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Abstract: In this paper, a design optimization method is proposed to reduce the current asymmetric
and consequent torque ripple for a six-phase Switched Reluctance Motor (SRM). First, the inconsistent
current phenomenon of the investigated SRM is introduced, and the relationship between the
magnetic distribution and the phase currents is investigated by magnetic circuit analysis. Then, for
the reduction in computational cost, a surrogate model is utilized to establish the response surface
model between the optimization objectives and variables. Furthermore, multiobjective optimization
is performed based on structural design optimization and asymmetric control, and the best design
solution is selected for the drive system. Compared with the traditional symmetric control, it can be
found that the proposed asymmetric control can mitigate the inconsistent phase currents and reduce
the torque ripple. Finally, a prototype motor is manufactured and tested. Both the simulation and
experimental results verify the effectiveness and the reasonability of the analysis and the optimization.

Keywords: finite-element model (FEM); multiobjective optimization; switched reluctance motor

1. Introduction

Switched Reluctance Motors (SRMs) have become promising candidates and aroused
considerable attention due to their inherent simple structure, high reliability, and the
absence of permanent magnets [1-3]. A four-quadrant operation can be easily realized for
SRM through angle adjustment. Thus, it exhibits great application potential in the field of
vehicles [4-6]; however, due to the doubly salient structure, the torque ripple and vibration
noise of SRMs are much larger than other types of motors, which limits their promotion in
some specific fields; therefore, in recent decades, suppression of torque ripple and vibration
noise has become one of the main topics of SRMs [7-9].

Scholars have carried out a lot of work on the suppression of torque ripple, mainly
including two main aspects, i.e., the design optimization of the structure [10-12] and the
development of control strategy [13-15]. In the previous works, it could be found that
increasing the number of phases of SRMs can significantly reduce the torque ripple and
vibration noise [16,17]. Compared with the traditional three-phase SRM, the torque ripple
of the six-phase SRM can be reduced by two-thirds [18,19]. Since the electromagnetic torque
of SRMs is mainly generated by the electromagnetic pulling force, the distribution of the
magnetic field has a great influence on motor performances [20].

Furthermore, it was proved that the distribution of the magnetic field is closely related
to the winding connections [19,21]. In [22], the concept of forward series and reverse series
of the SRM windings is proposed. The self-inductance, mutual inductance, and static
torque of the three-phase SRM with two types of windings in positive series and reversed
series are analyzed and compared. Meanwhile, the different magnetic pole distributions of
the four-phase 8/6 structure SRM were investigated in [23,24]. It was proved that when
the alternating arrangement of NS magnetic poles was adopted in the odd-phase SRM,
the phases were decoupled [23]. The different excitation modes of the four-phase 8/6
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stator /rotor poles SRM under the two magnetic pole distributions are investigated, and a
new method was proposed to reduce torque ripple by setting different current chopping
limits [24]. In [21], possible winding arrangements for six-phase SRMs are presented and
analyzed. Moreover, in [25], the combination of magnetic poles under different conduction
modes was proposed, and the influence caused by the winding connections on static torque
was further investigated. Through the comprehensive comparison of different winding
connections, it has been found that the NNSS alternating winding arrangement exhibit
the best overall performance; however, at the same time, asymmetry current phenomenon
occurs in the six-phase SRM [21,26].

In summary, there is a coupling phenomenon between the phases when the winding
connection method with reverse series was applied in the even-numbered phase SRM,
which reduces the fault-tolerant ability of SRMs. Moreover, the magnetic field distribution
of the system will be asymmetric if the decoupling winding connection is utilized, leading
to the asymmetry of the phase currents in the even-numbered phase SRM. This will further
increase the torque ripple of the system [27,28].

In this paper, a novel multiobjective optimization method incorporated with an asym-
metric control is proposed to reduce the inconsistent phase currents and consequent torque
ripple for a six-phase 12/10 SRM. The main contributions of this paper are listed as follows.

(1) The asymmetric current phenomenon for the investigated SRM is introduced and
explained by the magnetic circuit analysis.

(2) A novel system-level multiobjective optimization method is proposed by considering
the structural variables and the turn-on angles and conduction width in the proposed
asymmetric control.

