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Comprehensive Analysis and Optimized Control of
Torque Ripple and Power Factor in a Three-Phase
Mutually Coupled Switched Reluctance Motor
With Sinusoidal Current Excitation

Peter Azer"™, Member, IEEE, Berker Bilgin

Abstract—This article presents a comprehensive analysis of
torque ripple and power factor for three-phase mutually coupled
switched reluctance motors (MCSRMs) with sinusoidal current
excitation. MCSRMs controlled by sinusoidal currents have the
advantage of using the conventional voltage source inverter and the
conventional vector control. However, MCSRMs are characterized
by high torque ripple and low power factor. The torque harmonics
due to the sinusoidal current excitation are investigated, and the
effect of the current excitation angle on the motor saturation level
and the power factor is analyzed. These analyses are then used in
the development of an optimized control method to reduce torque
ripple and to increase power factor and average torque. In the
proposed control method, the power factor and phase voltage are
calculated by the knowledge of the phase flux linkage and phase
current. The phase flux linkage is represented in terms of Fourier
coefficients, where these coefficients are functions of direct- and
quadrature-axis currents. Hence, they are estimated from 2-D
lookup tables (LUTs), which are independent of rotor position.
Similarly, the Fourier coefficients of the torque harmonics are
also estimated from the 2-D LUTs. The independence of the LUTs
from rotor position reduces the size of the LUTs significantly. The
proposed control method is validated by experiments on a 2-kW
12/8 MCSRM.

Index Terms—Finite-element method, Fourier series, genetic
algorithm, motor control, power factor, reluctance machine,
sinusoidal current excitation, torque ripple, vector control.

I. INTRODUCTION

WITCHED reluctance motors (SRMs) have a simple, low
S cost, and robust structure as they do not have rotor magnets
or rotor windings [1]. However, SRMs suffer from high torque
ripple and acoustic noise [2], and they can have lower efficiency
and power density compared to the permanent magnet syn-
chronous motors. The conventional SRMs (CSRMs) are based
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on single-phase excitation, and torque production is due to the
change of self-inductance. The mutual inductance in a CSRM
between phases can generally be ignored [1]. CSRMs require
an asymmetric bridge converter for each phase to provide uni-
directional phase currents, and an independent current control
can be achieved by this way [3], [4]. In the CSRM, reduction
of the torque ripple and radial forces for the dominant vibration
mode shapes is mainly based on current shaping techniques,
where a phase current waveform is defined as a function of rotor
position for different operating conditions [5]. That approach
might require significant memory when the entire operating
range is covered in a motor drive with a wide speed range. Hys-
teresis current control is commonly used for tracking the shape
of the current reference. Hysteresis control can also contribute
to acoustic noise due to its variable switching frequency [6].
The challenges in CSRMs in terms of using an asymmetric
bridge converter and the potential control complexities can be
addressed by using a mutually coupled SRM (MCSRM) [7].
MCSRMs are based on multiphase excitation; thus, torque
production is a result of the change of self- and mutual induc-
tances. The winding configuration of MCSRMs differs from that
of CSRMs to increase the mutual coupling between phases [1].
The windings configuration of an MCSRM can be single-
layer short- or full-pitched and double-layer short-pitched [1].
Single- and double-layer short-pitched configurations are both
for CSRM and MCSRM. The single-layer full-pitched config-
uration is only for MCSRM as it requires at least two phases
to be excited to magnetize a single stator pole. Several phase
current waveforms can be used in MCSRMs, including unipo-
lar rectangular waveform [8]-[10], bipolar rectangular wave-
form [11]—-[13], or sinusoidal current waveform [14]-[17]. The
three-phase MCSRM controlled by sinusoidal currents can be
considered as an ac machine and the conventional voltage-
source inverter (VSI) can be used. Moreover, the standard vector
control can be applied, and the regular pulsewidth modulation
(PWM) techniques, such as space vector modulation (SVM)
and sinusoidal PWM, can be utilized [15], [16]. According to
the analysis provided in [15], full-pitched MCSRMs have the
highest efficiency compared to other winding configurations
when they are controlled with sinusoidal currents. In [15], it
was also shown that the full-pitched MCSRM has higher torque
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density and power factor and lower torque ripple. According
to [17], the double-layer short-pitched MCSRMs can provide
improved torque density and torque ripple when they are con-
trolled with sinusoidal currents as compared to the case when
it is excited with other current waveforms. The existing control
methods in the literature for MCSRMs with sinusoidal current
excitation are based on maximum torque per ampere control,
where direct- and quadrature-axis currents are equal. In those
methods, torque ripple and power factor are not considered [14],
[18],[19]. Another control method was introduced in [20], where
torque ripple is reduced by injecting the third-order current
harmonic for the single-layer short- and full-pitched MCSRM.
However, the disadvantage of injecting the third-order harmonic
is the existence of the zero-sequence component, and hence,
an additional leg for the VSI connected to the neutral point is
required. Li et al. [20] also showed that the torque ripple can be
reduced in the double-layer MCSRM by injecting the fifth- and
seventh-order current harmonics. However, the torque ripple is
reduced on the expense of reducing the average torque by more
than 10%.

