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Abstract — A U-type modular double stator switched
reluctance motor (DSSRM) which has the merit of high-
power density is optimized in this paper. Taking aver-
age torque, torque smoothing coefficient and efficiency
as objectives, sensitivity analysis on DSSRM is investi-
gated and discussed to select significant geometric vari-
ables. On the basis of the initial structural parameters,
the multi-objective optimization design is processed by
adopting a fuzzy iteration optimization algorithm with
weight determination. After the determination of deci-
sion result of each structure parameter, the best dimen-
sion scheme of the DSSRM is concluded. Moreover, the
final scheme proves to perform better than the initial
scheme by finite element (FE) analysis. Finally, a proto-
type motor is manufactured and the experimental results
validate the improvement of the DSSRM performance.
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L. INTRODUCTION

The switched reluctance motor (SRM) and its con-
trol system, after decades of development, is firmly
established. Its inherent merits such as simple, sturdy,
durable structure and high reliability contributes to
its excellent running performance and high perfor-
mance/cost ratio.

However, several problems like electromagnetic
torque characteristic and large torque ripple still pre-
vent the SRM from becoming a mainstream motor.
Thus, many newly designed SRMs are proposed to
enhance torque performance and efficiency or to reduce
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torque ripple, such as double stator switched reluctance
motor (DSSRM) [1-6], segmented-rotor SRM [7] and
segmented-stator SRM [8—9]. Researchers from the Uni-
versity of Texas at Arlington in the USA presented a
concentric DSSRM structure and analyzed its principle
and electromagnetic force [1]. The DSSRM structure has
a higher torque density because of its larger available
winding area than a conventional SRM.

The comprehensive performance of a DSSRM,
including design methods [2], mechanical vibration char-
acteristic [3], thermal modeling [4] and rotor shape
investigation [5] have been explored and discussed. A
100 kw DSSRM prototype was manufactured to ver-
ify that it has the same performance as the permanent
magnet motor and, furthermore, has advantages in cost
performance [6]. In addition, some scholars have stud-
ied the segmental SRM structure [7-9]. The core mass
and magnetic flux leakage of a segmental structure are
reduced without the connection of a yoke part, thereby
improving the efficiency and torque density of the motor.
Researchers found that the combination of these struc-
tures can further improve the performance of an SRM.

A novel segmented-rotor modular 12/14 DSSRM is
presented in [10]. Torque output capability is improved
and torque ripple is reduced compared to a conven-
tional 12/8 nonsegmented-rotor DSSRM. Researchers
from China University of Mining and Technology pre-
sented a novel SRM topology combining U-type mod-
ular stator and double stator structure. The decoupling
characteristics of the inner and outer motors were veri-
fied and the winding configuration scheme was analyzed
and discussed in [11].

Besides devising novel structures, conducting opti-
mization design can also improve the performance of
the motor [12-22]. In [12], a comprehensive frame-
work for multi-objective design optimization of SRM
was proposed to synchronously achieve five key objec-
tives for low-speed electric vehicles application. Paolo
Di Barba from University of Pavia in Italy has done a lot
of research on benchmark TEAM multi-objective Pareto
optimization [13—14]. The particular shape of the Pareto
front was established and the design space was thor-
oughly searched on the basis of considering field uni-
formity and sensitivity [13]. The TEAM benchmark of
magnetic devices under AC conditions was studied and
the model for evaluating the quality of the magnetic field
produced by distributed windings was proposed and ver-
ified [14].

To shorten computational time in multi-objective
optimization problems, researchers from McGill Uni-
versity in Canada stated that applying sensitivity anal-
ysis is a useful tool to reduce the number of variables,
while conflict analysis can reduce the number of objec-
tives [15]. Both sensitivity analysis and conflict analysis
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were incorporated into the proposed strategy to optimize
a fractional slot concentrated winding machine in [16]. In
[17], employing finite element (FE) sensitivity analysis,
seven initial design variables were reduced to four impor-
tant variables in the optimization process of a double-
sided linear permanent magnet motor. Moreover, sensi-
tivity analysis was also employed to eliminate relatively
insignificant geometric variables of SRM optimization
problem [18-21]. Amoros and Andrada [18] presented
a sensitivity analysis method of the influence to struc-
tural parameters on the average electromagnetic force of
a double-sided linear SRM. The comprehensive sensitiv-
ity analysis was verified to be an effective method for
optimizing the linear SRM. In [19], the average torque,
average torque per copper loss, and average torque per
lamination volume were selected to be optimized objec-
tives, while the stator and rotor pole angles are chosen as
the optimization variables, thus a four-phase outer-rotor
SRM for electric vehicles was optimized. In [22], a com-
bined weighting method based on the fuzzy optimiza-
tion iteration was proposed and employed to optimize a
single-phase tubular linear SRM.