The remainder of this paper is organized as follows. In Section 2, the current asymme-
try caused by the forward series winding connection is investigated and its influence on
torque ripple is analyzed. Section 3 describes the applied surrogated modeling method.
Then, in Section 4, a system-level multiobjective optimization is proposed to reduce the
current asymmetry and torque ripple of the drive system. Results and experimental verifi-
cation are presented in Section 5, followed by the conclusion in Section 6.

2. The Phenomenon of Current Asymmetry
2.1. Asymmetric Current Phenomenon

In the traditional SRMs with an odd number of phases, such as the three-phase 6/4
and the five-phase 10/8 SRMs, the magnetic poles are alternately arranged at NS when the
windings are connected in the forward direction. The polarities between two stator teeth
of one phase are opposite; thus, a flux loop is generated between the two stator teeth, the
interphase coupling can be ignored, and the magnetic field distribution is symmetric.

For the SRMs with an even number of phases, a six-phase 12/10 SRM is taken as
an investigated example to illustrate the asymmetric current phenomenon, as shown in
Figure 1. The relevant main parameters of the motor are presented in Table 1. When the
winding arrangement is the NS alternative shown in Figure 1a, the polarities between the
two stator teeth of each phase are the same. For example, the polarities of the teeth A;
and A; are both N polar; therefore, flux loops with the adjacent phases will be generated
when the motor is excited, resulting in a large coupling between the adjacent phases.
Meanwhile, the magnetic field distributions are the same when two adjacent phases are
simultaneously excited, such as phases A and B or phases B and C, as shown in Figure 1a.
In addition, when the decoupling winding arrangement is applied, such as the NNSS
alternative shown in Figure 1b, the polarities of the two stator poles in each phase are
opposite. Under this situation, if two adjacent phases are excited simultaneously, flux loops
with different distances will be generated, as presented in Figure 1b. For instance, a long
flux path is formed when phases A and B are simultaneously excited, as shown by the
red dotted line in Figure 1b. While a quite shorter one is formed when phases B and C
are simultaneously excited, as shown by the green dotted line in Figure 1b; therefore, the
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magnetic field distribution is asymmetric when the NNSS alternative winding arrangement
is adopted for the six-phase SRM.

Flux loop between Flux loop between Flux loop between
phases Band C phases A and B_— phases B and C

Flux loop between=
phases A and B

(@) (b)

Figure 1. Magnetic poles and flux distribution in a six-phase SRM under winding connections with
(a) NS alternative and (b) NNSS alternative.

Table 1. Main parameters of six-phase SRM.

Parameters Value Parameters Value

Stator poles 12 Stator tooth width (bps/mm) 5.6

Rotor poles 10 Rated speed (r/min) 3000
Stator outer diameter (Dg/mm) 80 Rated voltage/V 24
Rotor outer diameter (D, /mm) 47.4 Stack length (I, /mm) 70

Figure 2 shows the current and torque waveforms achieved by the finite-element
models (FEMs) when the investigated six-phase SRM with NNSS alternative connection. It
can be found that the current waveforms of phases A, C, and E are similar, and so are the
other three phases. The maximum current values in phases A, C, and E are greater than the
remaining three phases. It should be noted that, as presented in Figure 2, torques at points
1 and 3 are the maximum torques corresponding to the maximum current positions, and
torques at points 2 and 4 are the minimum values at the intersection of the phase currents.
Since the current value in phase A is generally greater than that with the same position
of phase B, as a result, the torques at points 1 and 2 are larger than those at points 3 and
4, respectively; therefore, it can be concluded that the asymmetry of the phase currents
aggravates the torque ripple of the system.
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Figure 2. Current and torque waveforms of the investigated six-phase SRM under NNSS alternative
winding connection.
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2.2. Magnetic Circuit Analysis

The stator yokes between phases A and B are selected as the analysis objects. The
polarities of adjacent poles between phases A and B could be the same as NN or the
opposite NS, which correspond to the magnetic field distributions between phases A and
B, and phases B and C in Figure 1b, respectively. Assuming that the magnetic flux leakage
is ignored, the magnetic circuits under two kinds of magnetic pole arrangements are
presented in Figure 3.

