase a
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Figure 4.2: Dynamic model of a 3-phase MCSRM for dependent phase current
control.
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Figure 4.3: Initial rotor position of 12/8 MCSRM when (a) d-axis is aligned with
phase a, (b) d-axis is 90° behind phase a.

)

are at the unaligned position at the initial rotor position.

The two 3D LUTs Ay = f(ig,i4,6) and A\, = f(i4, i, 6) are then inverted to
ia = f(Aag, A\g, 0) and iy = f(Ag, Ay, 0). The 3D LUTs can be considered as multiples
of 2D LUTs (A\s = f(ia,i,)) at different rotor positions. Therefore, the 2D LUTs
A = f(ig,iy) and N\, = f(ig,i,) are inverted to iy = f(Ag, A;) and i, = f(Ag, Ay) at
each rotor position.

Expressing the dq currents as a function of dgq flux linkages possess some inversion
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complexity. In order to solve this problem, gridfit function [76] from Matlab Central
is used in [74]. In [75], contourc function from Matlab is used. To our experience,
the gridfit function in [76] is more flexible than contourc for LUTSs inversion. For
modeling the torque, the 4D LUT (7. = f(ia, 1,1, 0)) is reduced to a 3D LUT

(T. = f(ia,i4,0)). An inversion is not needed for the torque LUT.

Independent Phase Current Modeling

This type of modeling is applied to independent phase current control, which was
discussed in section 3.3. For 2-phase excitation, the same procedures are applied
as for the single-phase excitation. However, 3D LUTSs are obtained instead of 2D
LUTs: Xap = f(ia,i,0) and T, = f(iq,i,0). Then, the flux linkage LUTs are
inverted to i, = f(Aa; X, 0) [77]. Inverting the LUTSs is similar to the method
described in section 4.3. The same approach can be applied for any multi-phase
excitation. Figure 4.4 shows the modeling diagram for independent 3-phase current
control. Please note that if the independent three phases are transformed into the dq
synchronous rotating frame, the transformed components will be the d-axis, g-axis,
and zero-sequence component. Thus, the advantage of reducing the dimensions of the
LUTs does not exist because of the existence of the zero-sequence component and,

hence, there is no need for the dg transformation.

Other Methods

The disadvantage of the LUT based methods is the large number of finite element
simulations required to build the LUTs and the complexity in the inversion of LUTSs,

especially for multi-phase excitation. Authors in [78] tried to reduce FEA steps by
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Figure 4.4: Dynamic model of a 3-phase MCSRM for independent phase current
control.

using a more coarse phase current range. However, that resulted in considerable errors
in the model when compared to FEA results.

Authors in [67] and [79] used feed-forward artificial neural network (FF-ANN) to
model the mutual coupling with reduced FEA steps for CSRM and SL-FP-MCSRM,
respectively. In [79], FEA results were for 2-phase excitation with keeping one phase
current as a constant and assuming linear mutual effect of the constant phase current
on the other phase. Results obtained from FEA are applied to ANN through a back-
projective training. Keeping one phase current constant value reduced the FEA steps
significantly. However, the results did not account for saturation and an experimental
validation was not provided [79].

In [67], FF-ANN was used to calculate the mutual flux linkage with 2-phase exci-
tation in CSRM. The data used to train the ANN is obtained from FEA for 2-phase

excitation with 25 current cases, which is a relatively low number. No experimental
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results have been provided to validate the feasibility of this method to model mutual
coupling.

Comparing figure 2.3(c) and figure 2.4(e), it can be observed that SL-FP-MCSRM
and DL-SP-CSRM have the same flux distribution. As a result, a SL-FP-MCSRM
with 2-phase equal current excitation can be considered as a DL-SP-CSRM with
single-phase excitation. Based on that, authors in [80] developed a model for a 3-
phase SL-FP-MCSRM considering the two excited phases as single phase having the
same current waveform. Symmetric bipolar current excitation was used with a phase
shift of 120° electrical. However, the assumption that the two excited phases have
equal current magnitude in symmetric bipolar current excitation is not valid during
commutation. This assumption is not valid either at high speed operation when
current control is not applicable and current waveforms deviate from the rectangular
shape. Thus, the use of this modeling method is limited.

In [29], a dynamic model was introduced to CSRM and SL-FP-MCSRM. Both
models use a LUT that describes the relationship between flux per tooth and MMF.
The flux per tooth is calculated from the phase flux linkages, and the phase currents
are calculated from the MMF. Since both models have the same LUT, the SL-FP-
MCSRM model was valid only for 2-phase excitation with equal currents. Therefore,
this approach also has limitations in modeling.

In another modeling approach, the authors in [81] and [82] divided each phase of
a 12/8 CSRM into two subphases, and each subphase compromises two coils. For
instance, phase a is divided into two subphases a; and as, and both a; and ay have
two coils each. Similarly, phases b and ¢ were divided into by, by, ¢; and co. Two

asymmetric half bridge converters were used to supply the 12/8 CSRM, which has
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four coils per phase, so that one converter is responsible for the subphases a;, b; and
c1, and the other converter is responsible for the subphases as, by and cy. It was
claimed that the 12/8 CSRM supplied by two converters instead of one was a new
MCSRM, and it was called dual channel MCSRM (DL-MCSRM).

In [81], a dynamic model was introduced to this DL-MCSRM based on decoupling
of the subphase flux linkage (A1) into self and mutual flux linkages. Since the two
subphases a; and ay have the same current, their self and mutual flux linkage LUTs
have a single phase current input. This model is updated in [82], so that LUTs
describe the total flux linkage of a; and ay without decoupling them. This is similar
to CSRM modeling. Since the DC-MCSRM is a CSRM supplied by two converters,
the models in [81] and [82] cannot be used in MCSRM modeling.

4.4 Modeling Through Co-simulation

The electro-magnetic model of a MCSRM in an FEA software such as JMAG [83]
can be used in simulation tools such as Saber [84] or Matlab [85]. This is called
co-simulation. It provides the highest accuracy as compared to other methods as it
utilizes the FEA model of the motor. However, co-simulation usually requires much

longer simulation time, which limits its practicality in the design of a MCSRM drive.

4.5 Summary

Modeling methods for SRMs are either analytical methods or look-up table (LUT)
based methods. Analytical methods include inductance modeling and magnetic cir-

cuit modeling. Inductance modeling is used to model the self-inductance by the
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Fourier expansion of the first three [56,58,59] or the first five harmonic orders [64,65].
However, this method cannot be used to model the mutual coupling between phases
due to the complexity and large number of measurements required [56,66,67]. In
the magnetic circuit modeling, the SRM is modeled by a number of reluctance ele-
ments. For CSRM, two phases can be excited simultaneously during commutation,
magnetic circuit modeling methods that consider the mutual coupling in CSRM dur-
ing commutation cannot be used in MCSRM, as the mutual coupling in CSRM is
dependent on rotor position only but not the phase current, since the current values
during commutation are small, in addition to the windings configuration of CSRM
that minimizes the mutual flux paths [71,72]. The existing magnetic circuit modeling
methods for MCSRM can model the mutual inductance for two phases of equal in-
stantaneous current [25,68], which can be considered as a single-phase excitation. No
magnetic circuit modeling method in the literature accounts for the mutual coupling
in MCSRM where the currents of the excited phases differ instantaneously, such as
the 3-phase sinusoidal current excitation.

LUT based methods are typically more accurate than the analytical methods.
For the CSRM, two 2D LUTs are obtained from finite element analysis (FEA) which
are A = f(i,0) and T, = f(i,0). Here X is the phase flux linkage, i is the phase
current, 6 is the rotor position, and 7T, is the instantaneous phase torque. The first
LUT represents the non-linear relationship between the phase current, rotor position,
and the phase flux linkage. The second LUT represents the non-linear relationship
between the phase current, rotor position, and the phase torque [22]. In order to
avoid error amplification in the model, phase current is found by inverting the flux

linkage LUT as i = f(\,#0) [55]. This inversion allows the calculation of phase flux
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linkage by integration. Then, the calculated flux linkage is applied to the inverted
LUT to estimate the phase current [55].

For 3-phase MCSRM where the three phases are excited simultaneously, the con-
ventional LUT-based modeling methods require four 4D LUTs from FEA [22]. Three
LUTs describe the phase flux linkages as A\, = f(iy,ip,%0,0), Ny = f(iu, v, tw,0)
and Ay, = f(iy,dy,00,0), where i,,i,,17, are the 3-phase currents and A, A, Ay,
are the 3-phase flux linkages. The last LUT describes the instantaneous torque as
T. = f(iu,tv,tw,0). The 4D LUTs of the phase flux linkages are inverted similar to
the single-phase excitation case. However, the inversion of a 4D LUT is more com-
plicated in multi-phase excitation compared to single-phase excitation. For balanced
current operation, in which the sum of the 3-phase currents is equal to zero, the 3-
phase uvw stationary frame can be transformed into the dq rotating frame without
the zero sequence component. Therefore, the 4D LUTSs are simplified into 3D LUTs:
A = flia,iq,0), Ny = f(ia,%q,0) and T, = f(ig,1,,0), where Ay, A, are the dg flux
linkages and 4,7, are the dg currents. These procedures are introduced in [74] to
a 12-slot/8-pole interior permanent magnet (IPM) synchronous motor. The same
method in [74] is applied in [75] for a 3-phase 12/8 MCSRM with sinusoidal current
excitation. The 3D LUT is inverted in [74] by gridfit tool from Matlab Central [76],
while in [75], contourc function in Matlab is used. The gridfit tool is simpler to apply

than the contourc function to invert the LUTs.
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5.1 Introduction

As concluded from the previous chapter, the LUT based models are the most accurate
among the other modeling methods. Authors in [75] presented a dynamic model to
a 3-phase MCSRM where the LUTSs used in that model represent two quadrants of
the dq synchronous reference frame. In this chapter, a dynamic model is introduced
to a 3-phase MCSRM, where the required LUTs represent a single quadrant of the
dg frame, hence, the size of the LUTs and the required FEA steps are reduced by
50%. The dimensions of the LUTSs obtained from the FEA model are reduced from
4D to 3D by transforming the system from the 3-phase stationary reference frame
to the dq synchronous reference frame. Afterwards, the dimensions of the LUTs are
further reduced from 3D to 2D by using the vector representation of phase current
and electro-magnetic torque instead of instantaneous values. Therefore, rotor position
does not need to be an input to the LUTSs. The advantages of the proposed dynamic

model are:

1. LUTs are independent of rotor position so the dimensions of LUTSs decreases

from 3D to 2D.

2. The LUTSs required in the proposed method represent a single dg quadrant, so
the size of the LUTs and the number of the required FEA steps are reduced by

50% compared to the two-quadrant based method in [75].

Starting from this chapter, the 3-phase stationary reference frame will be referred
to as uvw instead of abe to avoid the confusion between the three phases (Iu.) and
their Fourier coefficients (I, and I,,). The rest of the chapter is organized as follows.

Section 5.2 explains the proposed dynamic modeling method. Section 5.3 validates the
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Table 5.1: The Specifications of the MCSRM Used in This Thesis

Parameter Value Parameter Value
Phase Number 3 Rotor inner radius 30.5 mm
Stator poles 12 Shaft radius 12.5 mm
Rotor poles 8 Air-gap length 0.3 mm
Axial length 70 mm  Turns per phase 28
Stator outer radius 68 mm Rated power 2 kW
Stator inner radius 56.7 mm Rated torque 3 Nm
Rotor outer radius 41.5 mm Peak current 21.21

proposed method with FEA, and section 5.4 validates it with experiments. Finally,

section 5.5 presents the summary of the chapter.

5.1.1 Investigated Motor

The motor used in this thesis is 12/8 3-phase SRM and it was designed to operate
as a CSRM. I changed the windings configuration to make it operate as a MCSRM.
Figure 5.1 shows the updated windings configuration of the MCSRM used in this
thesis. Table 5.1 shows the parameters of the MCSRM and figure 5.2 shows the
motor itself. The FEA analysis, simulation and experimental results in this thesis are
conducted on that motor.

The base speed of the SRM is 6000 rpm at 300 DC-link voltage when it operates
as a CSRM. At the base speed, the induced electromotive force (emf) of the motor
is equal to the DC-link voltage. Hence, the current control can be applied as long
as motor speed is less than or equal to the base speed, since the induced emf which
opposes current will be lower than the DC-link voltage. After changing the windings
configuration of the SRM to make it operate as a MCSRM, the induced emf charac-

teristics due to the 3-phase sinusoidal current excitation is different than the CSRM
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Rotor pole

Rotor yoke

Stator yoke

Phase windings

Stator pole

Figure 5.1: Winding configuration for the 12/8 mutually coupled SRM

with single-phase excitation. Hence, the base speed is different as well. Table 5.2
shows the corresponding base speed at different DC-link voltages when the motor

operates as MCSRM with sinusoidal current excitation.

Table 5.2: The corresponding rated speed at a given DC-link voltage.

DC-link Voltage Rated speed

300V 2500 rpm
250V 2200 rpm
200V 1800 rpm
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Resolver cable

12/8 SRM

Adjustable phase windings

Figure 5.2: The 12/8 SRM used in this thesis

5.1.2 Direct-and Quadrature-axis Locations

The location of d- and ¢- axis for the 3-phase 12/8 MCSRM at initial rotor position
is shown in figure 5.3. As mentioned earlier in section 4.3, the initial position can be
aligned with phase u, or 90° behind phase u (see figure 4.3). It can be noticed from
figure 5.3 that the initial position is assumed to be aligned with phase u and, hence,
the cosine-based Park transformation will be used. The reason behind making the

initial position as the alignment position is practically easier to align the rotor with
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g-axis*

Figure 5.3: Windings configuration of a 3-phase 12/8 MCSRM

phase u versus the alignment of the rotor midway between the phases v and v. The
location of g-axis is 90° electrical phase shifted from the d-axis. Since the MCSRM I
am using has four pole pair, the location of g-axis is 22.5° mechanical phase shifted

from d-axis.