The control methods proposed in the literature usually focus
on one performance parameter. For instance, the authors in [14],
[18], and [19] focus only on motor efficiency, while the authors
in [20] focus only on minimizing the torque ripple. In this article,
the effect of direct- and quadrature-axis currents on torque ripple,
saturation level, efficiency, and power factor is first analyzed.
Then, an optimized control method is developed to improve the
power factor, torque ripple, and average torque. Power factor
is calculated from the knowledge of the phase current and
phase flux linkage. The phase flux linkage is represented by
the sine and cosine Fourier coefficients. These coefficients are
estimated from lookup tables (LUTSs) as a function of direct- and
quadrature-axis currents. Hence, the LUTs have two dimensions,
and they are independent of the rotor position. Likewise, the
torque harmonics are also represented as Fourier coefficients in
2-D LUTs.

The rest of this article is organized as follows. Section II an-
alyzes the sources of torque ripple in MCSRMs with sinusoidal
current excitation. Section III analyzes the effect of the current
excitation angle and saturation level on power factor. Section IV
presents the proposed optimized control method for MCSRMs.
Section V validates the proposed method with experiments.
Finally, Section VI concludes this article.

II. TORQUE RIPPLE ANALYSIS

In order to conduct torque ripple and power factor analysis, a
three-phase 12/8 SRM has been used in this article. The motor
used in this investigation is designed to operate as a CSRM.
The winding configuration has been changed to operate it as
an MCSRM. Fig. 1 shows the winding configuration and the
flux directions for the three-phase 12/8 MCSRM. The motor
specifications are shown in Table I. Finite-element analysis
(FEA) has been conducted to analyze the torque ripple behavior
of this motor with sinusoidal current excitation. The harmonic
content of the generated torque waveform is shown in Fig. 2
when the d-axis current (¢4) and g-axis current (¢,) are equal to
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Fig. 1. Winding configuration and flux paths of three-phase 12/8 MCSRM.

TABLE I
SPECIFICATIONS OF MOTOR USED IN INVESTIGATION

Parameter Value Parameter Value
Phase number 3 Rotor outer radius ~ 41.5 mm
Stator poles 12 Rotor inner radius ~ 30.5 mm
Rotor poles 8 Shaft radius 12.5 mm
Axial length 70 mm Turns per phase 28
Stator outer radius 68 mm peak current 21.21A
Stator inner radius ~ 56.7 mm Rated torque 3Nm
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Fig. 2. (a) Generated torque waveform from the FEA model when [ig,iq] =
[4,20] A and (b) its harmonic content.

4 and 20 A, respectively. It can be noticed from Fig. 2(b) that
the generated torque waveform has a dc component in addition
to the 6th-, 12th-, 18th-, and 24th-order harmonics. Therefore,
it can be expressed in Fourier series as

Te(t) = Tavg + Toasin(6wt) + Tgpcos(6wt)
+ Thag8in(12wt) + Tyopcos(12wt)
+ Tgqsin(18wt) + Tygpcos(18wt)
+ Tougsin(24wt) + Toygpcos(24wt)

where w is the angular frequency, 1., is the dc component and,
hence, the average torque. T, is the Fourier sine coefficient of
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Fig. 3.  (a) Three-phase flux linkage at [i4,%4] = [4,20] A. (b) Direct- and

quadrature-axis flux linkages and their (c) harmonic content at [iq,i4] =
[4,20] A.

the sixth-order harmonic, and likewise for T} 2, T84, and Toy,,.
Tsp, 1s the Fourier cosine coefficient of the sixth-order harmonic,
and likewise for T'op, T18p, and T24p. The average torque Thyg
is calculated as [21]

3 . .
Tavg - ip()"dolq - )\qozd) (2)

where A4, and A4, represent the fundamental direct- and
quadrature-axis flux linkages, respectively, which are the dc
values when the three-phase flux linkages are transformed into
the dq frame. Fig. 3(a) shows the three-phase flux linkages from
the FEA model for [i4, 7,] = [4,20] A. The corresponding direct-
and quadrature-axis flux linkages and their harmonic content
are shown in Fig. 3(b) and (c), respectively. From Fig. 3(c), the
direct- and quadrature-axis flux linkages can also be expanded
by Fourier series

)\,d(t) = Adokdﬁsin(th + Ozﬁ)

+ Agresin(12wt + aqs) 3)
Ag(t) = Ago + Agscos(6wt + Sg)
+ hgr2cos(12wt + Bi2) 4)
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Fig. 4. Nonlinear relationship of (a) A4, and (b) A4, with respect to direct-
and quadrature-axis currents.

where A46 and Ag412 are the 6th- and 12th-order harmonics of
the d-axis flux linkage, respectively, and ag and oo are their
respective phase angles. A, and A41o are the 6th- and 12th-
order harmonics of the g-axis flux linkage, and (¢ and (315 are
their respective phase angles. The 6th and 12th orders are due
to spatial harmonics. In order to calculate the average torque
from (2), the zero-order Fourier coefficients of the direct- and
quadrature-axis flux linkage A 4, and A, are estimated from 2-D
LUTs as

(5a)
(5b)

Ado = fd(idviq)
Ago = fq(idviq)

where fq(iq,i4) and f,(iq,%,) are 2-D LUTs independent of the
rotor position, since they represent the Fourier coefficients in (3)
and (4) and not the instantaneous values. These LUTs describe
the nonlinear relationship between A4, and 1,, with respect to
iq and 4. Fig. 4 shows the 2-D LUTS f;(iq, ¢q) and fy(iq,%q)-

It can also be observed from the torque waveform in Fig. 2
that the sixth-order harmonic has the largest magnitude among
all other present harmonics. These harmonics generate the torque
ripple. Therefore, by minimizing the sixth-order harmonic, we
achieve significant reduction in torque ripple. The Fourier coef-
ficients of the sixth-order harmonic 7§, and T§;, are represented
as follows:
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Fig. 5.
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Fig. 6. Torque waveforms from the FEA model at 3-N - m average torque.