The main contributions are as follows: (a) investi-
gating the influence of the geometric parameters on the
performance of DSSRM in detail by applying sensitiv-
ity analysis. Since the modular segmental-stator DSSRM
structure has more geometric size parameters than the
conventional SRM topology, the sensitivity indices of
design variables are more essential to be calculated and
analyzed; (b) optimizing the structural parameters to
reduce torque ripple and further improve electromag-
netic torque performance of the DSSRM by employ-
ing a fuzzy iteration optimization algorithm with weight
determination.

This paper is organized as follows. The DSSRM
structure is introduced in section II and sensitivity analy-
sis is done in section III. Multi-objective optimization is
conducted by applying a weight determination iteration
algorithm in section IV. The optimal scheme is verified
by experiment in section V.

II. STRUCTURE OF DSSRM

The structure of 16/18/18/16 U-type modular
DSSRM is shown in Fig. 1. It can be seen that the
proposed DSSRM is composed of segmental outer sta-
tor, rotor and segmental inner stator. The number of U-
shaped outer stator segment, rotor outer salient pole,
rotor inner salient pole and U-shaped inner stator seg-
ment is 8, 18, 18, 8, respectively.

Based on general design experience and parameter
selection principle, the initial dimension parameter val-
ues of DSSRM are selected and presented in Table 1. It
should be noted that the center lines of the rotor inner and
outer teeth are staggered at a certain mechanical angle to
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Fig. 1. Structure and winding distribution of DSSRM.

reduce the torque ripple of the motor and the staggered
mechanical angle is defined as 6. According to Table 1,
the FE model of DSSRM is established in FLUX soft-
ware and the performance is analyzed. Figure 2 illus-
trates the FE model and magnetic field distribution of the
DSSRM. When a 12.5 A current is applied to A-phase
winding of inner stator and G-phase winding of outer sta-
tor simultaneously, Fig. 2 (c) gives the flux density dis-
tribution at outer stator aligned position, and Fig. 2 (d)
shows it at inner stator aligned position.

For the modular segmental-stator DSSRM, the
design objective is to maximize the average static elec-
tromagnetic torque 74y, maximize the torque smoothing
coefficient 7, and maximize the efficiency 1 simultane-
ously. Average torque refers to the average value of the
electromagnetic torque over a complete electrical cycle
(the rotor has turned one pole pitch) and is obtained by
integrating and averaging the instantaneous electromag-
netic torque:

1 o
Temdea (1)

where 0, denotes the rotor pole pitch and Ty, is the elec-
tromagnetic torque. Likewise, 7 is the torque smoothing
coefficient of DSSRM which can be described as:
T,
T T @
Tmax - Tmin

where Tmax 1s the maximum static electromagnetic
torque and T, is the minimum static electromagnetic
torque.
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Table 1: Initial geometry size of DSSRM

Item Variable| Value
Outer diameter of outer stator Dy, 220 mm
Outer stator yoke height bsyo 9 mm
Outer stator pole angle Bso 7.5°
Outer air gap length 8o 0.3 mm
Rotor outer diameter Dy, 175 mm
Rotor outer pole angle Bro 7.5°
Rotor inner pole angle B 7.5°
Rotor outer pole length hro 7 mm
Rotor inner pole length hyi 7.2 mm
Rotor yoke height byy 10 mm
Rotor inner diameter Dy 127.2 mm
Inner air gap length 8i 0.3 mm
Inner stator yoke height byyi 7 mm
Inner stator pole angle Bsi 7.5°
Staggered mechanical angle of o
. 0 2.5
the rotor inner and outer teeth
Outer stator winding turns No 88
Inner stator winding turns N; 68
Shaft radius Dgp, 45 mm
Lamination thickness L 70 mm

Fig. 2. FE model and magnetic field distribution of
DSSRM: (a) FE model, (b) mesh map, (c) flux density
distribution at outer stator aligned position, and (d) flux
density distribution at inner stator aligned position.

III. COMPREHENSIVE SENSITIVITY
ANALYSIS
In the process of structural design and optimiza-
tion of an electrical machine, various geometric param-
eters are often under consideration for adjustment. It is
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necessary to analyze the sensitivity of each geometric
variable parameter to structural characteristic variation.
Then, the relative influence of the geometric size param-
eters, such as inner and outer stator and rotor pole angles,
on the performance of the DSSRM is analyzed and dis-
cussed. According to the calculated comprehensive sen-
sitivity index, five significant sensitive design variables
are selected for the next multi-objective optimization
process.