5.1.3 Clarke-Park Transformation and Fourier Expansion

The Clarke-Park transformation can be power variant or power invariant. In power
variant transformation, the resultant vector of d- and ¢- axis currents has the same
magnitude as the phase current magnitude. However, the power calculations from
the dq synchronous reference frame are not similar to the power calculations from
the 3-phase stationary reference frame. In power invariant transformation, the power
calculations from the 3-phase stationary frame and the dq synchronous frame are the
same. However, the magnitude of phase current is different from the magnitude of the
resultant vector of d- and ¢-axis currents. The power variant transformation is used

in this thesis, equations (5.1.1) and (5.1.2) show the power variant transformation
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matrix at a given rotor position, 6:

d cos(0)  cos(0—3)  cos(f+ ) u
q | = ; —sin(0) —sin(@ —3) —sin(0+ &) v (5.1.1)
: b b\
u cos(0) —sin(0) 1 d
v | = | cos(0—3) —sin(0— %) 1 q (5.1.2)
w cos(0+ %) —sin(0+ %) 1 0

On the other hand, any signal can be represented by Fourier series as:
= 30 Z ancos(nb) + bysin(nb)] (5.1.3)

where a, is the signal DC offset, a,, and b, are the cosine and sine Fourier coeffi-
cients for the n'* order harmonic. For a sinusoidal wave with zero DC offset (a,=0),

equation (5.1.3) is updated to:
f(8) = arcos(0) + bysin(0) (5.1.4)

Comparing phase u in equation (5.1.2) by equation (5.1.4), it can be concluded that
the d-axis component is equal to the cosine Fourier coefficient, and the g-axis com-
ponent is equal to the negative value of the sine Fourier coefficient. Hence, to make

the sine Fourier coefficient similar to the g-axis component, Fourier series will be
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represented in this thesis as:

flz) = % + Z[ancos(nx) — bysin(nx)] (5.1.5)

5.2 The proposed Dynamic Model

The MCSRM used in this thesis is simulated in FEA with sinusoidal current excita-
tion. The next sections discuss how to build the required LUTs for the modeling of

phase currents and electro-magnetic torque.

5.2.1 Modeling of the phase currents

The 3-phase flux linkages output from the FEA model have the same waveform and
are shifted by 120° electrical from each other. Figure 5.4(a) shows the 3-phase flux
linkages when [i4, i,]=[4, 16]A. It can be observed that the sinusoidal current exci-
tation results in a distorted phase flux linkage waveform due to the effect of spatial
harmonics. Figure 5.5 shows the flux distribution at the alignment rotor position,
6=0, when [|i4|, |i4]]=[4, 16]A among the four quadrants of the synchronous reference
frame. Figure 5.5 reveals that for the same magnitude of dg currents, the dq flux
linkages also have the same magnitude. Moreover, the sign of the d-axis flux linkage
follows the sign of d-axis current, and the sign of g-axis flux linkage follows the sign
of g-axis current. Thus, the resultant flux linkage vectors from the dg flux linkages
in the four quadrants have the same magnitude and are shifted 90° from each other.
The symmetry of the flux linkage is due to the absence of rotor magnets and rotor

winding in MCSRMs. Exploiting this symmetry in the flux distribution for the same
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Figure 5.4: (a) 3-phase flux linkages from the FEA model for sinusoidal current
excitation when [i4,4,] = [4, 16]A, (b) d¢ flux linkages when [ig4,i,] = [4, 16]A
magnitude of dq currents, the MCSRM can be simulated in FEA with sinusoidal cur-
rents which represent the 1% quadrant of the synchronous reference frame. This is
the first Step in figure 5.6, which shows the block diagram for LUTSs generation from

the FEA model.

In AC motors (such as synchronous motors and induction motors), there is a
symmetry between the first and third quadrants as they represent the motoring mode
of operation. There is also a symmetry between the second and fourth quadrants
as they represent the generating mode of operation. This symmetry is used in the
modeling of synchronous motors in [74] and it is also used in the modeling of MCSRMs

in [75]. In SRMs, there is a symmetry between the four quadrants (see figure 5.5)
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Figure 5.5: Flux distribution at the alignment rotor position (6 = 0) when dgq
currents magnitude is [|i4], |7,]]=[4, 16]A among the four quadrants of the
synchronous reference frame

and this symmetry is used in the proposed dynamic model.

After Step 1, the 3-phase flux linkages from the FEA model are represented in
3D LUTs: Ay = fulla,ig,0), Ao = fu(ia,iq,0) and Ny, = fu, (44,74, 0). As shown in the
second Step in figure 5.6, the 3-phase flux linkages are transformed into synchronous

reference frame using Clarke and Park transformations:

)\d = f(z'd,iq,ﬁ) (521&)

Ay = fia,iq,0) (5.2.1b)
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Figure 5.6: LUTs generation from the FEA model

Figure 5.4(b) shows the dq flux linkages transformed from the 3-phase flux linkages
in figure 5.4(a). The dq flux linkages are not constant with rotor position due to the
distortion in the 3-phase flux linkages caused by the spatial harmonics.

Next, we need to invert the flux linkage LUTs into current LUTs to allow the
calculation of the phase flux linkage by integration. At each rotor position, the
3D LUTSs of the dg flux linkages in equation (5.2.1) can be expressed as 2D LUTs:
A = f(ig,1y) and Ay = f(ig,1,). The gridfit tool from Matlab Central [76] is used
to invert the LUTs at each rotor position, as shown in Step 3 in figure 5.6. Hence,
two 3D LUTs are obtained which describe the dg currents as a function of dgq flux

linkages and rotor position:

id = fd()\d, )\q,e) (5.2.2&)

ig = fo(Aa, Aq, 0) (5.2.2b)
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The size of the current LUTs in equation (5.2.2) can be reduced significantly if
they are independent of rotor position. This can be accomplished by representing the
phase currents as a vector in terms of Fourier coefficients.

Authors in [75] represented the current harmonics in the synchronous reference
frame but the symmetry between the currents and flux linkages in the four quadrants
could not be utilized in that case. Hence, when the LUTSs in equation (5.2.2) are used
in [75], they represent two dq quadrants. The required currents to be simulated in
the FEA model represent two dg quadrants as well.

In order to utilize the symmetry between the phase flux linkage and phase current
in the four quadrants, the harmonics of the current waveform are described in the
stationary reference frame in the proposed method. This way, the currents simulated
in the FEA model and LUTSs represent a single dg quadrant. Therefore, the output
currents from equation (5.2.2) are transformed into the stationary reference frame
as shown in Step 4 in figure 5.6. The transformed uvw currents are instantaneous

current values as they are a function of rotor position:

iw = fulAas Ay, 0) (5.2.3a)
iv = fo(Ads Ag, 0) (5.2.3b)
i = A Ags 0) (5.2.3¢)

The phase current can be represented as a vector in terms of Fourier coefficients as
shown in Step 5 in figure 5.6. In order to find the Fourier coefficients, phase u current

is expressed by Fourier series as:
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Figure 5.7: (a) 3-phase currents from equation (5.2.3) when [Ag, A,]=[0.1,0.03]Wb-T
and (b) harmonic content

:% Z an€08(nb) — Ip,sin(nh)] (5.2.4)

where I, is the DC component and is equal to zero for balanced current operation, w
is the angular frequency, and I,, and I, are the cosine and sine Fourier coefficients,
respectively. These coefficients represent the magnitude and the angle of the n'?

harmonic vector:

I, = V1, + Iny? (5.2.5a)

¢ = tan™* (%) (5.2.5b)
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where [,, and ¢,, are the magnitude and angle of that vector. Figure 5.7 shows phase u
current and its harmonic content when [Ag, A;]=[0.1, 0.03]Wb-T. From figure 5.7(b),
the first five dominant harmonics are considered. Thus, phase u current is expressed

as:

I,(t) = I,1c08(0) + I,5c08(50) + 17c0s(70)
+ I,11c05(110) + 1,13c08(130) — Iy sin(0)
(5.2.6)
— Iyssin(50) — Iyzsin(70) — Iy1sin(110)

— Iblgsin(l?ﬁ)

Hence, the relationship between the Fourier coefficients of phase current (Zu,, Ipn)

and the dg flux linkages (A4, A,) is represented in a 2D LUT as:

> L= fanMas ) (5.2.7a)
n=1,5,7,11,13

Z Iy, = fbn()\da >\q> (527b)
n=1,5,7,11,13

As mentioned earlier in Step 1 in figure 5.6, the flux linkage LUTs \gy = f(ig, 174, 0)
and the inverted current LUTSs 74, = f(Ag, Ay, 6) are defined in the first quadrant of
the synchronous reference frame, where the dg currents and the dq flux linkages have
positive values. If the simulated currents in Step 1 represent the four quadrants of the
synchronous reference frame, the variation of the phase current Fourier coefficients
(Lan, Ipn) with the dg flux linkages (Mg, A;) would be as shown in table 5.3. It can
be observed that for the same magnitude of the dgq flux linkages, the phase current
Fourier coefficients have the same magnitude. Furthermore, the sign of I,,, depends of

the sign of \; and the sign of I;,, depends of the sign of \,. This is due to the symmetry
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between the currents and flux linkages as described earlier. This symmetry can be
observed from figure 5.8, which shows the first order Fourier coefficients of the phase
current with respect to dq flux linkages. The symmetry exists for other harmonics
as well and they are shown at the end of this thesis in the Appendix. Therefore,

equation (5.2.7) can be modified to represent all dg quadrants as:

Z Ian = fan(’)\d|7 |/\q|) Slgn<)\d) (528&)
n=1,5,7,11,13

> L= SNl [Ag]) sign(A,) (5.2.8b)
n=1,5,7,11,13

After calculating the Fourier coefficients of phase u current, the 3-phase currents are

expressed as:

Iy = Z [meos(nﬁ) — Ibnsm(né’)} (5.2.9)

iy = Z [Lancos(n(6 — 2—7T)) — Iy, sin(n(6 — 2—7T))} (5.2.10)
n=1,5, 3 3

Ty = Z [Lancos(n(6 + 2—7T)) — Ipnsin(n(0 + 2—7T))} (5.2.11)
n=1,5, 3 3

711,13

In the proposed method, there are 5 harmonic orders considered in the stationary
frame which are the 1st, 5th, 7th, 11th, and 13th where each component requires two
LUTs independent of the rotor position: one LUT for the sine coefficient and another
LUT for the cosine coefficient. Hence, the total number of LUTs is 10. If the LUTs
described the current harmonics in the synchronous reference frame as in [25], then

the 1st order harmonic will be transformed into the DC value, the 5th and 7th order
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Figure 5.8: Symmetry of the first order Fourier coefficients of phase current with
respect to dq flux linkages among the four quadrants of the synchronous reference
frame: (a) I,; and (b) I.
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harmonics will be transformed into the 6th order harmonic, and finally the 11th and

13th order harmonics will be transformed into the 12th order harmonic:

ia(t) = igo + 14,a6c05(60) — iqp65in(60) + ig412c05(120) — igpi2sin(120)  (5.2.12)

iq(t) = lgo + 1g.a6€05(60) — 14 p651n(60) + iga12c05(120) — iy pr2sin(120)  (5.2.13)

Where iq4 and iqp6 are the cosine and sine Fourier coefficients of the 6! order
harmonic of d-axis current, and likewise for i4412, tap12, tdas and igps. Similarly,
iq.a6 and i, 6 are the cosine and sine Fourier coefficients of the 6 order harmonic of
g-axis current, and likewise for iq 412, tgp12, tq,a1s and 74p18. Those Fourier coefficients

can be represented in 2D LUTs as [75]:

ldo = fd,o()\da )\q) (5214&)

L0 = fq,o()\da >\q) (5214b)

Z Zd an — fdan )\d7>\ ) (5214C)
n=6,12

Z idpn = faon(Ad; Aqg) (5.2.14d)
n=6,12

Z iq,an = fq,an()\da /\q) (52146)
n=6,12

D igin = fam(Aa Ag) (5.2.14f)
n=6,12

Hence, the total number of LUTs in [75] is 10 (identical to the proposed method).
However, by describing the current harmonics in the synchronous reference frame as

n [75], the symmetry between the four quadrants in SRM cannot be utilized, thus,
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the size of the LUTs and FEA characterization have to cover two quadrants in the
synchronous reference frame. In contrast, the proposed method requires a single

quadrant only

5.2.2 Modeling of the electro-magnetic torque

In Step 1 in figure 5.6, a 3D LUT is generated from the FEA model representing
the electro-magnetic torque as a function of the dg currents and rotor position, T, =
f(i4,14,0). Unlike the flux linkage LUTsS, there is no need to invert the torque LUT.
The torque LUT describe the instantaneous values of the electro-magnetic torque as it
is a function of rotor position. Similar to the phase current LUTs, the torque LUT can
be simplified significantly if it is independent of rotor position. For this purpose, the
Fourier coefficients of the torque waveform are found as shown in Step 6 in figure 5.6.