Tﬁa = fGa(id; Zq)
Tov = fov(iasiq)

where feq(i4,7¢) and fep(iq4,1,) are 2-D LUTS, and they de-
scribe the nonlinear relationship between 7§, and Tg, with re-
spect to ¢4 and 7,,. Hence, the magnitude of sixth-order harmonic

Tg is calculated as
To = /T2, + Tﬁzb. @)

Fig. 5 shows the 2-D LUTS, fg, (44, 4) and fep(iq, i4), and their
vector summation based on (7). There is an infinite number of
[iq, 14) Operating points that can achieve a certain average torque.
These operating points have different phase current magnitude,
torque ripple, and power factor. As an example, for an average
torque Tye of 3 N - m, the range of direct- and quadrature-axis
currents is swept and the operating points are found using (2)
and (5). Then, these operating points are simulated using the
FEA model. Fig. 6 shows the torque waveforms from the FEA
model that achieve T, of 3 N - m. It can be noticed from Fig. 6

(6a)
(6b)
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Fig. 7. Nonlinear relationship of torque ripple (7s) with respect to phase
current magnitude.

that these operating points achieve the same average torque but
with different torque ripples.

Fig. 7 describes the behavior of the torque ripple for the
operating points in Fig. 6. The torque ripple is represented by the
magnitude of Ty with respect to the phase current magnitude,
by the help of (6). It can be noticed that the operating point
corresponding to the minimum torque ripple has the largest
phase current magnitude and, hence, the highest copper loss. In
contrast, 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 Fig. 7 is a quadratic function with
respect to the torque ripple component, 7. Therefore, there are
two operating points with the same phase current magnitude and
same average torque Ty, of 3 N - m, but with different 7. The
implications of this behavior will be discussed in more detail in
the next section.
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Note that the waveforms in Figs. 6 and 7 are the same for
any speed, as the average torque was calculated from (2) and
the sixth-order torque harmonic was calculated from (6). 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.

Before finishing this section, the authors would like to ad-
dress why the analyzed motor has high torque ripples, as
shown in Figs. 6 and 7. As mentioned earlier, the motor used
in this investigation is designed to operate as a CSRM with
single-phase unipolar current excitation and not as MCSRM
with multiphase sinusoidal current excitation. Motors those are
specifically designed to operate as an MCSRM with sinusoidal
current excitation have been reported to have approximately five
times lower torque ripple compared to the motor used in this
investigation [14], [18]-[20].

III. 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 [22], and it reflects the saturation
level of the motor [23]. 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 [24]. This helps
with the core saturation, but also results in stronger radial forces
that would excite the stator core. The excitation principles in
the MCSRM results in lower radial flux, which, in turn, results
in smaller radial forces [16], [25]. However, this also results
in less effective core saturation as compared to the CSRM. In
other words, the MCSRM saturates at higher current levels as
compared to the CSRM. This is the major factor for why the
power factor of the MCSRM is relatively low as compared to
the CSRM.

Power factor can be calculated for the operating points that
achieve 3-N - m average torque in Fig. 6. The fundamental direct-
and quadrature-axis voltages vq and v, are first calculated at
given direct- and quadrature-axis currents and given speed [21]

(8a)
(8b)

Vq = idR - Aqow

Vg = 1gR + Agow
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Fig. 8. Nonlinear relationship of phase voltage and power factor with respect
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where R is the phase winding resistance and Aq, and Aq,
are found from (5). After calculating the fundamental voltage
components, the power factor can be calculated based on the
real power P and the reactive power @ [21]

3
P = §(Udid + Uq’iq) (9a)
Q= i(vqid — Ugiq) (9b)
cos(¢) = L 9¢)

V@
where cos(¢) is the power factor. Fig. 8 shows the power factor
and phase voltage with respect to the phase current magnitude
for the operating range that achieves 3-N - m average torque
at 1000 r/min. It can be noticed from Fig. 8 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 phase voltage also
corresponds to a higher power factor. This can be observed in
Fig. 8 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 electromotive
force (EMF), so that the same magnitude of phase current is gen-
erated with a lower phase voltage. This can simply be quantified
by expressing the phase voltage for single-phase excitation [24]

dia . dLa(0) w)

o + 14 20 (10)

induced EMF

Vg = 1o R+ (La(ﬂ)

where v, is the phase voltage, i, is the phase current, and L,
is the phase inductance. Equation (10) 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,
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Fig. 9. Rotating current vector iph1 due to three phases shifted in time and
space by 120°.

decreases, which, in turn, limits the induced EMF. This enables
injecting the same magnitude of current with a lower phase
voltage.