5Rgy Rsy
1
| S| | S |
| - vl
F,, Y ——
_|_ —
R, Ry,
Rsa Rsp
B, ARy
(a) (b)

Figure 3. Magnetic circuit of six-phase SRM: (a) NN and (b) NS.

In Figure 3, Rgy and RRy are the reluctances of stator yoke and rotor yoke, respectively,
Ra1, Rp1, and Rp; are the sum of the reluctances stator teeth and rotor teeth corresponding to
poles Ay, By, and B; and their aligned rotor poles, respectively, Rs o and Rsp are the air gap
reluctances of phase A and phase B, respectively, Fa1, Fp1, and Fp; are the magnetomotive
force excited by the windings on poles A1, B and B; respectively, and ¢ is the magnetic
flux.

Since SRM is the type of symmetric motor and each stator pole is excited with the
same current condition, the magnetomotive forces shown in the two figures in Figure 3 are
equal, which leads to

NN Ra1+ Ry + Rsa + Rsp + Rsy + Rry
¢ns  Ra1 + Rpz + Rsa + Rsp + 5Rsy + 4RRry

M

Assume that the magnetic flux density of the stator yoke is B = 1.5 T, and the magnetic
permeability of the silicon steel sheet is 1500 times that of the vacuum. Based on the
parameters in Table 1. The relationships between the other reluctances with the airgap
reluctance Rsa can be represented by

Rsa = Rgp/2 = 115Rp1 = 15Rgy = 22RRy )
Furthermore, based on (1) and (2), it can be deduced that

NN/ Pns = 0.88 3)

From Equation (3), it can be found that under the same current conditions, the magnetic
flux of the stator yoke between NN is smaller than that between NS. It means that the
machine with NS arrangement is easier to be saturated than that with NN arrangement.
During the excitation mode, the current of phase A can be calculated by

Nopd
in = (Us—ur)/R = <us _ F’Zﬁ‘“) /R 4)

where ip, U, up, R, Nph, and ¢4 represent the current of phase A, DC voltage, phase
winding voltage, resistance, number of turns, and flux linkage of phase A, respectively.
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It is acknowledged that with the increase in the magnetic flux density, the change rate
of the magnetic field gradually decreases. From Formulas (1)~(4), the excitation current
rises faster with NS arrangement than that with NN arrangement, which leads to the
asymmetric phase currents in six-phase SRM with NNSS winding connection.

Based on the above analysis, it can be concluded that when the windings are connected
in forward series with the magnetic pole distribution alternately arranged by NNSS, the
excitation currents are unequal. In other words, the current asymmetry is caused by the
asymmetric magnetic flux density of the yokes; therefore, the asymmetric phase currents
can be relieved by optimizing the stator yoke width or selecting a suitable control scheme.

Set the total magnetic resistance except for the stator yoke as XR in Figure 3b, and then
the magnetic flux in the circuit can be expressed as

I @)

HFeSsy

N, hiA+N hiB
{ PNs = BSsy = pRsy—i-Z}Ij{

Rgy =

where B, Ssy, Nph, i, la, and pp. represent magnetic flux density, the cross-sectional area of
stator yoke, current of phase B, lamination length, and permeability of iron, respectively.
Equation (5) can be rewritten as

_ NphiA + NphiB ©)
(lfa + SsyZR)

HFe

Equation (6) shows that under the same number of turns and stack length, the magnetic
flux density can be reduced in two ways, i.e., reduction in the magnetomotive force and
increase in the stator yoke area. The first way can be realized by shortening the overlapping
angle of conduction between adjacent phases or reducing the conduction width of each
phase. On the other way, it can be realized by appropriately shortening the stator yoke
width, which can be represented by the ratio of the yoke width to the tooth width; therefore,
in this investigated example, the turn-on angle oy, the turn-off angle a ¢ and the yoke
width ratio Ay are selected as the optimization parameters.