Figure 5.9 shows the FEA results of the torque waveform and its harmonic content

when [i4,1,] = [4, 16]A. Based on figure 5.9(b), the torque waveform can be expressed
as:
=T,+ Z Tuncos(n@) — Ty, sin(nb)] (5.2.15)
n=6,12,

18,24,30

T.(t) = T, + Tuecos(60) + T,19c0s(126)
+ To18c08(180) + T,oo4c05(240)
+ Tus30c08(300) — Tygsin(66) (5.2.16)
— Th12s1n(120) — Tyy55in(180)

— Tb248in<240) — Tbgosin(SOH)
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Figure 5.9: (a) electro-magnetic torque waveform when [i4, i;]=[4, 16]A and (b) its
harmonic content

where T, is the average torque value, and T,s and Ty are the Fourier coefficients of
the 6" order harmonic. Tjio and Ty are the Fourier coefficients of the 12" order
harmonic, and likewise for the 18", 24 30" order harmonics. 7T, can be calculated

analytically as:

T, = ;p()\doiq — Agoia) (5.2.17)

where p is the number of pole pairs, ¢y and i, are the dq currents, A4, and A\, are
the fundamental d- and ¢- axis flux linkages. However, the calculation of the average
torque by equation (5.2.17) requires two LUTs of the fundamental d- and ¢- axis flux

linkages as a function of dg currents: Ago = f(ig, ), \jo = [f(ia,iq). Instead, the

72



Ph.D. Thesis — Peter Azer McMaster University — ECE

average torque can be found through a single LUT that has dq currents as inputs:

T, = f(ig,iy) (5.2.18)

The 6, 12" 18" 24 and 30™ order harmonics in equation (5.2.16) are responsible

for torque ripple and they are also modeled as a function of dg currents as:

Z Tan fan lda ) (5219&)
n=6,12,18,

24,30

> T = finlia,iy) (5.2.19b)
n=6,12,18,

24,30

Table 5.4 shows the variation of the average torque and torque Fourier coefficients in

the four dq quadrants for the same magnitude of dq currents.
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It reveals that the average torque has the same magnitude in the four dq quad-
rants. Additionally, the average torque is positive in the first and third dg quadrants
(i.e., when 74 and i, have the same sign) since they represent the motoring mode of
operation. The average torque is negative in the second and fourth quadrants (i.e.,
when the i; and i, have different signs) as they represent the generating mode. The
symmetry of the average torque for the entire operating range of dq currents is shown
in figure 5.10, that figure also shows that the average torque is zero when i4 or i, is
zero, or both of them are zeros.

It can also be concluded from table 5.4 that the torque Fourier coefficients T,,, and
T}, have the same magnitude for the same magnitudes of dq currents. Additionally,
the sign of T,,, depends on the sign of both d- and ¢- axis currents, while the sign
of Ty, does not depend on the sign of either d- or ¢- axis currents. Figure 5.11
shows the symmetry of the 6 order Fourier coefficients for the operating range of
dgq currents among the four dq quadrants. The symmetry also applies to the other
Fourier coefficients of the torque harmonics and they are shown in the chapter B.
Therefore, equation (5.2.18) and equation (5.2.19) are updated to represent the four

dgq quadrants as:

TO = f(|ld|7 |Zq|) Szgn(zdlq) (5220&)
Z Tan fan |Zd| |Zq|) Szgn(ldl ) (522013)
n=6,12,18,
24,30
Z Ton = fon(lial, |ig]) (5.2.20¢)
n=6,12,18,

24,30
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Figure 5.10: Symmetry of the average torque 7, with respect to dq currents among
four quadrants of the synchronous reference frame

5.2.3 Final Model

that is based on 3-phase sinusoidal current excitation. The proposed dynamic model
can describe sinusoidal and non-sinusoidal current waveforms as long as the summa-
tion of phase currents is zero, or the zero-sequence component is zero. Figure 5.12
shows the block diagram of the proposed dynamic model. The 3-phase flux linkages
are calculated and transformed into synchronous reference frame. Then, the dq flux
linkages are input to the current LUTs in equation (5.2.8) to estimate the phase cur-
rent Fourier coefficients. The rotor position #, and phase current Fourier coefficients
are input to equation (5.2.9), equation (5.2.10) and equation (5.2.11) to calculate the
instantaneous 3-phase currents. In order to model the instantaneous electro-magnetic
torque, the 3-phase currents are transformed into synchronous reference frame to es-

timate the torque Fourier coefficients from their respective LUTSs in equation (5.2.20).
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Figure 5.11: Symmetry of the 6! order Fourier coefficients of electro-magnetic
torque with respect to dgq currents among the four quadrants of the synchronous
reference frame: (a) T,6 and (b) Ty.
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Figure 5.12: Block diagram of the proposed dynamic modeling method

The instantaneous torque is then calculated by adding the average torque and the

torque harmonics together at a given rotor position as shown in equation (5.2.16).

5.3 FEA Validation

The FEA model is used to validate that the proposed method can model the operation
in all dq quadrants by using the information from a single dq quadrant. Three different
approaches are considered for FEA validation. In the first approach, the output 3-
phase currents from the proposed dynamic model are obtained for constant dq flux
linkages, for instance [Ag, A\;] = [—0.04, —0.02]Wb-T, which indicate sinusoidal phase
flux linkages. These output 3-phase currents are essentially the currents required to
generate sinusoidal flux linkages as the dg flux linkages are constant values. Then, the
3-phase currents from the proposed dynamic model are applied to the FEA model

and the resulting flux linkage is compared with the sinusoidal flux linkage which
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was input to the proposed dynamic model. The comparison between the input and
the output flux linkages are shown in figure 5.13(b). The sinusoidal flux linkages
from the FEA model and the ones input into the dynamic model are in a good
agreement. figure 5.13(c) compares the electro-magnetic torque from the FEA model
and the proposed dynamic model. The electro-magnetic torque waveforms are also in
good agreement. This validation shows that the proposed dynamic model accurately
predicts the spatial harmonics of the current and torque waveforms.

In the second approach, constant dq currents are applied to the FEA model, for
instance [ig4,i,] = [—10,8]A, and the corresponding phase flux linkages are obtained
which are distorted waveforms. The flux linkage from the FEA model is then ap-
plied to the proposed dynamic model. If the proposed dynamic model is accurate,
it should output the same current waveform which was applied to the FEA model.
Figure 5.14(b) compares the sinusoidal current input to the FEA model and the cur-
rent output from the proposed dynamic model. The results show a good match.
Figure 5.14(c) compares the electro-magnetic torque from the FEA model and the
proposed dynamic model. The electro-magnetic torque waveforms are in good agree-
ment as well. This shows that the proposed method can accurately predict the current
and torque for a distorted flux linkage input.

As mentioned before, the proposed method can model sinusoidal and non-sinusoidal
current waveforms as long as the summation of phase currents is zero. In the third
approach, the proposed method is validated by using trapezoidal phase current ex-
citation. In this approach, the output 3-phase voltages from the dynamic model are
applied to the FEA model. Figure 5.15 shows a good agreement between the phase

currents, phase flux linkages, and electro-magnetic torque from the proposed dynamic
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model and the FEA model. It also reveals that the proposed method can model the
steady state, transient, and switching dynamics. Figure 5.16 shows the distorted d-
and ¢- axis currents corresponding to the trapezoidal current excitation shown in fig-
ure 5.15. This approach validates that the proposed method can accurately describe
motor dynamics for non-sinusoidal current excitation.

It is worth mentioning that the high torque ripple in figures 5.13 to 5.15 is due
to the MCSRM used in this thesis since it is designed to operate as a CSRM with
single-phase excitation. SRMs which are designed to operate as MCSRM can have

much lower torque ripple [30,33,34]

5.4 Experimental Validation

Figure 5.17 shows the experimental setup, the MCSRM is connected to an interior
permanent magnet (IPM) motor, which is used as a dynamometer. Both motors
are controlled using vector control and space vector modulation (SVM). The control
algorithm is applied through a Texas Instrument TMS320F28377D Digital Signal
Processor (DSP). The experimental drive parameters are given in table 5.5. The
phase current waveforms are measured and recorded by an oscilloscope. The proposed
dynamic model is validated by comparing the phase current waveforms from the
experiments with those from the proposed dynamic model. The operation in the four
quadrants of the synchronous reference frame are validated at different dg currents
and different motor speeds. The experiments are conducted under the peak current
conditions to ensure that MCSRM operates under saturation.

Figure 5.18 compares phase current waveforms in the first quadrant of the syn-

chronous reference frame at 500 rpm for [ig,i,] = [15, 10]A. The results show a good
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Figure 5.17: Experimental setup for the 12/8 MCSRM.
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Table 5.5: Experimental drive parameters

Parameter Value
DC link voltage 200 V
Current sampling frequency 10 kHz
Switching frequency 10 kHz
Modulation used SVM

MCSRM current controller parameters K, = 15, K; = 0.1

— Simulation —Experiment\

Phase Current [A]

_25 1 1 1 1 1
0.17 0.18 0.19 0.2 0.21 0.22
Time [s]

Figure 5.18: Comparison between phase current waveforms from the experiments
and the proposed dynamic model when [i4,7,] = [15, 10]A at 500 rpm

match and validate that the proposed method can model the effect of saturation and
spatial harmonics of the phase current.

The second quadrant operation is validated at 500 rpm for [ig4,i,] = [—12, 14]A.
Figure 5.19 reveals that the proposed dynamic model closely matches the experiment
results.  Figure 5.20 compares the phase current waveforms in the third quadrant
at 1000 rpm. The dg currents in figure 5.20 are [ig,4,] = [—6,—8]A. As it can be
concluded from figure 5.20, the proposed dynamic model can effectively model the
operation at the third quadrant. The operation in the fourth quadrant of the syn-

chronous reference frame is validated in figure 5.21. Again, the results show that the
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Figure 5.19: Comparison between the phase current waveforms from experiments
and the proposed dynamic model when [i4, i,] = [-12, 14]A at 500 rpm

proposed dynamic model can accurately model the spatial harmonics and saturation.

Figures 5.22 and 5.23 present the validation of the proposed method at 1500 rpm.
Figure 5.22(a) compares the phase current from the proposed model and experiments
when [ig,7,] = [-10, —5]A and it shows a good agreement between experimental and
simulation results. Figure 5.22(b) shows the distortion in the d- and ¢- axis currents
due to the spatial harmonics. Figure 5.23(a) compares the phase current waveforms
when [i4,1,] = [3,12]A and it proves that the proposed dynamic model can describe
the motor dynamics properly. Figure 5.23(b) shows the current distortion in the
synchronous reference frame.

Finally, table 5.6 compares the proposed method and other methods mentioned
in the literature. Table 5.6 shows the limitations of each method, the motor topology
used, the maximum error in the current and torque modeling, and the validation
method used. Table 5.6 reveals that the proposed method has the minimum error

in current and torque modeling compared to other methods. It also shows that the
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Figure 5.20: Comparison between the phase current waveforms from experiments
and the proposed dynamic model when [ig4, i,] = [-6, —8]A at 1000 rpm
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Figure 5.21: Comparison between the phase current waveforms from experiments
and the proposed dynamic model when [i4,7,] = [10, —15]A at 1000 rpm
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proposed method is novel as it uses the vector representation to describe the motor

dynamics.
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5.5 Summary

A dynamic model for mutually coupled switched reluctance machines is presented in
this chapter. The proposed method utilizes two-dimensional look-up tables (LUTSs),
which describe a single quadrant of the dg synchronous reference frame. LUTs used
in the proposed method represent the phase current and electro-magnetic torque as
vectors in terms of Fourier coefficients. Hence, the LUTs are independent of the rotor
position. Due to the absence of rotor magnets and rotor winding in MCSRMs, the
magnetic flux distribution posses symmetry among the four dg quadrants. By utilizing
this symmetry, LUTs constituting only single dq quadrant information need to be
obtained from the FEA model. This reduces the size of the LUT and the number of
FEA steps by 50%, compared to two-quadrant based models. The proposed dynamic
model is validated by both FEA results and experiments, for the operations in the
four dq quadrants at different current values and different speeds. The error in current
and torque modeling between the proposed method and FEA is almost zero. Thus,
the proposed method offers time efficient and accurate results that can be used to

replace FEA when analysing motor performance.
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Chapter 6

Model-Based Spatial Harmonics
Vector Compensation Method for
Three-Phase Mutually Coupled
Switched Reluctance Machine
With Sinusoidal Current

Excitation
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6.1 Introduction

Vector control is widely used in AC motors, such as synchronous and induction mo-
tors for sinusoidal current excitation where the spatial harmonics are ignored [86,87].
The spatial harmonics are due to slotting and winding distribution of the stator [88].
Vector control is usually implemented using Proportional-Integral (PI) controllers
where the 3-phase sinusoidal currents are transformed into the dq synchronous refer-
ence frame as DC values (i.e., direct-and quadrature-axis currents). These DC values
are controlled by two independent PI controllers where the integral gain of the PI
controller eliminates the steady-state error as it provides the highest stiffness for the
zero frequency disturbances [89]. For MCSRM, the salient structure of the stator and
rotor poles creates considerable spatial harmonics which results in distorted phase
currents [22]. When the distorted 3-phase currents are transformed into the dg syn-
chronous reference frame, the resulting direct-and quadrature-axis currents have DC
values in addition to the 6, 12" and 18" order harmonics. The DC values repre-
sent the fundamental current component and they are controlled by the PI controllers.
However, the harmonics in the dg synchronous frame cannot be effectively controlled
by the PI controllers, as the effect of integral gain deteriorates for higher frequencies
of disturbance [89]. As a result, the standard vector control with PI controllers cannot
eliminate the spatial harmonics in MCSRM [90].