In Fig. 8, 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 mag-
nitude. The location of the current vector has a significant effect
on the power factor, as well. The current phasor is a rotating
vector in space, and its magnitude I,,, is defined by the direct-
and quadrature-axis components

Iy = (/15 + 2.

In a balanced three-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, ipn1, that
has a constant magnitude of I,,,, and it rotates uniformly in space
(see Fig. 9). The instantaneous position of the current phasor
depends on the vector summation of the instantaneous values
of the three-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 Fig. 9).
Therefore, there are four current phasors in space, and they are
90° phase shifted from each other. For the coil set shown in
Fig. 9, the current phasor can be expressed as

(1)

o1 = iq(t) +ip(t) 75" +ic(t)el T (12a)
instantaneous posilion
values n space

=TI’ 0=0-2r (12b)

where i,(t), i5(t), and i.(t) are the instantaneous values of the
phase currents, and @ is the instantaneous position of the current
phasor in space. The initial position, when ¢ = 0, of the current
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phasor, ipn1, is defined by the current excitation angle 04,

1
04y = tan* (,q)
id

0 =044 +wt, wt=0—2m.

(13a)

(13b)

The initial position (6 = 64,) is when the rotor is aligned with
the stator poles of phase a, as shown in Fig. 9. At that position
and for counterclockwise direction of rotation, magnetizing the
stator poles of phase ¢ will generate positive torque. In other
words, the current phasor should be aligned with the stator
poles of phase c, where the initial angle 64, would be 60°.
The closer the current phasor to the stator poles of phase c,
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 3-N - m average torque
[iq,14) = [8.4,16] A and [ig, 4] = [15.9,8.6] A have the same
current magnitude of 18 A, but their power factor at 1000 r/min 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 c at the initial position, 64, = 62°, compared to the second
point, which has an excitation angle of ¢4, = 28°. In order to
confirm that the maximum power factor is achieved at 5, = 60°,
Fig. 10 shows two conditions for the power factor with respect
to the excitation angle when I,,, = 18 A. The first condition is
when the phase resistance R is ignored, and it reveals that the
maximum power factor happens at 4, = 60°. At this excitation
angle, the current phasor is aligned with phase ¢, which at the
given rotor position generates torque in the counterclockwise
rotation and achieves the highest saturation level. In the second
conditionin Fig. 10, the phase resistance is notignored. Then, the
total real power P equals 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 4, = 65° as
it depends not only on the motor saturation level, but also on
I,,> R losses. In the rest of this article, the phase resistance R is
taken into account when calculating the power factor.

Fig. 11 shows the relationship between the power factor and
the current excitation angle 64, for the operating range that
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achieves the 3-N - m average torque at different speeds. Fig. 11
reveals that the power factor increases until it reaches a certain
excitation angle, and then, it starts to decrease. Fig. 12 shows the
excitation angles corresponding to the maximum power factor
at different speeds for average torque of 1, 2, and 3 N - m. 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 [, 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, Fig. 13 shows the
magnetic flux path at the aligned position for the maximum and
minimum power factor operating points achieving Thye =3 N-m
at 1000 r/min. It can be observed that when the current excitation
angle is 65°, the current phasor is approximately aligned with
the stator poles of phase c. In other words, the 65° current phasor
is magnetizing the unaligned stator poles of phase ¢, which are
responsible for torque production. When the excitation angle

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

Fig. 13.
(a) Minimum power factor operating point fphl = 21.1Z 19°. (b) Maximum
power factor operating point ?phl = 18.9£ 65°.

Current phasors at the initial rotor position (6 = 644) and 1000 r/min.
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Fig. 14. Currents components responsible for real and reactive powers ip

and ig.

is 19°, the current phasor is closer to phase a. However, the
rotor poles are already aligned with phase a; therefore, this
excitation angle generates the minimum torque, since there is no
variation in reluctance. When the rotor aligns with phase c 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 b to magnetize its stator poles similar to
what happened with the stator poles of phase c 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
tp and g, as shown in Fig. 14. ip is the current component
responsible for the real power as it is in phase with the voltage
vector V,,,. iq is the current component responsible for the
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reactive power

ip = I,,co8(9) (14a)
i = Isin(¢) (14b)
I = 1/i% + 2. (l4c)

The real power P and reactive power @) can be reformulated
using (14) as

Vm Im __q_ m
P= 35—2003((15) =3 ip (152)
Q= 3%%&11((;5) =3—ig (15b)
cos(¢) = P =i (15¢)

From (15¢), it is clear that the power factor is dependent on
both ip and I,,. Thus, the maximum power factor maximizes
the ratio ip /I, regardless of how much I,,, is. The maximum
torque per ampere operating point minimizes the total current
1,,, regardless of how much is i p or i(.