3. Surrogate Modeling Method
3.1. Sample Data Collection

The size definition of the prototype is shown in Figure 4, in which the pole arc
coefficients of the stator and the rotor, and the inner and outer diameters of the stator and
rotor are fixed values. Define the yoke width ratio Ay = hies/bps, the stator slot area S can
be expressed as

7T
S= @((DS - 21719s]’lcs)2 - Dsi2) - )\hcsbpsz (7)

Once the number of turns of each phase is fixed, the resistance of each phase changes
with the width of the stator yoke under the condition of the same slot fill factor. Thus, the
resistance of each phase is set as dynamic resistance, which can be represented by

B 4N§hp(la + bps)
T'sp = ku—S (8)

where p is the resistivity and k, is the slot fill factor.

It can be concluded from (7) and (8) that the resistance of each phase is related to the
optimized parameter Ay.g. The relevant parameters of the motor are shown in Table 1, and
the optimization variables are shown in Table 2. It should be noted that the angle position
control (APC) is taken as the control method. Thus, the turn-on angle and the conduction
width are the control parameters for further optimization. In this paper, the simulation 0°
is defined as the position where the stator teeth of phase A is aligned with the centerline of
the rotor teeth (the y-axis position shown in Figure 4).
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Figure 4. Schematic of parameters in six-phase SRM.
Table 2. Optimization parameters and their range.
Parameters Symbol Initial Value Scope
Yoke width ratio (Apcg) x1 0.8 [0.8,1]
A-phase turn-on angle (xzon/°) X 13 [13, 14]
B-phase turn-on angle (agon/°) X3 19 [18, 19]
A-phase conduction width (Pga /°) X4 16 [15, 16]
B-phase conduction width (Pgg/°) X5 16 [15, 16]

It could be found in our recent work [26] that Ay exhibits a great influence on the
saturation degree and too small values will cause the current distortion. Moreover, the
slot fill factor will be reduced with the enlargement of Ayg; thus, the range of Ay is
determined as [0.8, 1]. For the turn-on angle of phase A, as the aligned position is defined
as 0°, the unaligned position is 18°, where 18° is half of the rotation period. For SRMs,
it is acknowledged that the turn-on angle should be set in advance before the unaligned
position to possibly generate more power. Based on our design experience, the turn-on
angle could be set around 50 electrical degrees (corresponding to 5°) ahead of the unaligned
position, and the conduction angle could be 160 electrical degrees (corresponding to 16°)
to avoid the negative torque. Thus, the range of the turn-on angle of phase A and its
conduction width could be set around 13° and 16°, respectively. Since the phases of SRMs
are excited sequentially, the turn-on angle range of phase B is added 6° (rotation period
divided by the phase number) to the basis of phase A.

According to the previous analysis, the saturation of the stator yoke leads to the
asymmetry of the phase currents, which intensifies the torque ripple of the system; therefore,
this paper selects the average torque T (Nm), the torque ripple Ty, and the difference
between the RMS value of the two adjacent phase current (represented by I*) are set as the
optimization objectives, where [* is generally expressed as

IBrms — ICrms

I — -100% )

IBrms

where Ipyms and Icymg represent the RMS values of currents of phases B and C, respectively.

3.2. Kriging Model

The ranges of optimization variables are listed in Table 2. It requires a large number of
samples if directly applying FEMs to reflect the relationship between optimization objec-
tives and variables. Kriging model, one of the effective surrogate modeling methods, can
be used to represent the relationship between the optimization parameters and objectives.
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The relationship between the variables and the outputs can be obtained by the Kriging
model based on the existing data achieved from the FEM.

Given n sample points [x1, X, ... , xn] and their responses [y(x1), y(x2), . .. , y(xn)], for
a set of input parameters x, the response of the Kriging model can be expressed as [29-31]

y(x) = f)B+z(x) (10)

where f/ (x)TB is the regression model, and z(x) is a random error term used for the modeling
of local deviation, which is usually assumed to be a vector with a mean of zero, covariance
02, and covariance matrix covjj as

covjj = o R[R(x;, xj)] (11)

where R is a correlation matrix that can be represented by the Gaussian correlation function
matrix, and R is the user-specified correlation function

r(xy,xq1) r(x,x2) - r(xq,xn)
R r(xz:, X1) r(x2:, X2) . r(xz:, Xn) )
r(x{, X1) r(xl', x1) -+ r(x,xq)