Several harmonic elimination methods can be used to suppress the spatial har-
monics of phase currents. Most of the methods in literature are for power system
application to eliminate the grid harmonics due to non-linear loads. The spatial har-
monics in motor drive applications are usually ignored as they are not significant.

In power system applications, the harmonics of phase current are mitigated by using
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Proportional-Resonant (PR) controllers in the dg synchronous reference frame [91,92].
The PR controllers have an infinite gain at the resonant frequency. Hence, the con-
troller is tuned to have a resonant frequency equal to the harmonic frequency, and the
DC values of direct-and quadrature-axis currents are controlled by the PI controllers.
The complexity of this method attributes to the high number of controllers which
in turn impacts system stability and the design challenges to determine the cut-off
frequency [93]. Shunt-active and passive filters are also used to eliminate current
harmonics in power system applications. Shunt-active filters require an additional
inverter in between the load and the AC source, that additional inverter injects cur-
rent harmonics of the same magnitude and 180° phase shift electrical of the original
harmonics, so that the resultant current harmonics are zero [94,95]. These filters re-
quire additional inverter and external supply, so they are not cost-efficient solutions,
in addition to the complex control. The passive filters require additional devices
corresponding to each harmonic order [96].

So far, we know that the spatial harmonics are ignored in induction and syn-
chronous machines, while they are significant in MCSRM. Additionally, the standard
vector control with PI controllers cannot create sinusoidal currents in MCSRMs.
Multiple PR controllers can be used with the PI controllers to eliminate the spatial
harmonics. However, they are complicated in design and influence the system sta-
bility. Hence, the advantage of sinusoidal current excitation for MCSRM in terms of
using a simple and robust control is extinguished, since the vector control cannot han-
dle them. The objective of this chapter is to introduce a simple, robust, and efficient
method to mitigate spatial harmonics in MCSRM without affecting system stability.

The proposed method is based on calculating the required voltage harmonics to be
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added to the fundamental voltage component in order to generate the required si-
nusoidal currents, without using extra PI or PR controllers, or extra devices. The
voltage harmonics are represented as vectors and they are calculated from the flux
linkage harmonic vectors that are represented as Fourier coefficients. These Fourier
coefficients are in the form of look-up tables (LUTs) and those LUTs are obtained
from finite element analysis (FEA). The vector representation of flux linkage harmon-
ics results in 2D LUTSs independent of rotor position, which reduces the size of LUT
significantly.

This chapter is organised as follows; section 6.2 presents the proposed harmonics
compensation method, section 6.3 shows the validation of the proposed method using
FEA ,and section 6.4 shows the validation using experiments. Finally, section 6.5 has

the summary of the chapter.

6.2 The Proposed Spatial Harmonics Vector Com-
pensation Method

In chapter 5, the focus was on the phase current and electro-magnetic torque. The

focus in this chapter is on the phase flux linkage and phase voltage.

6.2.1 Flux Linkage Analysis

The output 3-phase flux linkages from the FEA model have the same waveform and
are shifted 120° electrical. For instance, figure 6.1 shows the phase flux linkage and
its harmonic content when direct-and quadrature-axis currents are equal to zero and

20 amps ([ig, 7,)=[0, 20]A), respectively. It can be noticed from figure 6.1 that the
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Figure 6.1: (a) Phase u flux linkage and (b) its harmonic content when
[id, 14]=[0, 20]A.

spatial harmonic orders are the 5%, 7t 11" 13" etc. Phase u flux linkage can be

expanded by Fourier series as:
oo

Au(t) = % + Z [)\(mcos(nﬁ) — )\bnsm(ne)] (6.2.1)

where ), is the DC offset and is equal to zero due to the sinusoidal current excitation,
Aan and Ay, are the sine and cosine Fourier coefficients of the harmonic order n, and

w is the electrical angular frequency. \,, and A, represent the flux linkage harmonic
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vector as:

Ao = /A2, + A2, (6.2.2a)

¢, = tan™* (i”") (6.2.2b)

where )\, and ¢, are the magnitude and angle, respectively, of the n'* harmonic

vector. The relationship between A, 1, and ¢4, is expressed as:

NE

{A(m = fan (i, z’q)} (6.2.3a)

1

3
Il

WE

[Abn = fon(ia, iq)} (6.2.3b)

I
—

n

where fu,(i4,7,) and fpn(i4,7,) are 2D LUTs independent of rotor position which in
turn reduces the size of the LUT significantly. As I mentioned in chapter 5, there is
a symmetry between current and flux linkage in the four quadrants of the dq frame,
and the LUTs can represent a single quadrant. Thus, the equation (6.2.3) is modified

to:

>~ [ = i ) signti)] (6:2.40)

3
—

i {Abn Jon(lial, [iq]) szgn(zq)} (6.2.4b)

n=

—_

The symmetry between the direct-and quadrature-axis currents and the Fourier co-

efficients of the phase flux linkage is shown in chapter C.
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6.2.2 Phase Voltage Analysis

The 3-phase voltages output from the FEA model are the essential voltages to cre-
ate sinusoidal currents when they are applied to the motor terminals. Similar to

equation (6.2.1), the phase voltage is represented by Fourier series as:

oo

v, (t) = % + Z [Vancos(nf) — Vysin(nd)] (6.2.5)

where V, is the DC offset and is equal to zero since it is a balanced 3-phase system. V,,
and V;, are the sine and cosine Fourier coefficients of the harmonic order n, and they
represent the magnitude and angle of the harmonic voltage vector. The relationship

between phase voltage and phase flux linkage is:

(1)
dt

va(t) = iu ()R + (6.2.6)

where R is the phase resistance. With the help of (6.2.1) and (6.2.5), the relationship

between Vi, 1, and Mgy, py, 18t

{Vancos(ne) — Vinsin(nfl) =
IonReos(nb)— Iy, Rsin(nd) + (Aancos(n )d; pnsin(nd))

where [,, and [, are the sine and cosine Fourier coefficients, respectively, of the

phase current. The fundamental voltage component is found by setting the harmonic
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order n to 1:

Varcos(0) — Vyysin(0) =
(6.2.8)
I,y Reos(0)—Iy sin(6) — Mpyweos(6) — Agrwsin(6)
By considering the coefficients of the same trigonometric function in equation (6.2.8),

the Fourier coefficients of the fundamental voltage vector are:

Val = ]alR - )\blw (629&)

%1 = IblR + )\alw (62913)

The fundamental voltage component is not enough to create sinusoidal currents in
MCSRM. Hence, the Fourier coefficients of the harmonic voltage vectors, >, (Van, Vin),
are calculated from flux linkage harmonics. Thus, voltage harmonics are expressed

as:

WE

{V;mcos(ne) — Vinsin(nf) = —Apnwcos(nh) — Agnnwsin(nd) (6.2.10)

Il
)

n

The harmonics of phase current do not exist in (6.2.10) as the FEA model is based on
sinusoidal current excitation. By considering the coefficients of the same trigonometric
function in equation (6.2.10), the Fourier coefficients of the harmonic voltage vectors

are calculated as:

NE

{V(m = —)\bnnw} (6.2.11a)

2

n

[M]#

|:‘/bn = /\annwi| (6211b)

||
N

n
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Equation (6.2.11)) shows that the Fourier coefficients of the harmonic voltage vectors
(Van and V4,) are the multiplication of the flux linkage Fourier coefficients (A, and
Aon), the electrical angular frequency (w), and the harmonic order (n). As a result,
the dominant spatial harmonics of the phase voltage have higher orders than the
flux linkage. Figure 6.2 shows the phase voltage from the FEA model when [ig,i,] =
[0,20]A. As it can be noticed from figure 6.2, the phase voltage has dominant harmonic
orders (around 10% of the fundamental) up to the 19" order. As a result, the LUTs
in equation (6.2.4) should consider the harmonic components up to the 19" order

harmonic:

13,17,19

> [Aan = fan(lial, 1iq]) sign(id)] (6.2.12a)
n=>5,7,11
13,17,19

> P = il i) signy)| (62.12b)

n=>5,7,11

Then the harmonic voltage vectors are calculated up to the 19" order harmonic:

13,17,19

> [Vm = —)\bnnw] (6.2.13a)
n=>5,7,11
13,17,19

> {Vbn = )\annw} (6.2.13D)
n=5,7,11

After obtaining the harmonic voltage vectors from (6.2.13). The next section discusses

the integration of the proposed method with the standard vector control.

101



Ph.D. Thesis — Peter Azer McMaster University — ECE

150
< 75
pd
S0
©
> -75

-150 ‘ ‘

0 120 240 360
Rotor Position [Electrical Angle]
(@)

150 ; ;
—_ th
£ v THD = 196.64%
£ 100+ i
-c'éu 1 th
E 507 th j 1 th b
o 1 th th th
o 1 2 2
: b I

0 5 10 15 20 25 30
Harmonic order
(b)
Figure 6.2: (a) Phase u voltage and (b) its harmonic content spectrum when
[ig,44] = [0, 20]A.

6.2.3 Integration of The Proposed Method With The Stan-

dard Vector Control

The integration of the proposed harmonics compensation method and the standard
vector control is shown in figure 6.3. The model in figure 6.3 has two parts, the first
part is the standard vector control which consists of two PI controllers, and the second
part is the proposed harmonics compensation method. The PI controllers output the
direct-and quadrature-axis voltages, vq, and v,,, corresponding to the fundamental
voltage component, v,;. The relationship between vy, 4, and v, is expressed by Park-

Clarke transformation as [97]:

Uu1 (1) = vgocos(0) — vgosin(0) (6.2.14)
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Figure 6.3: The proposed spatial harmonics compensation method integrated with
the standard vector control for a 3-phase MCSRM.

V4o and vy, can also be expressed in the dg synchronous reference frame as:

di
Vdo = 1gR — Ao+ de—: (6.2.15a)
~———
during steady-state ~—

operation (6.2.9(a)) dur(l)r;%;;tail;ilent

i
Vgo = g+ Agow  + Lﬁ
—_————

! dt
during steady-state

operation (6.2.9(b)) durg}l)ge;c;ggilent

(6.2.15b)

where Ly and Lq are the direct-and quadrature-axis inductances, respectively. Ay, and
Ago are the direct-and quadrature-axis flux linkages corresponding to the fundamental

flux linkage component. Therefore, the PI controllers regulate the resistive voltage
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drop and the first order component of the induced electro-motive force (emf), \gw
and A\,w, at the steady-state operation, in addition to Ld% and qu;;f at the transient
operation.

The PI controllers in figure 6.3 are within a closed-loop of current error feedback,
while the harmonic compensation method is an open-loop system. Therefore, the
stability of the closed-loop system depends on the PI controllers only and not on the
proposed compensation method. The stability of the PI controllers depends on the

proportional and integral gains and they are selected based on pole-zero cancellation

(98] as:

kp,d = 27bede> kp,q = 27bequ (62163)

ki = 27 frw R (6.2.16b)

where k, and k; are the proportional and integral gains of the PI controller, respec-
tively, and fy,, is the bandwidth frequency of the PI controller. The higher bandwidth
results in faster response but it can also lead to instability for finite sampling. The
maximum value of fi,, is usually 1/10 of the switching frequency [99] to avoid oscilla-
tory behaviour or unstable operation. Hence, the controller gains at 10 kHz switching

frequency are:

kpa = 30, kpg =12 (6.2.17a)

kiaq = 1800 (6.2.17b)

As mentioned earlier, the fundamental phase voltage, v,1, is not enough to cre-

ate the reference sinusoidal currents, therefore, the associated voltage harmonics are
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calculated and provided by the proposed method. The proposed method receives
the reference direct-and quadrature-axis currents and estimates the flux linkage har-
monic vectors in terms of A,, and A, from equation (6.2.12), then the associated
voltage harmonic vectors represented by V,, and V,, are calculated based on equa-
tion (6.2.13). Afterwards, the instantaneous value of the voltage harmonic vectors
are calculated at a given rotor position. For instance, at a sampling time ?, the
rotor position feedback 6} is used to calculate the instantaneous values of the voltage
harmonics. Then, the updated duty cycle is applied at the next time instant tx;.
Additionally, the phase currents will reach the reference values after another sampling
period at tx, o [100,101]. Therefore, in order to compensate this delay, rotor position

after 2 sampling periods is predicted as:

Opro = O + 200, AO = wT, (6.2.18)

where T is the reciprocal of sampling frequency. The resultant phase voltage is
the summation of the PI controllers output and voltage harmonics calculated by the

proposed method:

13,17,19
Vu(t) = Vaocos(0) — vgosin(0) + Z [Vancos(n) — Vi, sin(nd)]
regulate(ny the PI n=>5,7,11 J (62 19)

troll . ~ .
CONLIOLELS; Vu,v,w_PT provided by the proposed harmonic

compensation method, vy v w HC

The output voltage from the PI controllers is denoted as v, ., pr and the voltage
harmonics provided by the proposed method are referred to as v, , _nc, as depicted in

figure 6.3. The summation of v, pr and v, , 4 nc is the reference 3-phase voltages,

*

v If space voltage modulation (SVM) is used, then v

u,v,Ww"

*
U0, W

are transformed into
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alpha-beta stationary frame and the transformed voltages are input into SVM. If
sinusoidal pulse width modulation (SPWM) is used, there is no need to perform

alpha-beta transformation and v} . are input into the SPWM.