IV. OPTIMIZED PERFORMANCE FOR MCSRM

Up to this point, we have analyzed the torque ripple and power
factor in the MCSRM for sinusoidal current excitation. In this
section, the selection of the optimized direct- and quadrature-
axis currents will be discussed to minimize the torque ripple
and maximize the power factor and average torque. The power
factor is considered in the optimization process to maximize
the dc-link utilization. As shown in Section III, for the same
magnitude of phase current at the same speed, the required phase
voltage has lower magnitude when the power factor is higher
(see Fig. 8). Thus, optimizing the power factor maximizes the
dc-link utilization to cover wider speed range. For these three
performance parameters, the objective function j is formulated
as

j = a(Im/Irated) + B(TG/TGrated) - 'YCOS(QS)
at+p+y=1

(16)
A7)

where [,eq 1s the rated current and T qeq 18 the maximum 7§,
which is 9.5 N - m for the motor used in investigation, as shown
in Fig. 5(c). a, 8, and +y 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 current should be less than or equal to the rated motor
current considering the thermal limitations, and that is the first
constraint. The phase voltage depends on the motor speed, as
shown in (8). The optimized operating point is applicable as
long as the peak value of line voltage is less than the dc-link
voltage. This is the maximum line voltage at unity modulation
index when using SVM.

The phase voltage usually includes harmonic components
besides the fundamental to remove the spatial harmonics in
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the phase current and, hence, achieve sinusoidal current exci-
tation. In ac machines, the spatial harmonics due to the slotting
effect are usually neglected. However, slotting effect cannot
be neglected in SRMs because of high saliency of stator and
rotor poles. Those spatial harmonics in the phase current can be
removed effectively by harmonic compensation methods, such
as proportional-resonant controllers [26]. In this article, we used
a feedforward loop to remove the spatial harmonics of the phase
current. The feedforward loop injects the corresponding voltage
harmonics to ensure sinusoidal current excitation [27]. This en-
sures that the required phase voltage (fundamental components
plus the other harmonics) can be applied at any speed. The peak
value of the fundamental phase voltage component should be
less than or equal to (100 — z)% of vdc/\/g, where x is the
voltage harmonic coefficient, and it defines the room that is
kept for the phase voltage harmonics injection. For example,
at 500 r/min, the fundamental phase voltage component should
be less than or equal to 80% of vq./ /3. Thus, there is a room of
20% for the voltage harmonics injection. The 20% is estimated
based on the motor characteristics, and it increases linearly with
speed [27]. Notably, the 20% is a high percentage for voltage
harmonics at such speed, but this is because the SRM we are
using is not designed to operate as an MCSRM with multiphase
sinusoidal current excitation [14]. Finally, the average torque
must be equal to the reference torque 7i.;. Hence, the three
constraints of the optimization problem can be formulated as

\/ Z?j + Zg < irated (183)
JuR o2 < (1-a) (udc/\/é) (18b)
Tavg - T'ref (18C)

where the voltage harmonic coefficient, x, is defined as a func-
tion of speed, Npm, as
N,

=(0.2" 2=
. 500

The objective function in (16) combines the three objectives
in one function by using the weighting coefficients in (17). In
order to identify how to select the weighting coefficients, some
analysis has been applied. Fig. 15 shows the optimized operating
points at 3 N - m and different speeds when only one weighting
coefficient is considered and the other coefficients are set to zero.

As given in (2), the average torque depends on the d- and ¢-
axis currents only, and it is independent of the motor speed. Thus,
in Region (1) in Fig. 15, the minimum phase current to achieve
the reference torque is the same at 500 r/min (X ), 1000 rpm (X ),
1500 rpm (X), and 2000 rpm (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 alower power factor. T also depends
on direct- and quadrature-axis currents, and it is independent of
motor speed, as shown in (6). Therefore, the operating points in
Region (1) have the same T (0). It can be noticed from the results
in Region (1) that minimizing the phase current results in the
highest 7. It also results in the lowest power factor. For example,
the power factor at 2000 r/min in Region (1) is lower than the

(19)
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Fig. 15. Optimized operating points at 3 N - m based on the maximum torque
perampere (j = L, / Iratea) are shown in Region (1), the minimum torque ripple
(j = T6/Tbratea) are shown in Region (2), and the maximum power factor (j =
cos(¢)) are shown in Region (3).

power factor in Regions (2) and (3) for the same operating point.
This can be observed by comparing the (X ) symbols in the three
regions. Region (2) in Fig. 15 defines the optimized operating
points that have the minimum 7§. Since the operating points in
Region (2) achieve the same reference torque, they have the same
phase current and the same 7§, which is 2.6 N - m (denoted by
o). It can be observed from Fig. 15 that minimizing the torque
ripple results in the highest phase current magnitude, whichis the
motor rated current. For instance, the X symbols in Region (2)
have higher phase current compared to the X symbols of the
same color in Regions (1) and (2).

Region (3) defines the operating points, which have the maxi-
mum power factor. These operating points have different direct-
and quadrature-axis currents, and hence, different 75 and power
factor. T in Region (3) (denoted by o symbols in different col-
ors) varies between 2.7 and 2.9 N - m. When the operating points
were optimized for the minimum 7§ in Region (2), the minimum
value was 2.6 N - m. Therefore, achieving the maximum power
factor results in an acceptable T§, 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
Regions (1) and (2). Thus, based on the results in Fig. 15, the
weighting coefficient of the torque ripple 5 in (16) can be set to
zero, as optimizing the power factor will result in an acceptable
Ts. Then, (17) reduces to

a+v=1. (20)

In order to define the values of « and -, the optimization
problem has been developed in MATLAB using genetic algo-
rithm. The weighting coefficient « is varied between 0 and 1.
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Fig. 16.  Variation of (a) phase current magnitude, (b) torque component 7g,
and (c) power factor with the current weighting coefficient o for Tyyg = 3N - m.