D 2
where r(x;, xj) = exp{ _kgl K ‘xik — x]-k‘ }, D is the dimension of the design values, and

g is a flexible parameter that varies randomly.
The outcomes y(x) and f can be estimated by using the best linear unbiased estimator

in statistics A R
9(x) = f(x)" B+ g(x)"R"'(y — FP) (13)
g = (F'R'F)'FTR 1y

where F, r(x), and y can be represented by

fAlx)  falxr) - falx1)
F= : : :
fixn)  fa(xn) - fo(xn)
R(x,x1) (14)
gx) = :
R(x,xy)
y = [y(x1),y(x2),. .., y(x)]"

By using maximum likelihood estimation, ¢ can be estimated by:
o 1 mTo1 5
0% =_(y—Fp) R (y — EP) (15)

Through the above analysis, the Kriging model of the 12/10 SRM can be established
based on a certain number of sample points. The relationships between optimization
objectives and parameters generated by the Kriging model are presented in Figure 5.

It can be found in Figure 5 that T increases significantly with the advance of the turn-on
angle and the increase in the conduction angle. The minimum value of Tyip occurs at the
minimum values of the conduction angles. Moreover, Ty, and I* do not exhibit a single
linear trend relationship between the conduction angles.
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T (Nm) T (Nm)
1.942 1821
1.80%
1.795
1.782
1.769
1.756
1.743
1.729
1.716

1910
1877
1845
1813
1.781
1748
1716
1684
1651

1619

Tnp (%) Trip (%)

20.15
20.15 2

19.16 10.86
18.17 10,59
17.18 1033
16.19 10,07
15.20 9.805
14.21 9542
13.22 ip (% e 9379
12.23 9.5 9016
11.24 i, 8.753
10.25 . ‘ 2,490
16.0
18.0 158
0.2680 0.07600
02421 0.07088
02162 0.06576
0.1903 0.06064

0.05552
0.05040
0.04528
0.04016
0.03504
0.02992
0.02480

0.1644
0.1385
0.1126
0.08670
0.06080
0.03490
0.00900¢

Figure 5. Relationships between (a) T, aaon, and apon, (b) T, Pya, and Pyg, (¢) Trip, @aon, and apon,

d) T,

rips Paa, and Pyp, () I, € aon, and apon, and (f) I*, P4a, and Pgp.

The comparison between the Kriging model and the FEM is presented in Figure 6. A
certain number of design samples are randomly selected. It can be found that the errors
between the Kriging model and FEM are acceptable for all three optimization objectives.
These errors are explained by two aspects: one is the inherent error when estimating the
parameters such as § and 02, and the other is the number of samples from the FEMs. Too
few samples will cause a large deviation between the estimated and actual values of these
estimated parameters in the Kriging model. Moreover, due to the nonlinear characteristics
of SRMs, errors between the estimated and actual values of the objectives may be positive
or negative.
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Figure 6. Comparison between the Kriging model and FEM of the three objectives. (a) T, (b) Thp,
and (c) I*.

If the relationship between the objectives and the variables is directly established by
FEM without surrogate models, it may require 10° FEMs if the sampling numbers of each
variable are set as 10. With the help of the surrogate model, the sampling numbers could
be greatly reduced; for instance, in this example, only 1125 (5 x 5 x 5 x 3 x 3, where the
numbers represent the sampling numbers of Ay, ®Aon, #Bon, Paa, and Pgp, respectively. It
requires only about 1% samples compared with the method of directly using the FEMs. The
computational time of each FEM established in ANSYS/Maxwell is about 5 min, and the
computer can run six samples simultaneously. Moreover, the running time of the Kriging
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model is only a few seconds, which can be ignored compared with that of the FEMs. Thus,
the total time is about 39 h; therefore, the Kriging model combined with the FEMs can be
employed as the alternative for directly using FEMs to reduce the computational burden.
After the establishment of the Kriging model, the relationship between the objectives and
the parameters can be expressed by it, which provides the foundation for the further
optimization process illustrated in Section 4.

4. Multiobjective Optimization

It can be found in Figure 5 that there is a conflict in the solution set between increasing
the output torque and reducing the torque ripple; therefore, the optimization algorithm
should be utilized to find a multiobjective optimal result based on the data predicted by
the Kriging model. NSGA-II is an improved non-dominated sorting genetic algorithm,
which has been widely utilized in multiobjective optimization problems [32-34]. It was
first proposed by Srinivas in 1994 [35]. The procedures of NSGA-II mainly consist of non-
dominated sorting and genetic operator operation. The detailed procedures are presented
as follows.