U,V,W

6.3 Simulation Results and FEA Validation

The dynamic model introduced in chapter 5 is used and the simulation parameters are
shown in table 6.1. Figure 6.4(a)-(d) compares the phase current at 1500 rpm when
the reference direct-and quadrature-axis currents are 10A and 5A ([z}, iX]=[10, 5]A),
respectively, using the standard vector control with and without the proposed method.
Figure 6.4(a)-(b) shows that the THD of the phase current without using the proposed
method is 16% due to the large magnitude of spatial harmonics. For instance, the
magnitude of the 5 and 7" order harmonics is 15% and 7% of the fundamental
component, respectively. The THD of the phase current is reduced to 2% with using
the proposed method and the percentage of the spatial harmonics is suppressed to
less than 2%, as depicted in figure 6.4(c)-(d). Please note that if one of the six voltage
harmonics was not injected, that harmonic order will exist in the phase current. For
instance, if the 5 harmonic order of the phase voltage was not injected, then the
phase current will contain the 5 harmonic order.

Figure 6.4(e)-(f) shows the phase current waveform with using the hysteresis cur-
rent control (HCC) at the same testing conditions. The sampling frequency is in-
creased to 20 kHz to keep the maximum switching frequency as 10 kHz when the
HCC is used. The hard switching of HCC (i.e., the applied phase voltage is either
positive or negative the DC link voltage) results in high current ripple as it can be

noticed in figure 6.4(e). Thus, the THD of the phase current is 28%. Please note
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Figure 6.4: Phase ‘a’ current when [z}, 77} = [10,5]A at 1500 rpm: (a) using the
standard vector control without the proposed method and (b) its harmonic content,
(c) using the standard vector control with the proposed method, and (d) its
harmonic content, (e) using hysteresis current control (HCC) and (f) its harmonic

content.
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Table 6.1: Simulation and Experimental setup Parameters

Parameter Value

DC link voltage 200 V
Sampling frequency 10 kHz
Switching frequency 10 kHz

d-axis PI current controller k,4=30, k; = 1800
g-axis PI current controller £, ,=12, k; = 1800

that, the current ripple can be reduced with using soft switching HCC (i.e., the ap-
plied phase voltage can be zero, positive or negative the DC link voltage). However,
the drawback of soft switching HCC is that each phase needs to be controlled by an
H-bridge converter and the standard VSI cannot be used.

In order to compare the reference phase voltage with and without using the pro-
posed method to the one from the FEA model, figure 6.5 shows the procedures of the
FEA validation. In the first step, the 3-phase voltages when [ig, 3,]=[10, 5]A at 1500
rpm are obtained from the FEA model, they are referred to as vy, rea, and they
are the essential 3-phase voltages to create the sinusoidal currents when they are ap-
plied to the MCSRM. The 3-phase reference voltages from the dynamic model when

[i%,4%]=[10, 5] A at 1500 rpm using the standard vector control with and without the

*
UV,W

proposed method are obtained as well, and they are referred to as v and vy, .1,
respectively. In Step 2 in figure 6.5, the 3-phase voltages from the FEA model and
the dynamic model are transformed into the dg synchronous reference frame. In Step
3, the direct-and quadrature-axis voltages from the FEA model and dynamic model
are compared and this comparison is presented in figure 6.6. It can be noticed from

figure 6.6 that the direct-and quadrature-axis voltages from the dynamic model with

using the proposed method are similar to those from the FEA model, which explains
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Figure 6.5: FEA validation method.

why the phase current in figure 6.4(c) is sinusoidal with the minimum THD. On
the other hand, the direct-and quadrature-axis voltages without using the proposed
method do not match with those from the FEA model. Hence, the phase current is

not sinusoidal as shown in figure 6.4(a).

6.4 Experimental Validation

The proposed harmonics compensation method is validated by experiments using the
same setup in chapter 5. The LUTs in (6.2.12) required for the proposed method
are saved in the DSP. The flux linkage harmonic vectors can be found at given ¢
and i; using the interpolation function implemented in DSP. The experimental drive
setting is similar to table 6.1. The phase current of the MCSRM with and without
using the proposed method is measured and recorded by oscilloscope. The THD of
the phase current is calculated using Matlab for 20 cycles of the recorded current.

The proposed method is validated for different speeds and current levels at motoring
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Figure 6.6: (a) direct-and (b)quadrature-axis voltages generated from the FEA
model and the Simulink model by using the standard vector control with and
without the proposed method.

and generating modes of operation.

6.4.1 Motoring Mode of Operation at 1000 rpm

Figure 6.7 compares the phase current with and without using the proposed method
when [¢},7:]=[10,5]A. It can be concluded from Figure 6.7(a)-(b) that the phase
current without using the proposed method has a THD of 10% with dominant 5%,
7t 11" and 17** order harmonics. After applying the proposed method, the phase
current THD is reduced to 2% as shown in figure 6.7(c)-(d), where the 5%, 7% 11" and

17t" order harmonics are suppressed to less than 1% of the fundamental component.
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Figure 6.7: Phase current when [4}, i;]=[10, 5]A during motoring mode of operation
and 1000 rpm for fy,=1 kHz, (a) without using the proposed method and its (b)
harmonic contents, (¢) with using the proposed method and (d) its harmonic
contents. Current scale: 5 A/div, time scale: 4 ms/div.

Figure 6.8 shows the improvement in phase current THD by using the proposed
method when [i%, i*]=[15, 15]A. Figure 6.8(a)-(b) show that the phase current without
using the proposed method has a THD of 6%. Figure 6.8(c)-(d) show the phase
current when the proposed method is applied. It can be noticed from figure 6.8(d)
that the magnitude of the 5 harmonic order is reduced from approximately 6% to
less than 1%. Similarly, the magnitudes of the 11**, 13" and 17" order harmonics
are reduced to less than 1%. Hence, the phase current THD is reduced from 6% to

1% by using the proposed method.
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Figure 6.8: Phase current when [7}, 7;]=[15, 15]A during motoring mode of operation
and 1000 rpm for fy,=1 kHz, (a) without using the proposed method and its (b)
harmonic contents, (¢) with using the proposed method and (d) its harmonic
contents. Current scale: 10 A/div, time scale: 4 ms/div.

6.4.2 Motoring Mode of Operation at 1500 rpm

In this section, the proposed method is validated at 1500 rpm. Figure 6.9(a)-(b) show

*

the phase current when [4, 7}

]=[10,5]A without using the proposed method. It reveals
that the 5 and 11" order harmonics are around 15% and 4% of the fundamental
component and the phase current THD is 16%. The spatial harmonics of the phase
current are suppressed to less than 1% with using the proposed method, as shown in
figure 6.9(c)-(d). Hence, the phase current THD is reduced to 2%.

Figure 6.10 shows that the proposed method improves the phase current THD

from 10% to 2% when [i},7;]=[15,15]A and the spatial harmonics are suppressed
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Figure 6.9: Phase current when [4}, i;]=[10, 5]A during motoring mode of operation
and 1500 rpm for fy,=1 kHz, (a) without using the proposed method and its (b)
harmonic contents, (¢) with using the proposed method and (d) its harmonic
contents. Current scale: 5 A/div, time scale: 2 ms/div.

to less than 1%. It can be concluded from figure 6.9(a) and figure 6.10(a) that
the performance of the PI controller degrades when motor speed increases compared
to figure 6.7(a) and figure 6.8(a). The deterioration of the PI controller for higher
frequencies of disturbance is due to the bandwidth limitation which is a physical
property of PI controllers [89]. It is worth mentioning that the current waveforms
in figures 6.7 to 6.10 have the minimum possible THD without using the proposed
method, since the gains of the PI controller correspond to the maximum allowable
bandwidth frequency, which is 1 kHz (f,,/10). Increasing the PI gains will lead to

oscillatory behaviour or unstable operation.
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Figure 6.10: Phase current when [i}, i7]=[15, 15]A during motoring mode of
operation and 1500 rpm for fy,,=1 kHz, (a) without using the proposed method and
its (b) harmonic contents, (¢) with using the proposed method and (d) its harmonic

contents. Current scale: 10 A/div, time scale: 2 ms/div.

6.4.3 Motoring and Generating Modes of Operation at 1500

rpm With Reduced f;,

As mentioned earlier, the SRM used in this thesis is designed to operate as CSRM.
When the motor is operated as MCSRM with multi-phase excitation, the generated
torque ripple is high so that the dynamometer cannot control speed above 1500 rpm.
However, we know that for the same [i},i’] and without using the proposed method,
the THD gets worse when speed increases due to the deterioration of the PI controller.

Thus, in order to show the effect of performance deterioration of the PI controller

without exceeding 1500 rpm, the bandwidth of the PI controllers is reduced to the
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Figure 6.11: Phase current when [i},i7]=[10, 5]A during motoring mode of operation
and 1500 rpm for f,=500 Hz, (a) without using the proposed method and its (b)
harmonic contents, (¢) with using the proposed method and (d) its harmonic
contents. Current scale: 5 A/div, time scale: 2 ms/div.

half (f,,=500 Hz) by reducing the PI controller gains by half.

Motoring Mode of Operation

Figures 6.11 and 6.12 show the phase current at 1500 rpm with the reduced band-
width PI controllers when [i}, i7]=[10, 5]A and [}, i7]=[15, 15]A respectively, with and
without using the proposed method. By using the proposed method, the THD of the
phase current in figure 6.11 is improved from 21% to 3%. Likewise in figure 6.12, the
THD is improved from 17% to 2%.
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Figure 6.12: Phase current when [i}, i7]=[15, 15]A during motoring mode of
operation and 1500 rpm for f,,=500 Hz, (a) without using the proposed method
and its (b) harmonic contents, (¢) with using the proposed method and (d) its
harmonic contents. Current scale: 10 A/div, time scale: 2 ms/div.

Generating Mode of Operation at 1500 rpm

The proposed method is validated at the generating mode of operation with the PI
controllers of reduced bandwidth at 1500 rpm. Figure 6.13 shows the phase current
waveform when [z}, i7]=[—5, 15]A, where the phase current THD is reduced from 13%
to 2% after suppressing the spatial harmonics with using the proposed method.
Figure 6.14 shows the phase current when [ij, i7]=[—15, 5]A. Again, the proposed
method succeeds to suppress the spatial harmonics of the phase current with the PI

controllers of reduced bandwidth. Hence, the THD of the phase current is reduced

from 19% to 3%.
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Figure 6.13: Phase current when [i}, i7]=[—5, 15]A during generating mode of
operation and 1500 rpm for f,,=500 Hz, (a) without using the proposed method
and its (b) harmonic contents, (¢) with using the proposed method and (d) its
harmonic contents. Current scale: 10 A/div, time scale: 2 ms/div.

Table 6.2 summarizes the experimental results. It shows the THD of phase current
using the standard vector control with and without the proposed method. Table 6.2
also shows the THD of phase current using hysteresis current control and it is obtained
from simulation results. The dynamic model that is used to obtain the simulation
results is accurate enough since it is in close proximity with the experiments from
comparing figure 6.4 with figure 6.9.

The performance and limitations of the standard vector control with and without
using the proposed method, the hysteresis current controller, and the PI with the PR
controllers are presented in table 6.3. The limitations of the proposed method that is

it is model-based since it uses LUT's to describe the motor characteristics, these LUT's
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Figure 6.14: Phase current when [i}, i7]=[—15, 5]A during generating mode of
operation and 1500 rpm for f,,=500 Hz, (a) without using the proposed method
and its (b) harmonic contents, (¢) with using the proposed method and (d) its
harmonic contents. Current scale: 10 A/div, time scale: 2 ms/div.

are obtained from the FEA model, and cannot be used for a different motor. On the
other hand, the drawbacks of using the PI with the PR controllers is the complexity
in determining the cut-off frequency without affecting the system stability. HCC is
robust and simple in implementation, however, it requires high switching frequency to

reduce the current ripple, in addition to noise due to the variable switching frequency.
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Table 6.2: THD of Phase Current Using Different Controllers

THD
[ig, 0] A pm | fow standard proposed HOC
kHz vector control method
1000 | 1 10% 2% 28%
[10,5] 1500 | 1 16% 2% | 28%
1500 | 0.5 21% 3% 28%
1000 | 1 6% 1% 17%
15,15] 1500 | 1 10% °% | 17%
1500 | 0.5 17% 2% 17%
[—15,5] 1500 | 0.5 19% 3% 20%
[—5,15] 1500 | 0.5 13% 2% 20%

Table 6.3: Performance Comparison Between Different Controllers

method THD  complexity limitation
standard vector control .
without the proposed method medium low N/A
standard vector control low low model-based
with the proposed method
hysteresis current control high low N/A
: influences
PI+ PR controllers low high stability

6.5 Conclusion

This chapter introduces harmonics compensation method to a 3-phase MCSRM to
eliminate the spatial harmonics of the phase current. The spatial harmonics in MC-
SRMs cannot be ignored due to the high stator and rotor saliency. The standard
vector control with using PI controllers cannot remove the spatial harmonics of the
phase current due to the bandwidth limitation. The proposed method injects the

essential harmonic voltage vectors to create sinusoidal currents. Voltage vectors are
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calculated from the flux linkage vectors. The voltage and flux linkage vectors are
represented as Fourier coefficients. The Fourier coefficients of the flux linkage are in
the form of two-dimensional look-up tables (LUTSs), where these LUTs are indepen-
dent of rotor position which reduces the size of the LUTSs significantly. Simulation
and experimental results show that the proposed method succeeds to suppress the
spatial harmonics of the current and, hence, the phase current THD reduces signif-
icantly to 2%-3%. Experimental results validate the proposed method for different
motor speeds, current levels, and bandwidth frequency of PI controllers at motoring
and generating modes of operation. Furthermore, the proposed method does not re-
quire extra hardware or complicated algorithms and it does not influence the system

stability. Thus, applying the proposed method is simple, robust and efficient.
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Chapter 7

Comprehensive Analysis and
Optimized Control of Torque
Ripple and Power Factor in

Mutually Coupled SRMs With

Sinusoidal Current Excitation
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7.1 Introduction

So far, we have a dynamic model for the MCSRM in chapter 5 that can predict the
harmonic components of electro-magnetic torque for a given direct-and quadrature-
axis current, we also can ensure sinusoidal current excitation in chapter 6. Now, we
will discuss in this chapter how to chose the direct-and quadrature-axis currents to
have the best motor performance. The existing control methods in the literature
for MCSRMs are based on maximum torque per ampere control, where d- and ¢-
axis currents are equal. In these methods, torque ripple and power factors are not
considered [19,30,33]. In this chapter, the effect of direct-axis and quadrature-axis
currents on torque ripple and power factor is first analysed. Then, an optimized
control method is developed to improve the power factor, torque ripple, and average
torque.