The optimization is conducted at different speeds for the rated
torque, Ty, = 3N - m. The results are presented in Fig. 16.

It can be concluded from Fig. 16(a) that as « increases, the
phase current magnitude decreases. This is intuitive, because
higher values of « penalize the phase current, as formulated in
(20). The weighting coefficient of the power factor -y decreases
with the increase of «, since their summation is unity (20).
Hence, the power factor reduces with increasing «, as shown
in Fig. 16(c). When « 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 «
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Fig. 17.
function of torque and speed.

Fig. 18.
control.

Integration of LUTSs of the reference currents to the standard vector

and ~y are set to 0.4 and 0.6, respectively. This provides a good
agreement among power factor, phase current magnitude, and
torque ripple 7.

The optimized direct- and quadrature-axis currents of the
investigated motor for the operating speed and torque ranges
are shown in Fig. 17. Fig. 17(a) and (b) shows the LUTs that
generate 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 direct- and quadrature-axis currents are then found at
the given operating condition by using interpolation function
implemented in the DSP. Fig. 18 shows the block diagram of
the proposed method. It can be seen that the reference torque
is obtained from the speed error. Then, the reference speed and
the reference torque are applied to the LUTs in Fig. 17(a) and
(b) to obtain the reference direct- and quadrature-axis currents.
The reference currents are also applied to the spatial harmonics
compensation method in [27] to remove the spatial harmonics
of phase current.

(a) D-axis current reference and (b) g-axis current reference as a
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Fig. 19. MCSRM experimental setup.

TABLE II
EXPERIMENTAL SETUP PARAMETERS

Parameter Value

DC link voltage 200 V
Current sampling frequency 10 kHz
Switching frequency 10 kHz

PI current controller parameters ~ kp, = 15, k; = 1000

V. EXPERIMENTAL RESULTS AND DISCUSSION

For the experimental validation, the MCSRM with the same
specifications in Table I is coupled to an interior permanent
magnet dyno motor, as shown in Fig. 19. Vector control with
SVM is applied to both motor drives. The vector control is
implemented in a Texas Instruments TMS320F28377D DSP,
and the parameters of the experimental setup are presented in
Table II. The instantaneous torque is calculated in the DSP from
the torque LUT of the MCSRM by applying the measured phase
currents and rotor position as inputs. Then, the calculated torque
is converted into an analog signal through a digital-to-analog
converter and measured with an oscilloscope by means of a dif-
ferential probe. The power factor is calculated by postprocessing
the recorded phase a voltage and phase a current waveforms in
MATLAB.

A. MCSRM Performance at 1000 r/min

First, the performance of the MCSRM was evaluated at
1000 r/min for the rated torque of T3y, = 3N - m. Four operating
conditions have been tested: 1) the maximum torque per ampere
for a = 1; 2) the maximum power factor for « = 0; 3) the mini-
mum torque ripple; and 4) the optimized operation for a = 0.4.
Fig. 20 shows phase a current and the torque waveform for these
four operating points. In Fig. 20, 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
Fig. 20 that the phase currents are sinusoidal with negligible
distortion. That is due to two reasons: the first reason is that
we have used the spatial harmonics compensation method [27],
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TABLE III
MCSRM PERFORMANCE AT 1000 r/min
Case lig,ig)(A)  Im(A) | P(W)  Q(Var) cos(¢) Te(Nm) | 1(%)
d Experimental ~ Calculated (9)

Maximum torque per ampere (o=1) | [11.5, 11.5] 16.4 425 573 0.59 0.59 3.4 74
Maximum power factor (a=0) [8, 17.1] 18.9 470 510 0.69 0.68 2.7 67
Minimum torque ripple [7, 20] 21.2 517 575 0.67 0.67 2.6 61

Optimized point (=0.4) [8.9, 15.3] 17 441 508 0.65 0.66 2.8 71

5(5] The waveforms are recorded at different instants for| 1 8'7 A‘ The Optlmlzed Operatlng p01nt has a power faCtor Of 0‘65

different experiments. Therefore, the phase shift
between the current and torque waveforms could

(a) joptimized point min T,
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Fig. 20. Experimental results at 1000 and 3 N - m. (a) Phase a current. (b)
Electromagnetic torque. Time scale: (4 ms/div).

and the second reason is that the applied line voltage is always
within the dc-link limits as constrained in [see 18(b)]. Table III
summarizes the motor performance of the operating points
presented in Fig. 20. The real power and reactive power are
calculated in simulations using (9) after calculating the flux
linkage and voltage components from (5) and (8), respectively. In
the experiments, the real power and reactive power are calculated
using (15), and the power factor is calculated by finding the phase
shift between the recorded phase voltage and phase current using
Fourier series expansion in MATLAB. The real power, reactive
power, and the power factor in simulations and experiments are
based on the fundamental components of the phase voltage and
current. Real and reactive powers can also exist for other current
and voltage harmonics of the same harmonic order. However,
since the current harmonics are negligible, the contribution of the
harmonics to the power factor could be ignored. It can be noticed
from Table III and Fig. 20 that the operating point corresponding
to the minimum torque ripple has the minimum 75 of 2.6 N - m
among all the tested operating points. But, it also has the largest
magnitude of phase current at 21.2 A, which is the motor rated
current. The maximum torque per ampere operating point has the
smallest magnitude of phase current, which is 16.4 A. However,
it has the highest 7 of 3.4 N - m 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 75 of 2.7 N - m with a phase current of

with a torque ripple of 2.7 N - m and a phase current of 17 A.
Therefore, the optimized operating point provides a combination
of high power factor, low torque ripple, and low phase current
magnitude. Table III also shows that the power factor calculated
from the experimental current and voltage waveforms is in good
agreement with the power factor calculated from (9).