(1) Initialization of the population. In this step, the population and the offspring popula-
tion are created randomly.

(2) Classification of the population into nondominated levels. The nondominated number
np of each individual can be figured out, and 1, = 0 if the individual is in the first
nondominated level. The rest individuals are repeated to complete the classification
of the whole population.

(3) Calculation of crowding distance. Each Pareto point is ranked according to its objective
fm. The crowding distance n4 of the first and last Pareto points are set as infinite, and
the crowding distance of the rest Pareto points can be calculated as

a1 = Md@) + fm(i+1) = fm (i = 1))/ (f™ = f™) (16)

(4) Creation of offspring population. The parent population is created by the nondomi-
nated levels and crowding distance, and the offspring population is generated through
selection, crossover, and mutation.

(5) Repetition of steps (2)—(4). The step (2)—(4) are repeated until they reach the appointed
generation and the Pareto front can be achieved.

The output torque, torque ripple, and the normalization value of phase current are
defined as optimal objectives, and the current density is defined as a constraint. The
multiobjective model can be defined as

Function : min{—-T(Z), Tiip(Z), I*(Z) }
Constraint: [ <10, [ <10 (17)
s.t. Z = {x1,%2,x3,X4,X5}

where [ and Jp are phase current densities of phases A and B, respectively.

After using the multiobjective optimization algorithm, the Pareto front [36,37] can
be obtained, as presented in Figure 7. It can be found that the Pareto front points are
scattered when the population size is defined as 200, while it is more concentrated when
the population size is 10.

The optimal solutions selected from the Pareto front are listed in Table 3 when the
number of individuals is defined as 10, and each design satisfies the constraint for current
density. The comparison between the optimization results and FEM is presented in Table 4,
in which T_g, Trip_g, and I*_g represent the results from the FEM. It can be found the errors
between these are acceptable.
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Figure 7. Pareto front when population sizes are (a) 200 and (b) 10, respectively.
Table 3. Optimal results of Pareto points.
Ahes ®Aon ¥Bon Pga Pgg

Design 1 0.909 30 13.002 18.543 15.013 15.113
Design 2 0.89598 13.000 18.564 15.027 15.065
Design 3 0.915 14 13.000 18.599 15.000 15.159
Design 4 0.893 55 13.036 18.549 15.820 15.327
Design 5 091177 13.015 18.704 15.216 15.274
Design 6 0.890 19 13.037 18.545 15.667 15.303
Design 7 0.906 14 13.001 18.523 15.024 15.049
Design 8 0.91 508 13.000 18.601 15.028 15.166
Design 9 0.89579 13.000 18.562 15.084 15.070
Design 10 0.909 39 13.000 18.539 15.247 15.024
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Table 4. Comparison between the optimization results and FEM.

T T_S Trip Trip_S I* I’_s
Design 1 1.843 1.842 7.860 8.014 1.210 1.381
Design 2 1.825 1.826 7.958 8.016 1.152 1.266
Design 3 1.845 1.845 7.789 7.981 1.340 1.403
Design 4 1.863 1.859 9.996 9.482 0.146 0.131
Design 5 1.852 1.841 8.434 7.991 1.413 1.377
Design 6 1.859 1.856 9.617 9.492 0.149 0.158
Design 7 1.838 1.839 7.967 8.025 1.213 1.357
Design 8 1.848 1.845 7.846 7.981 1.283 1.403
Design 9 1.830 1.825 8.088 8.017 1.123 1.264
Design 10 1.855 1.842 8.534 8.014 1.240 1.382

5. Optimal Result and Experimental Verification

As presented in Table 3, the ratio of stator yoke and teeth width for different designs
are set between 0.89 and 0.92. Considering that the area of stator slots will be reduced if a
large value of Ay is selected. Thus, design 4 is selected as the final optimal solution, and
Angs 18 finally determined as 0.89 due to the manufacturing requirement. The initial and
optimal values of the optimization parameters are tabulated in Table 5. It can be found
that, compared with the initial design, the average toque has been improved while the
toque ripple and the difference between the adjacent phase currents have been reduced
after optimization.