This chapter is organized as follows; section 7.2 analyzes the torque ripple sources
in MCSRMs by sinusoidal current excitation, section 7.3 analyzes the effect of the
current excitation angle and saturation level on power factor. Section 7.4 presents the
proposed optimized control method for MCSRMSs, section 7.5 validates the proposed

method by experiments. Finally, section 7.6 has the conclusion of the chapter.

7.2 'Torque Ripple Analysis

As it was shown in section 5.2.2, the generated electro-magnetic torque waveform
has an average value in addition to the 6, 12t 18" and 24" order harmonics.
It was also concluded from figure 5.9 that the 6" order harmonic has the largest

magnitude among all other present harmonics. As a result, the torque waveform with
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the minimum magnitude of the 6* order harmonic, corresponds to the minimum
torque ripple. The average torque value 7,,, and the Fourier coefficients of the 6"

order harmonic Ty, and Ty, were represented as (see equation (5.2.20)):

Tavg = f(lial; liq]) sign(iqiq) (7.2.1a)
To = fas(|ial, |iq’) Sign(idiq) (7.2.1b)
Tys = fos(lial, liq]) (7.2.1¢)

Thus, the magnitude of 6" order harmonic Ty is calculated as:
Ts = VTus® + Tis” (7.2.2)

Figure 7.1 shows the 2D LUTS, fy6(iq,%,) and fy6(%4, i) and their vector summation
based on equation (7.2.2).

There is an infinite number of [i4,7,] operating points that can achieve a cer-
tain average torque. These operating points have different phase current magnitude,
torque ripple, and power factor. As an example, for an average torque 7;,, of 3Nm,
the range of d- and ¢- axis currents is swept and the operating points are found using
equation (3.2.1). Then, these operating points are simulated using the FEA model.
Figure 7.2 shows the torque waveforms from the FEA model that achieve T,,, of
3Nm. It can be observed from figure 7.2 that these operating points achieve the same
average torque but with different torque ripple.

Figure 7.3 describes the behaviour of the torque ripple for the operating points
in figure 7.2. The torque ripple is represented by the magnitude of Ts with respect

to the phase current magnitude, by the help of equation (7.2.2). It can be noticed
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TaS [Nm]

Figure 7.1: Fourier coefficients of the 6 order torque harmonic (a) Ty, and (b) Tg,
and (c¢) vector summation of Tg, and Tg,
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— — max T and overall torque ripple, [ig,ig]=[20,7], in=21A
— — min Te and overall torque ripple, [ig,ig]=[6,20], in=21A
— — max torque per ampere, [ig,iq]=[11.5,11.5], in=16.4A
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Figure 7.2: Torque waveforms from the FEA model at 3Nm average torque

that the operating point corresponding to the minimum torque ripple has the largest
phase current magnitude, and hence, the highest copper loss. On the other hand,
the operating point that corresponds to the minimum phase current magnitude has a
relatively higher torque ripple. As it will be shown in the next section, this operating
point also has a low power factor. Therefore, from the controls perspective, if the
phase currents are optimized to achieve the lowest torque ripple, that would result
in the highest copper loss. If only the magnitude of phase current is optimized, that
would result in a low power factor and a relatively higher torque ripple. It should

be noted that, the waveform in figure 7.3 is a quadratic function with respect to the
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Figure 7.3: Non-linear relationship between torque ripple (75) with respect to phase
current magnitude.

torque ripple component, Ts. Therefore, there are two operating points with the same
phase current magnitude and same average torque, 75,, of 3Nm, but with different
Ts. The implications of this behaviour will be discussed in more detail in the next
section.

Please note that, the waveforms in figures 7.2 and 7.3 are the same for any speed,
as the average torque and the 6 order torque harmonic were found from equa-
tion (7.2.1). Both expressions are dependent on d- and g-axis currents, but they are
independent of the motor speed. The implication of speed will also be discussed in
the next section. The higher the speed, the higher the induced voltage, which in turn

requires higher phase voltage to inject the same phase current.
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7.3 Power Factor Analysis

Power factor affects the performance of both the motor and the inverter. From the
inverter side, higher power factor means that less reactive power is supplied for the
same apparent power. Thus, the size and the rms current of the DC-link capacitor
can be reduced. The higher power factor also reduces the volt-ampere rating of the
converter. From the motor perspective, power factor influences the core losses [102],
and it reflects the saturation level of the motor [103]. In a saturated-magnetic system,
the area corresponding to the co-energy on the flux linkage-current characteristics is
larger than the area corresponding to the field energy. The co-energy represents the
energy converted into mechanical energy. The field energy represents the magnetic
energy stored in the system. Therefore, in an SRM, the ratio between the co-energy
and field energy is equivalent to the ratio between the real power and reactive power,
and it represents the power factor. Hence, a higher power factor can be achieved
in an SRM when it operates at a higher saturation level. Due to its excitation
principles and winding configuration, the majority of the flux in CSRM is in the
radial direction [104]. This helps with the core saturation, but also results in stronger
radial forces that would excite the stator core. The excitation principles in MCSRM
results in lower radial flux, which in turn results in smaller radial forces [17,48].
However, this also results in less effective core saturation as compared to CSRM. In
other words, MCSRM saturates at higher current levels as compared to CSRM. This
is the major factor for why the power factor of MCSRM is relatively low as compared
to CSRM.

Power factor can be calculated for the operating points that achieve 3Nm average

torque in figure 7.2. The fundamental d- and ¢- axis voltages vq, v, are first calculated
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at given d- and ¢- axis currents and given speed (see equations (3.2.2) and (3.2.3)):

Vg = idR — )\qow (7.3.1&)

Vg = iR+ Agow (7.3.1b)

where R is the phase winding resistance. A4, and A, are similar to the first order
Fourier coefficients of the phase flux linkage as mentioned in section 5.1.3 and they

can be obtained from equation (6.2.12):

Ao = fan([ial; [iq]) sign(ia) (7.3.2a)

Ago = fon(lial, lig]) sign(iq) (7.3.2b)

After calculating the fundamental voltage components, the power factor can be cal-

culated based on the real power, P, and the reactive power, @, (see equations (3.2.4)

to (3.2.6)):
3, . :
P = §(Udld + v4iq) (7.3.3a)
Q= g(qu’d — Ugig) (7.3.3b)
cos(¢) = __P (7.3.3¢c)

NIZENoE

where cos(¢) is the power factor. Figure 7.4 shows the power factor and phase voltage
with respect to the phase current magnitude for the operating range that achieves
3Nm average torque at 1000 rpm. It can be noticed from figure 7.4 that the same
magnitude of phase current can be created by two different voltage magnitudes. For

the same phase current magnitude, the operating point that corresponds to a lower
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Figure 7.4: non-linear relationship between phase voltage and power factor, with
respect to phase current magnitude.
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phase voltage also corresponds to a higher power factor. This can be observed in
figure 7.4 by following the direction of the power factor and phase voltage curves
designated by the arrows. The operating point with the higher power factor has
lower induced emf, so that the same magnitude of phase current is generated with a
lower phase voltage. This can simply be quantified by expressing the phase voltage
for single-phase excitation [104]:

Vy = 1, R+ (Lu(ﬁ)% + zu%e(e)w) (7.3.4)

N J/
-~

induced emf

where v, is the phase voltage, 7, is the phase current, and L, is the phase inductance.
Equation (7.3.4) shows that the phase voltage depends on the phase current, phase
resistance, phase inductance, and motor speed w. For the same motor speed, phase
current, and phase resistance, v, depends on the phase inductance, L,. As the core
saturates, the magnitude of L, decreases, which in turn, limits the induced emf. This
enables injecting the same magnitude of current with a lower phase voltage.

Figure 7.4, the blue curve describing the relationship between the power factor and
phase current can be divided into three regions. In the majority portion of the curve,
the power factor is inversely proportional to the magnitude of the phase current. This
implies that the saturation level represented by the power factor does not necessarily
increase with the phase current magnitude. The location of the current vector ha
s a significant effect on the power factor, as well. The current phasor is a rotating

3
vector in space and its magnitude is §Im, where I,,, is defined by the d- and ¢- axis

In = /i3 + 2 (7.3.5)
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Figure 7.5: Rotating current vector ¢,;,; due to three phases shifted in time and
space by 120 degrees

In a balanced 3-phase AC machine, the phase windings are distributed 120° apart in
space and the electrical phase shift between phases is 120°. This creates a current
vector, ipy,1, that has a constant magnitude of I,,,, and it rotates uniformly in space
(see figure 7.5). The instantaneous position of the current phasor depends on the
vector summation of the instantaneous values of the 3-phase currents. The 12/8
SRM has four coils per phase and, hence, there are four sets of 120°-phase-shifted abc
coils and the phase shift between each set is 90° (see figure 7.5). Therefore, there are
four current phasors in space and they are 90° phase shifted from each other. For the

coil set shown in figure 7.5, the current phasor can be expressed as:

ot = iu(t) T i,(1) &5 +ia() (7.3.6)
—_—
instantaneous Position
values In space
3.,
=gfme”, 0=0-21 (7.3.6b)
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where 4,(t), i,(t) and 4,/(t) are the instantaneous values of the phase currents, and
0 is the instantaneous position of the current phasor in space. The initial position,

when t = 0, of the current phasor, 7,1, is defined by the current excitation angle 6,,:

Oy = mnfl(z—‘q (7.3.72)
d
0 =04 +wt, wt=0-—27 (7.3.7b)

The initial position (0 = 6,4,) is when the rotor is aligned with the stator poles of
phase u as shown in figure 7.5 (see section 5.1.2). At that position and for counter
clockwise direction of rotation, magnetizing the stator poles of phase w will generate
positive torque. In other words, the current phasor should be aligned with the stator
poles of phase w, where the initial angle 04, would be 60 degrees. The closer the
current phasor to the stator poles of phase w, a higher saturation level it will achieve
and, hence, the higher the power factor will be.

For instance, the two operating points from the operating range that achieves 3Nm
average torque [ig,i,] = [8.4,16]A and [ig,7,] = [15.9,8.6]A have the same current
magnitude of 18A but their power factor at 1000 rpm is 0.67 and 0.46, respectively.
The first operating point has a higher power factor as its current phasor is closer to the
stator poles of phase w at the initial position, 84, = 62°, compared to the second point
which has an excitation angle of 64, = 28°. In order to confirm that the maximum
power factor is achieved at 04, = 60°, figure 7.6 shows two conditions for the power
factor with respect to the excitation angle when I,,, = 18A. The first condition is when
the phase resistance, R is ignored, and it shows that the maximum power factor occurs

at 04, = 60°. At this excitation angle, the current phasor is aligned with phase w,
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Figure 7.6: Power factor with respect to the current excitation angle at I, = 18A
with and without considering the phase resistance.

which at the given rotor position generates torque in the counter clockwise rotation,
and achieves the highest saturation level. In the second condition in figure 7.6, the
phase resistance is not ignored. Then, the total real power, P equals to the sum of
the real power consumed by the motor and the power loss due to the phase resistance,
I,°R. As a result, the maximum power factor occurs at 04 = 65° as it depends not
only on the motor saturation level, but also on I,,,> R losses. In the rest of this chapter,
the phase resistance, R is taken into account when calculating the power factor.
Figure 7.7 shows the relationship between power factor and the current excitation
angle, 6,4, for the operating range that achieves the 3Nm average torque at different
speeds. Figure 7.7 reveals that the power factor increases till it reaches a certain

excitation angle and then it starts to decrease. Figure 7.8 shows the excitation angles

133



Ph.D. Thesis — Peter Azer McMaster University — ECE

0.8
0.75}¢ 1
0.7+ 1
0.65+ 1
—_ 06 [ 7
e
§ 0.55+ 1
% 05+ .
a 0.45¢ — 500 rpm ]
— 1000 rpm
0.4+ — 1500 rpm 1
| — 2000 rpm |
0.35 — 2500 rpm
03} — 3000 rpm i
0.25 * * * : * .
10 20 30 40 50 60 70 80

Excitation angle [deg. elec.]