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 III for each operating point
is calculated as

_ TeWmech 27 Nipm

P 60
where wWpech 1s the mechanical angular frequency, and Ny, is
the motor speed in r/min. 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. We would like to note that the poor
performance of the MCSRM is due to the motor topology, since
the motor we are using is not designed to operate as an MCSRM
with sinusoidal current excitation.

21

Wmech =

B. MCSRM Performance at 1500 r/min

The performance of the MCSRM is also tested at 1500 r/min.
Figs. 21-24 show phase a 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, respectively. Table IV
summarizes the experimental results for those four operating
points. The higher speed results in higher induced EMF and,
hence, lower power factor compared to 1000 r/min.

The operating points corresponding to the maximum torque
per ampere and the minimum torque ripple at 1500 r/min draw
the same current for the same average torque and deliver the same
torque ripple as in the 1000-r/min operation. This is because the
average torque and torque ripple are functions of direct- and
quadrature-axis currents, and they are independent of the motor
speed. Table IV shows that the optimized operating point has
lower 75, lower phase current, and higher power factor. Table IV
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TABLE IV
MCSRM PERFORMANCE AT 1500 r/min
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. cos(¢p)
Case [ ialA) Im(A) | POW) QOVaD) | g iental  Calculated (9) | (6™ | 7(%)
Maximum torque per ampere (a=1) | [11.5, 11.5] 16.4 582 859 0.55 0.56 3.4 81
Maximum power factor (a=0) [8.2, 16.6] 18.5 624 762 0.63 0.63 2.7 76
Minimum torque ripple [7, 20] 21.2 675 862 0.62 0.62 2.6 70
Optimized point («=0.4) [9, 15.1] 17 598 763 0.61 0.62 2.8 79

1rM i ;M
R | A J'U‘f‘vfk‘b\)u

Fig. 21.  Waveforms corresponding to the maximum torque per ampere at
1500 r/min and 3 N - m. (a) Phase a voltage and the three-phase currents.
(b) Electromagnetic torque at 1500 r/min and 3 N - m. Voltage scale: (50 V/div),
current scale: (20 A/div), torque scale: (2 N - m/div), and time scale: (4 ms/div).
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Fig.22.  Waveforms corresponding to the maximum power factor at 1500 r/min
and 3 N - m. (a) Phase a voltage and the three-phase currents. (b) Electromagnetic
torque at 1500 r/min and 3 N - m. Voltage scale: (50 V/div), current scale:
(20 A/div), torque scale: (2 N - m/div), and time scale: (4 ms/div).
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also shows that the power factor predicted from (9) matches
closely with the power factor calculated from the experiments.

C. MCSRM Performance at 1500 r/min With Distorted
Phase Currents

The purpose of this section is to validate the optimization
algorithm when the phase currents are distorted. Figs. 25-28
show the performance of the MCSRM at 1500 r/min and 3N - m
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Fig. 23.  Waveforms corresponding to the minimum torque ripple (75) at
1500 r/min and 3 N - m. (a) Phase a voltage and the three-phase currents.
(b) Electromagnetic torque. Voltage scale: (50 V/div), current scale: (20 A/div),
torque scale: (2 N - m/div), and time scale: (4 ms/div).
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Fig. 24.  Waveforms corresponding to the optimized point at 1500 r/min and
3 N - m. (a) Phase a voltage and the three-phase currents. (b) Electromag-
netic torque. Voltage scale: (50 V/div), current scale: (20 A/div), torque scale:
(2 N - m/div), and time scale: (4 ms/div).

with a switching frequency of 5 kHz. Table V summarizes these
experimental results. By comparing Tables IV and V, it can be
noticed that the reference direct- and quadrature-axis currents,
and the power factor at the same operating conditions are almost
the same. But, the sixth-order harmonic of the torque (7§), and
the efficiency are different.
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TABLE V
MCSRM PERFORMANCE AT 1500 r/min WITH A DISTORTED PHASE CURRENTS

. Displacement power factor
Case [ia,ig)(A)  Tm(A) | PLW) Qu(Var) Experimental ~ Calculated (9) ToNm) | n(%)
Maximum torque per ampere (a=1) | [11.5, 11.5] 16.4 582 859 0.57 0.56 3 88
Maximum power factor (a=0) [8.2, 16.6] 18.5 624 762 0.66 0.63 2.2 76
Minimum torque ripple [7, 20] 21.2 675 862 0.64 0.62 1.9 65
Optimized point (a=0.4) [9, 15.1] 17 598 763 0.64 0.62 2.3 83

(b)

Fig. 25. Waveforms corresponding to the maximum torque per ampere at
1500 r/min and 3 N - m with distorted phase currents. (a) Phase a voltage and
the three-phase currents. (b) Electromagnetic torque at 1500 r/min and 3 N - m.
Voltage scale: (50 V/div), current scale: (20 A/div), torque scale: (2 N - m/div),
and time scale: (4 ms/div).
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Fig.26.  Waveforms corresponding to the maximum power factor at 1500 r/min
and 3 N - m with distorted phase currents. (a) Phase a voltage and the three-phase
currents. (b) Electromagnetic torque at 1500 r/min and 3 N - m. Voltage scale:
(50 V/div), current scale: (20 A/div), torque scale: (2 N - m/div), and time scale:
(4 ms/div).