Table 5. Initial and optimal parameters of 12/10 SRM.

Parameters Initial Optimal
Ahes 0.75 0.89
Xpon/° 13 13
&Bon/° 19 18.5
Paa/° 16 15.8
P4g/° 16 15.3
Tavg/Nm 1.79 1.86
Trip/ % 11.1 9.3
I*/% 8.5 0.5

After the determination of the optimal design, the control angles of the SRM are
divided into two groups and an asymmetric control is utilized. For the asymmetric control,
it means that the windings in phases A, C, and E are conducted in advance for 5° (corre-
sponding to waon = 13° in Table 5) and keep conducting for 15.8°, while those in phases B,
D and F phases are conducted in advance for 5.5° (corresponding to agon = 18.5° in Table 5)
and keep conducting for 15.3°.

When the ratio of stator yoke and teeth width is defined as 0.89, the current and
output torque under the proposed asymmetrical control (xaon = 13°, Ao = 18.5°) and the
traditional symmetric control (xpon = 13°, agon = 19°) methods are presented in Figure 8. In
Figure 8, Iy, Ic1, and T are the currents of phases B and C, and torque under the proposed
asymmetric control, respectively, and Iy, Ic;, and T, are the currents of phases B and C,
and torque under the traditional symmetric control, respectively. The difference is that,
compared with the traditional symmetric control, the turn-on angle of phases B, D, and
E of the proposed asymmetrical control is advanced by 0.5°. Thus, the current values in
these phases can be enlarged, and the torque has been improved. It can be verified in
Figure 8, obtained by FEM. Compared with the traditional symmetric control, the current
of phase B and the minimum value of output torque can be improved by the proposed
asymmetric control.

To validate the proposed method, the six-phase 12/10 SRM experimental platform
based on dSPACE is constructed, as presented in Figure 9a. The rotational speed of



Appl. Sci. 2022,12, 8801

13 of 16

the SRM is defined as 1000 r/min due to the accuracy of the torque and speed sensor.
Figure 9b,c present the torque and phase currents based on symmetrical control and
asymmetric control, respectively. Channels 1, 2, and 3 are output torque and currents of
phases B and C, respectively. As presented in Figure 9b,c, the peak value of torque for
symmetrical control and asymmetric control are similar, and the valley value of torque can
be enhanced through asymmetric control. Moreover, the phase current is more symmetrical
for asymmetric control.

B9 —m— [y e[y, A v ]
Bl B2 Cl C2

20

ilA

o/°

2.5

2.0 H

1.5+

T/Nm

1.0 H

0.5 1

0.0 T T T T T T T T T T T 1
18 24 30 36 42 48 54
0/°

(b)

Figure 8. Comparison of (a) phase currents and (b) torque between the proposed asymmetric and the

traditional symmetric control methods, where subscripts 1 and 2 represent the proposed asymmetric
and the traditional symmetric methods, respectively.
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Figure 9. Experimental platform and results. (a) Test platform, (b) traditional symmetrical control,
and (c) proposed asymmetric control.
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6. Conclusions

In this paper, a multiobjective design optimization method incorporated with an asym-
metric control was presented for a six-phase SRM. The asymmetric current phenomenon of
the investigated SRM was introduced and further explained. It has been found that the
stator yoke thickness, the turn-on angle, and the turn-off angle exhibit a great influence
on the asymmetric phase currents. Three optimization objectives, i.e., the output torque,
torque ripple, and normalization value of phase current symbolizing the difference between
the adjacent phase currents, were selected. The Kriging model was established based on
a certain number of finite-element samples, which can greatly reduce the computational
time compared with directly using FEMs. The NSGA II was employed as an optimization
algorithm to find the Pareto front. The final optimal design solution was selected from
the Pareto front and analyzed. Finally, a prototype of the 12/10 SRM was manufactured,
and the experimental platform was constructed to validate the proposed analysis and
optimization method. The results show that the proposed asymmetric control method can
improve the symmetrical characteristic of phase currents and reduce the torque ripple.
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