Figure 7.7: Non-linear relationship of power factor with respect to current
excitation angle 04, at different speeds for 3Nm average torque.

corresponding to the maximum power factor at different speeds for average torque of
1Nm, 2Nm, and 3Nm. It can be seen that the maximum power factor always happens
at an excitation angle between 62° and 67°. As mentioned before, the maximum power
factor is not at 64, = 60° due to the I,°R losses and the different current magnitude
I,,, for the operating range that achieves the same average torque.

In order to show how the location of the current phasor affects the magnetization
of stator poles, figure 7.9 shows the magnetic flux path at the aligned position for
the maximum and minimum power factor operating points achieving 75,, =3Nm at
1000 rpm. It can be observed that when the current excitation angle is 65°, the
current phasor is approximately aligned with the stator poles of phase w. In other
words, the 65° current phasor is magnetizing the unaligned stator poles of phase w

which are responsible for torque production. When the excitation angle is 19°, the

134



Ph.D. Thesis — Peter Azer McMaster University — ECE

(2]
g

(2]
(op]

(o2}
=

Excitation angle [deg. elec.]
(o))
o1

(3]
w

62 1 1 1 1
500 1000 1500 2000 2500 3000

Speeed [rpm]

Figure 7.8: Non-linear relationship between current excitation angle 64
corresponding to the maximum power factor with respect to speed at different
torque conditions.

current phasor is closer to phase u. However, the rotor poles are already aligned with
phase u; therefore, this excitation angle generates the minimum torque since there
is no variation in reluctance. When the rotor aligns with phase w after 15 degrees
of rotation, the current vector rotates 60° in the same direction, as the electrical
frequency is four times the mechanical frequency. The 60° rotation of the current
phasor makes it aligned with phase v to magnetize its stator poles similar to what
happened with the stator poles of phase w at the initial rotor position.

In order to explicit the difference between the maximum power factor and the
maximum torque per ampere operating points, the phase current is decoupled into
two components ip and ig as shown in figure 7.10. ip is the current component

responsible for the real power as it is in phase with the voltage vector V,,. i¢ is the
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current component responsible for the reactive power:

ip = L,cos(9) (7.3.8a)

ig = Insin(o) (7.3.8b)

Ly = \/i% + 3 (7.3.8¢)

The real power, P and reactive power, () can be reformulated using equation (7.3.8):

P = %I—\;%cos(gb) = %ip (7.3.9a)

Vin I Vin .
Q= Eﬁsm(qﬁ) =5 (7.3.9b)
cos(p) = P (7.3.9¢)

VP Q@ In

From equation (7.3.9)c, it is clear that the power factor is dependent on both ip and
I,,. Thus, the maximum power factor maximizes the ratio ip/Il,, regardless of how
much [, is. The maximum torque per ampere operating point minimizes the total

current I,,, regardless of how much is ip or ig.

7.4 Optimized Performance for MCSRM

So far, we have analysed the torque ripple and power factor in MCSRM for sinusoidal
current excitation. In this section, the selection of the optimized d- and ¢- axis
currents will be discussed to minimize the torque ripple, and maximize the power

factor and average torque. For these three performance parameters, the objective
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Figure 7.10: Currents components responsible for real and reactive power, ip and .

function, j is formulated as:

j - a(]m/jrated) + 6(T6/T67‘ated) - 7003(¢) (741)

a+pB4+~y=1 (7.4.2)

where [,.4:cq is the rated current, and Tg,qseq i the maximum Tg, which is 9.5Nm for
the motor used in this thesis as shown in figure 7.1(c). «, 5 and ~ are the weighting
coefficients of the phase current, torque ripple, and power factor, respectively. The
available voltage, the rated motor current, and the reference torque constitute the
constraints of the optimization problem. The phase voltage depends on the motor
speed as shown in equation (7.3.1). The optimized operating point is applicable
as long as the line voltage is less than the DC link voltage. This is the maximum
line voltage at the unity modulation index with using the space vector modulation
(SVM). The voltage in equation (7.3.1) is the fundamental component, while the

resultant voltage waveform has also harmonic components in order to remove the
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spatial harmonics of phase current as mentioned in chapter 6. Thus, a room of 30%
is left for the voltage harmonics. Similarly, the phase current should be less than or
equal to the rated motor current considering the thermal limitations. Finally, the
average torque must be equal to the reference torque. Hence, the three constraints of

the optimization problem can be formulated as:

2+ 12 < dyaged (7.4.3a)
V03 + 02 < 0.7(vae/V3) (7.4.3b)
Tavg = Tref (743C)

The objective function in (7.4.1) combines the three objectives in one function by
using the weighting coefficients in (7.4.2). The DC voltage utilization is considered
in the optimization problem by optimizing the power factor (see equation (7.4.1))
and limiting the phase voltage as in equation (7.4.3). In order to identify how to
select the weighting coefficients, some analysis have been applied. Figure 7.11 shows
the optimized operating points at 3Nm and different speeds when only one weighting
coefficient is considered and the other coefficients are set to zero.

As given in equation (7.2.1), the average torque depends on the d- and g¢-axis
currents only and it is independent of the motor speed. Thus, in Region (1) in
figure 7.11, the minimum phase current to achieve the reference torque is the same
at 500 rpm (the blue Xx), 1000 rpm (X ), 1500 rpm (the green X), and 2000 rpm
(the red X), but with different power factors. The higher the speed, the higher
the induced voltage, which in turn requires higher phase voltage to inject the same

phase current and results in a lower power factor. Ty also depends on d- and ¢- axis
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Figure 7.11: Optimized operating points at 3Nm based on the maximum torque per
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currents and it is independent of motor speed (see equation (7.2.1)). Therefore, the
operating points in Region (1) have the same Ty (the bright lavender o). It can be
noticed from the results in Region (I) that minimizing the phase current results in
the highest Ty. It also results in the lowest power factor. For example, the power
factor at 2000 rpm in Region (1) is lower than the power factor in Region (2) and
Region @) for the same operating point. This can be observed by comparing the (the
red X) symbols in the three regions. Region (2) in figure 7.11 defines the optimized
operating points that have the minimum Tg. Since the operating points in Region (2)
achieve the same reference torque, they have the same phase current and the same
T, which is 2.6Nm (denoted by the golden o). It can be observed from figure 7.11
that minimizing the torque ripple results in the highest phase current magnitude,
which is the motor rated current. For instance, the black X symbols in Region (2)
have higher phase current compared to the X symbols of the same color in Region (1)
and Region (2). Region (@) defines the operating points which have the maximum
power factor. These operating points have different d- and ¢- axis currents, and
hence, different Ty and power factor. Ty in Region (3) (denoted by the o symbols
in different colors) varies between 2.7Nm and 2.9Nm. When the operating points
were optimized for the minimum 7§ in Region (2), the minimum value was 2.6 Nm.
Therefore, achieving the maximum power factor results in an acceptable Ty, which
is close to the minimum value. Additionally, the operating points in Region (3) also
have an intermediate magnitude of phase currents between that for Region (1) and
Region (2). Thus, based on the results in figure 7.11, the weighting coefficient of the

torque ripple 3 in equation (7.4.1) can be set to zero, as optimizing the power factor
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will result in an acceptable Ts. Then, (7.4.2) reduces to:

a+vy=1 (7.4.4)

In order to define the values of a and =, the optimization problem has been
developed in MATLAB using Genetic Algorithm. The weighting coefficient « is varied
between 0 and 1. The optimization is conducted at different speeds for the rated
torque, Tpyy = 3Nm. The results are presented in figure 7.12. It can be concluded
from figure 7.12(a) that as « increases, the phase current magnitude decreases. This
is intuitive, because higher values of o penalizes the phase current as formulated in
(7.4.4). The weighting coefficient of the power factor v decreases with the increase
of «a since their summation is unity (7.4.4). Hence, the power factor reduces with
increasing o as shown in figure 7.12(c). When a exceeds 0.4, the phase current
magnitude stays almost constant, but only the power factor reduces. As a result,
the current and power factor weighting coefficients o and ~+ are set to 0.4 and 0.6.
respectively. This provides a good agreement between power factor, phase current
magnitude, and torque ripple T§.

The optimized d- and ¢- axis currents of the MCSRM for the operating speed and
torque ranges are shown in figure 7.13. Figure 7.13 represent the LUTSs that gener-
ate the reference d- and g-axis currents, which achieve the optimum performance at
different operating points. These two LUTs are saved in the Digital Signal Processor
(DSP). The reference d- and ¢- axis currents are then found at the given operating
condition by using interpolation function implemented in the DSP. The speed range
in figure 7.13 is from 500 rpm to 3000 rpm with 250 rpm step, while the torque range

is from 0.5Nm to 3Nm with 0.25Nm step. The torque range is not starting from zero
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Ts, and (c) power factor with the current weighting coefficient « for 7,,,=3Nm.
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Figure 7.13: a) d-axis current reference and b) g-axis current reference as a function
of torque and speed.
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because we know that zero torque can be generated by setting iq or ¢, or both of
them to zero. It can be concluded from figure 7.13 that the reference phase currents
are defined by two values only which are the d- and ¢-axis currents unlike current
shaping techniques in CSRM where the phase current is defined instantaneously at
each rotor position which results in huge LUTs.

Now, we know what should be the values of i} and i} to have the desired perfor-
mance. The LUTs in figure 7.13 is integrated with the model in figure 6.3 and the
final model is presented in figure 7.14. To sum up the LUTs in figure 7.14, The opti-
mized control has two 12x12 LUTs: one for the reference direct-axis current and the
second one for the reference quadrature-axis current. The harmonic compensation
method has two 10x10 LUTs for each harmonic component, thus the total number
of LUTs used for the harmonic compensation are 12 LUTs. That may sound as a
large number of LUTSs, however, the size of those 12 LUTs are 10x10 only due to the
vector modeling. I also reduced the size of the LUTs to 7x7 instead of 10x10, and
I found that the effectiveness of the harmonic compensation method is not affected.
Therefore, although the number of the LUTs is large, the total size of those LUTSs is

small.

7.5 Experimental Results and Discussion

For the experimental validation, the same setup in chapter 5 is used.
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Figure 7.14: a) d-axis current reference and b) g-axis current reference as a function
of torque and speed.

7.5.1 MCSRM performance at 1000 rpm

First, the performance of the MCSRM was evaluated at 1000 rpm for the rated torque
of T,y = 3Nm. Four operating conditions have been tested: (1) the maximum
torque per ampere for a« = 1, (2) the maximum power factor for a = 0, (3) the
minimum torque ripple, and (4) the optimized operation for o = 0.4. Figure 7.15
shows phase u current and the torque waveform for these four operating points.
Table 7.1 summarizes the motor performances at those operating points. Figure 7.15,
the results are presented in a single figure to show the difference between the current
and torque waveforms at different operating conditions. Since the test results are
obtained separately in individual experiments for each operating point, the phase
shift between the current and torque waveforms could not be shown.

It can be noticed from table 7.1 and figure 7.15 that the operating point corre-
sponding to the minimum torque ripple has the minimum 7§ of 2.6Nm among all the

tested operating points. But, it also has the largest magnitude of phase current at
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Figure 7.15: Experimental results at 1000 rpm and 3Nm: (a) Phase u current, and
(b) electro-magnetic torque, time scale: (4ms/div)

21.2A, which is the motor rated current. The maximum torque per ampere operating
point has the smallest magnitude of phase current, which is 16.4A. However, it has
the highest Tg of 3.4Nm and the lowest power factor of 0.59. The operating point
corresponding to the maximum power factor has the highest power factor of 0.69 and
approximately the same minimum 7Ty of 2.7Nm with a phase current of 18.7A. The
optimized operating point has a power factor of 0.65 with a torque ripple of 2.7Nm
and a phase current of 17A. Therefore, the optimized operating point provides a com-
bination of high power factor, low torque ripple, and low phase current magnitude.

Table 7.1 also shows that the power factor calculated from the experimental current
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and voltage waveforms is in good agreement with the power factor calculated from
equation (7.3.3).

The real and reactive power in table 7.1 for each operating point are calculated
from equation (7.3.3). It can be observed that the maximum power factor operating
point and the optimized operating point draw approximately 11% lower reactive power
as compared to the maximum torque per ampere operating point and the minimum
torque ripple operating point. The reduction in the reactive power could help reducing
the DC-link capacitance.