The reference dq currents in Tables IV and V are the same
as the average torque is a function of the fundamental direct-
and quadrature-axis currents regardless of the distortion in
the phase currents. Similarly, the power factor is due to the
phase shift between the fundamental components of the phase
voltage and phase current, and hence, the power factors in

(b)

Fig. 27. Waveforms corresponding to the minimum torque ripple (75) at
1500 r/min and 3 N - m with distorted phase currents. (a) Phase a voltage and
the three-phase currents. (b) Electromagnetic torque. Voltage scale: (50 V/div),
current scale: (20 A/div), torque scale: (2 N - m/div), and time scale: (4 ms/div).

(b)

Fig. 28.  Waveforms corresponding to the optimized point at 1500 r/min and
3 N - m with distorted phase currents. (a) Phase a voltage and the three-phase
currents. (b) Electromagnetic torque. Voltage scale: (50 V/div), current scale:
(20 A/div), torque scale: (2 N - m/div), and time scale: (4 ms/div).

Tables IV and V are almost the same at the same operating
conditions.

The calculation of efficiency in Tables IV and V is based
on (21) as the ratio of the output mechanical power and the
input electrical power. For nondistorted phase currents, the input
electrical power is due to the fundamental components of the
phase voltage and phase current. It can be calculated as the
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average value of the product of the phase current and phase
voltage recorded in the experiments:

3 T‘fund .
P = T / 'Uph(t)lph(t)dt
fund JO

= 3vph_1vph_1cos(9v1 — 911)

(22)

where Thnq is the period of the fundamental electrical cycle,
and wpp(t) and 4, (t) are the instantaneous phase voltage and
current profiles recorded in experiments, respectively. vp,_1 and
iph_1 are the rms values of the fundamental voltage and current
components, respectively. 6,1 and 6;; are the phase angles of
the fundamental voltage and current components, respectively.

In the case of a distorted phase currents, there are current
harmonics and voltage harmonics of the same harmonic order;
thus, the real power components will exist for those harmonic
orders, in addition to the fundamental components:

3

71fund
P= T / ’Uph(t)iph(t)dt
fund JO

. (23)
= Z 3'Uph7nvph7ncos(9vn - ezn)

n=1

where vp_, and ipn_, are the rms values of the nth harmonic
order of the phase voltage and current components, respectively,
and 0,, and 6;, are their corresponding phase angles. The
existence of the real power components of the harmonic orders
results in a different electrical input power and, hence, different
efficiency calculations compared to the case with a nondistorted
phase currents. The contribution of the real power components
of the harmonic orders can increase the total input electrical
power such as the case in the minimum torque ripple operating
point. In Table IV, 70% efficiency is achieved for the case of
the minimum torque ripple with nondistorted phase currents.
However, for the same operating condition, but with distorted
currents, 65% efficiency is achieved, as shown in Table V.

The harmonic orders can also cause a reduction in the total
input power and, hence, increase the efficiency of the motor
compared to the case with the nondistorted phase currents. This
can be observed when Tables IV and V are compared for the
maximum torque per ampere operating point (v = 1) and for
the optimum operating point (o = 0.4). Finally, Table V reveals
that the efficiency of the motor at the maximum power factor
operating point (o« = 0) does not change when the phase currents
are distorted. It is worth mentioning that although the efficiency
results are different when the phase currents are distorted, the
relative characteristics of the four operating points in Tables IV
and V are still the same. For instance, the maximum torque
per ampere operating point still has the maximum efficiency,
the maximum 7§, and the minimum power factor. Besides, the
minimum torque ripple operating point has the minimum torque
ripple and the minimum efficiency. Furthermore, the optimized
operating point when a = 0.4 merges the advantages of high
power factor, high efficiency, and low 7.

Notably, the current harmonics also create reactive power
components. If these components are considered, the calculated
power factor will be the true power factor instead of the dis-
placement power factor. However, the real power and reactive
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power from the fundamental components are the largest among
the other harmonics. Therefore, using the displacement power
factor would be adequate for the optimization process.

VI. CONCLUSION

Torque ripple and power factor of MCSRMs with sinusoidal
currents excitation are investigated in this article. Torque ripple
in the MCSRM is mainly due to the sixth-order harmonic of
the torque waveform. Hence, reducing the sixth-order harmonic
can significantly reduce the torque ripple. Power factor reflects
the saturation level of the MCSRM, and it depends on both the
magnitude and angle of the current phasor. When the stator poles
of phase a 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 three-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 current
has the maximum torque ripple. The optimization results show
that optimizing the power factor results in low torque ripple;
therefore, the applied objective function includes the phase cur-
rent 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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