The motor efficiency 7 in table 7.1 for each operating point is calculated as:

o Tewmech 27TNrpm

_ Zelmech = o rEm 7.5.1

where Wyeen, is the mechanical angular frequency, N,,,, is the motor speed in rpm,
and P is the real power calculated from equation (7.3.3). It can be observed that
the motor efficiency is directly proportional to the magnitude of the phase current.
Hence, the minimum phase current operating point has the highest efficiency and the
minimum torque ripple operating point has the lowest efficiency, as it has the highest
phase current magnitude. Although the efficiency of the optimized point is 3% less
than the highest efficiency, it has lower torque ripple and higher power factor. The
poor performance of the MCSRM is due to the motor topology as the MCSRM used in
this thesis is originally designed to operate as a conventional SRM with single-phase

excitation.
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7.5.2 MCSRM performance at 1500 rpm

The performance of the MCSRM is also tested at 1500 rpm. Figures 7.16 to 7.19 shows
phase u current and torque waveforms of the maximum torque per ampere operating
point, maximum power factor operating point, minimum torque ripple operating point
and the optimized operating point. Table 7.2 summarizes the experimental results
for those four operating points. The higher speed results in higher induced emf
and hence, lower power factor compared to the 1000 rpm. The operating points
corresponding to the maximum torque per ampere and the minimum torque ripple
at 1500 rpm draw the same current for the same average torque and deliver the
same torque ripple as in 1000 rpm operation. This is because the average torque and
torque ripple are functions of d- and ¢- axis currents and they are independent of the
motor speed. Table 7.2 shows that the optimized operating point has lower T§, lower
phase current, and higher power factor. Table 7.2 also shows that the power factor
predicted from equation (7.3.3) matches closely with the power factor calculated from

the experiments.
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Figure 7.16: Waveforms corresponding to the maximum torque per ampere at 1500
rpm and 3Nm (a) Phase u voltage and the 3-phase currents, and (b) the
electro-magnetic torque at 1500 rpm and 3Nm. Voltage scale: (50V/div), current
scale: (20A/div), torque scale: (2Nm/div), time scale: (4ms/div)
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Figure 7.17: Waveforms corresponding to the maximum power factor at 1500 rpm
and 3Nm (a) Phase u voltage and the 3-phase currents, and (b) the
electro-magnetic torque at 1500 rpm and 3Nm. Voltage scale: (50V/div), current
scale: (20A/div), torque scale: (2Nm/div), time scale: (4ms/div)
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Figure 7.18: Waveforms corresponding to the minimum torque ripple (7%) at 1500
rpm and 3Nm (a) Phase u voltage and the 3-phase currents, and (b) the
electro-magnetic torque. Voltage scale: (50V/div), current scale: (20A/div), torque
scale: (2Nm/div), time scale: (4ms/div)
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Figure 7.19: Waveforms corresponding to the optimized point at 1500 rpm and 3Nm
(a) Phase u voltage and the 3-phase currents, and (b) the electro-magnetic torque.
Voltage scale: (50V/div), current scale: (20A/div), torque scale: (2Nm/div), time

scale: (4ms/div)
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7.6 summary

Torque ripple and power factor of MCSRMs with sinusoidal currents excitation are
investigated in this chapter. Torque ripple in MCSRM is mainly due to the 6
order harmonic of the torque waveform. Hence, reducing the 6" order harmonic can
significantly reduce the torque ripple. Power factor reflects the saturation level of
MCSRM, and it depends on both the magnitude and angle of the current phasor.
When the stator poles of phase u are aligned with the rotor poles, the maximum
power factor is achieved when the current phasor is aligned with the stator poles of
another phase which generates torque in the positive rotation direction. The position
of the current phasor at the aligned position is defined by the current excitation angle.
Therefore, the maximum power factor is achieved when the current excitation angle is
60° for the 3-phase 12/8 MCSRM. Simulation results show that the excitation angle
corresponding to the maximum power factor deviates slightly from 60° due to the
real power loss in phase resistance.

An optimized control of MCSRM is presented which aims to reduce the torque
ripple and increase the power factor. Optimization results reveal that the operating
point corresponding to the minimum torque ripple has the largest magnitude of phase
current. Additionally, the operating point corresponding to the minimum phase cur-
rent has the maximum torque ripple. The optimization results show that optimizing
the power factor results in low torque ripple; therefore, the applied objective func-
tion includes the phase current and power factor only. The weighting coefficients of
phase current and the power factor are selected so that the optimized operating point
has lower phase current, lower torque ripple, and higher power factor. The proposed

method is also validated by experimental results.
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8.1 Conclusions

Mutually coupled SRMs (MCSRMs) with sinusoidal current excitation merge the
advantages of SRMs which are the simple and robust structure, with the advantages
of AC motors which are using the standard AC motor drives, such as the 2-level
voltage source inverter and vector control with the regular modulation schemes such
as the space vector modulation or sinusoidal pulse width modulation. The challenges

of MCSRMs with sinusoidal current excitation are:

1. A flexible and less complicated dynamic model is required.
2. Spatial harmonics elimination of phase currents.

3. The selection of the reference direct-and quadrature-axis currents to optimize

the motor performance in terms of efficiency, torque ripple, and power factor.

In regard to the first challenge, the most accurate modeling method for MCSRMs
is based on look-up tables (LUTSs), where those LUTs and the simulated currents in
the FEA model represent two quadrants of the dq frame. That method is improved
in chapter 5 so that the simulated currents in the FEA model represent only a single
dq quadrant and, hence, the number of FEA steps and size of LUTs are reduced
by 50%. In the proposed method, the phase current and electro-magnetic torque
are represented as vectors in terms of Fourier coefficients. Hence, the dimensions of
the LUTs are 2D independent of rotor position, which reduces the size of the LUTs
significantly. The proposed modeling method has the minimum error compared to
other methods in literature and it is validated by FEA and experiments.

In regard to the second challenge, a spatial harmonics compensation method is

introduced to ensure sinusoidal current excitation in chapter 6. In that method, the
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phase voltage waveform is shaped to obtain the desired sinusoidal currents by injecting
the essential voltage harmonics. The required voltage harmonics are calculated from
the flux linkage harmonics. The voltage and flux linkage harmonics are represented as
vectors in terms of Fourier coefficients in the stationary reference frame. The proposed
method is validated at different current levels and different speeds for motoring and
generating mode of operation. The proposed harmonic compensation method reduced
the THD of phase current to 2%-3%. The proposed method does not influence the
system stability since it does not require extra proportional-integral or proportional-
resonant controllers.

In regard to the third challenge, the 6! order harmonic is the major component
that causes torque ripple in the torque waveform and, hence, reducing the 6 order
harmonic reduces the overall torque ripple. Power factor reflects the saturation level
in SRMs, unlike CSRMs, the higher magnitude of phase current does not necessary
means higher saturation level, while the position of the current phasor in space is
important as well, which is referred to as the current excitation angle. In chapter 7,
torque ripple and power factor for 3-phase MCSRMs are analysed in details. these
analyses are then used to propose an optimized control that aims to reduce torque
ripple and to increase the power factor and efficiency. It was also concluded from
chapter 7 that the sinusoidal current excitation only is not enough to improve the
MCSRM performance, while the design of the motor must be considered to have a

high performance.
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8.2 Future Work

8.2.1 Current Profile Shaping for MCSRM

Current shaping has been widely investigated for CSRMs to reduce the torque ripple
and acoustic noise [35-38]. Similarly, shaping the phase current waveforms in MC-
SRM, rather than using the standard current waveforms discussed in chapter 3, can
improve the motor performance significantly. Current shaping can be based on either

dependent or independent phase current control.

8.2.2 Sinusoidal Flux Linkage Excitation

If both phase current and phase flux linkage are sinusoidal waveforms, the instan-
taneous torque waveform will be free of torque ripples. However, this cannot be
achieved in MCSRM due to the salient stucture of the stator and rotor poles. As
a result, only the phase flux linkage or the phase current can be sinusoidal and the
other will be distorted. In chapter 6, a feedforward control method is introduced to
achieve sinusoidal current excitation. The sinusoidal phase current causes a distorted
phase flux linkage which in return causes the torque ripples. Instead of achieving
sinusoidal current excitation, authors in [19] injected current harmonics randomly to
reduce torque ripple by investigating the effect of different current harmonics with
different magnitudes. Instead of injecting current harmonics randomly as in [19], cer-
tain current harmonics can be injected to generate sinusoidal flux linkage, that can

have a lower torque ripple than the sinusoidal current excitation.
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8.2.3 Space Vector Modulation Based on Current Controllers

The standard vector control with proportional-integral controllers cannot be used to
control current in sections 8.2.1 and 8.2.2 as the phase currents are not sinusoidal
waveforms. Hence, the hysteresis current control (HCC) is more effective in those
cases, however, The disadvantages of HCC is discussed in chapter 6. Therefore, the
best current control method from my point of view for those cases is the SVM-based-
HCC [105,106]. In that control method, the voltage vectors are applied based on
the current error from the HCC. It is worth mentioning that when the switching
action is dependent on the current error such as the HCC or the SVM-based-HCC,
the modulation scheme becomes self-tolerant to inverter switch faults. On the other
hand, the switching action in voltage controllers such as the standard vector control
is based on the voltage error and the modulation strategy needs to reconfigured at

switch fault [107-110].

8.2.4 Other Winding Configurations of MCSRM

As mentioned in section 2.2.2, CSRMs have concentrated winding to maximize the
generated MMF for single-phase excitation [6,14-16]. As a result, all SRMs (CSRM
and MCSRM) have concentrated windings. For multi-phase excitation in MCSRMs,
distributed winding configurations can provide a better performance in terms of

torque density and power factor.

8.2.5 Mechanical Design of MCSRM

As I mentioned before, the SRM used in this thesis is mainly designed to operate as

CSRM with single-phase excitation. That justifies the relatively low performance of
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the SRM shown in table 7.1 and table 7.2. You can think about it as if you excited
an induction motor by rectangular waveform current instead of sin waves, the perfor-
mance of the induction motor will be totally different and degraded. However, in this
thesis, I did not only change the current waveform, I also changed the winding config-
uration to be mutually coupled instead of conventional, and the excitation method to
be multi-phase instead of single-phase. Therefore, if the SRM is designed to operate
as a mutually coupled SRM with sinusoidal current and multi-phase excitation, the

performance of the MCSRM will be significantly improved.

8.2.6 Acoustic Noise and Vibrations of SRM

Acoustic noise and vibrations are important parameters for SRMs and they are due
to the radial forces. Therefore, reducing the radial forces results in reducing the
acoustic noise. The harmonic components of the radial forces can be modeled as
vectors similar to the vector modeling of torque profile. The reduction of the radial
forces can be done by reducing the largest harmonic component. That is similar to

the torque ripple reduction by reducing the 6t order harmonic.
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The Symmetry Between
Direct-and Quadrature-axis Flux
Linkage and Fourier Coefficients of

Phase Current
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Figure A.1: 1% order Fourier coefficients of the phase current with respect to dg flux
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Figure A.2: 5" order Fourier coefficients of the phase current with respect to dq flux
linkages among the four quadrants of the dq frame: (a) I,5 and (b) Ips.
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Figure A.3: 7" order Fourier coefficients of the phase current with respect to dq flux
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170



Ph.D. Thesis — Peter Azer

McMaster University — ECE

0.04j > \//\ o\J 1
0.03/ + , :
b =) - e
v > < o ol
001t | T "
Eriidial | < o J
= < =
2 o 3 o o
< e .
-0.01} .
-o.oz\ ~ " /
\0.9 = S Q-
003, & 8-
g5 . =3
-0.047 / / i\ L L \? 1
012 -0.08  -0.04 0 004 0.0 0.12
Jg [Wb-t]
(@)
0.04 | P l ]
s / ° o
0.03+ S < 2 0.4 -
0.02 .
<
0.01" o :
;T S~ S (0 [
= 0 0 0 0~
~.001} ‘ o
o
o 2
-0.02 - -
) o
003 — 5 w S NS
o S 1
-0.047 -P\ L 0 L L / \’ / Il / /
012 -0.08 -0.04 0 004 008 0.2
Jg [Wb-t]
(b)

Figure A.4: 11*" order Fourier coefficients of the phase current with respect to dg
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Figure B.1: Fourier coefficients for the 6* harmonic of the torque with respect to dg
currents among the four quadrants of the dg frame: (a) T, and (b) Tpe.

174



Ph.D. Thesis — Peter Azer McMaster University — ECE

20+ o
n
15f .
N
10+ i N
g Q

5— o ) T—

< 0 0 0
- B S J
5 05 95/
-10+ , ,\/
15+ |

7

20w |

20 -15 -10 -5 O 5 10 15 20

ia [A]
@)

J 2 \%\

Vs

20 -15 -10

Figure B.2: Fourier coefficients for the 12! harmonic of the torque with respect to
dq currents among the four quadrants of the dq frame: (a) T,12 and (b) Tp12.

175



Ph.D. Thesis — Peter Azer McMaster University — ECE

-0.3 ]
-0‘2
<
-0.3 A
0 5 10 15 20
g [A]
(b)

Figure B.3: Fourier coefficients for the 18! harmonic of the torque with respect to
dg currents among the four quadrants of the dgq frame: (a) T,15 and (b) Tps.

176



Ph.D. Thesis — Peter Azer McMaster University — ECE

x| \ f
15/ o S o -
. ; )
10 SR s | T 027
’ Q' ./'
. x I
50— -9 b 0.7 -
% 0 0 0
-5 0 = /7{6:
0, { L) N SV
-10r o2 /\)‘ “ S NS 3
o < S =) .
-157 v)d‘ o 1 B
_207 \ i
20 -5 -10 -5 0 5 10 15 20
ia [A]
@)

ia [A]
(b)

Figure B.4: Fourier coefficients for the 24 harmonic of the torque with respect to
dq currents among the four quadrants of the dq frame: (a) T,o4 and (b) Thos.

177



Ph.D. Thesis — Peter Azer

McMaster University — ECE

20+ \ .
o
15(‘Q0 g o Q'Qc) |
25 $ >
107 \/ u‘ |
— Q
% 0Fr I — — 0 <
-10¢ = 8 |
15 S it
_20,
20 -15 -10
20 v
S
5] 3
10/4
/\%& 2,
5+ 0 o
—_ 1 3&)
< oL 0/7
o e ~
— Mt 9-
50
5 -0.06
) 0
00‘0304
_20,
20 -15 -10 _
ia [A]
(b)

Figure B.5: Fourier coefficients for the 30" harmonic of the torque with respect to
dq currents among the four quadrants of the dq frame: (a) T30 and (b) Tp30.
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Figure C.1: 1% order Fourier coefficients of the phase flux linkage with respect to dq
currents among the four quadrants of the dg frame: (a) A\,; and (b) Ay.
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