In this paper, eight variable parameters are selected
for sensitivity analysis, namely rotor inner pole angle
B, inner stator pole angle B, rotor outer pole angle
Bro, outer stator pole angle B, rotor yoke height byy,
inner stator yoke height bgy;, outer stator yoke height bgy,
and the staggered mechanical angle 6. During this anal-
ysis, the sensitivity of the eight geometric parameters is
conducted while the other geometric parameters remain
unchanged. Generally, the sensitivity of design variables
to the objects is indicated by a sensitivity index, which
can be expressed as [17]:

af i Af/f

Sni = aZi |NOP f ~ AZi/Zi’ 3

where f represents the function of design objectives and

z; is the design variable. The sensitivity analysis results

concerning the eight geometric variable parameters are
illustrated in Fig. 3.

As shown in Fig. 4, the sensitivity results of each
parameter vary greatly while the eight variables lead to
a growth of geometric times in sample size for multi-
objective optimization.

Thus, the sensitivity index G(n;) is introduced to
measure the significance of each variable [17]. Weight
coefficient is applied to evaluate each variable compre-
hensively considering three optimization objectives and
G(n;) is expressed as:

G(ni) = wi Sty | +w2 [Sc| +w3 | Sy] - 4)

It should be noted that wy, w, and w3 represent
the weight of the average torque, the torque smoothing
coefficient and the efficiency, respectively, which sat-
isfy wi+wo+ws = 1. In this paper, w; is selected as
0.5, while the value of wy, and w3 are selected to be
0.3 and 0.2.

According to (4), the comprehensive sensitivity
indices of eight design parameters are calculated as listed
in Table 2. The negative sensitivity indices in Table 2
mean that the optimization objectives will come down
with the increase of design variables, while the positive
sensitivity indices indicate that the optimization objec-
tives will rise with the increase of design parameters. It
should be noted that the absolute value of the sensitivity
index of the design parameters directly represents their
influence on the design objectives. The design parameter
with higher absolute value of sensitivity index indicates
that the design parameter has a relatively larger influ-
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Fig. 3. Sensitivity analysis results: (a) rotor inner pole
angle, (b) inner stator pole angle, (c) rotor outer pole
angle, (d) outer stator pole angle, (e) rotor yoke height,
(f) inner stator yoke height, (g) outer stator yoke height,
(h) staggered angle of rotor inner and outer teeth.
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Fig. 4. Sensitivity indices of design parameters to the
optimization objectives.

ence on the optimization objective. The influence of each
design variable on the three design objectives is analyzed
and discussed.

For the average torque T,, the most sensitive
design variable is the outer stator pole angle S, and its
sensitivity index is —0.729. The inner stator yoke height



Table 2: Sensitivity of design variables

Design Optimization Objective Gn;)
Parameter | S, St Sy '

B —0.244 | 1.114 0.204 0.493

By ~0.665 | 1.357 | 0.426 | 0.8009

Bro —0.391 | 2.752 0.038 | 0.9934
Bso —0.729 | —2.819 | —0.04 | 1.1493

bry —0.187 0.14 —0.006 | 0.1186

bgyi 0.02 0.137 0.052 | 0.0647
bsyo 0.177 0.519 0.004 | 0.2277

2] 0.042 | —1.664 | 0.006 | 0.5178

bgyi is the least sensitive design variable due to the sen-
sitivity index of 0.02. Moreover, all the pole angles of
stator and rotor (rotor inner pole angle f3,;, inner stator
pole angle B, rotor outer pole angle 1, and outer stator
pole angle f3,,) have significant influence on the average
torque of DSSRM. Variation of the stator and the rotor
pole angles directly affects the length of the air gap at
the unaligned position. Hence, variation of the unaligned
inductance further affects the electromagnetic torque of
DSSRM, which is mentioned in [19, 20].

It can be observed that the sensitivity indices of
pole angles of the outer stator and outer rotor on aver-
age torque is larger than that of the inner stator and
inner rotor. Note that the total mechanical torque of
DSSRM is obtained by the superposition of torque gen-
erated by inner and outer motors and they have strong
decoupling characteristics. However, the power of the
outer motor is greater than the inner motor due to the
larger dimensions of the outer motor. Therefore, the
influence of the pole angles in outer motor on average
torque is greater than the inner stator and inner rotor pole
angles.

Additionally, after simple analysis, the most sensi-
tive design variable to the torque smoothing coefficient
7T is the outer stator pole angle B, and its sensitivity
index is —2.819. Rotor yoke height by is the least sensi-
tive design variable because it has the smallest sensitiv-
ity index absolute value of 0.14 within the eight design
parameters.

Similar with the average torque, all the pole angles
of stator and rotor (Bso, Bro,» Bsi and By;) significantly
influence the torque smoothing coefficient. In addition,
the staggered mechanical angle of inner and outer rotor
0 is another significant sensitive parameter to torque
smoothing coefficient. It should be noted that total
mechanical torque is obtained by the superposition of
torque generated by inner and outer motors. The stag-
gered mechanical angle 0 directly affects the staggering
degree of the two torque waveforms. Hence, 6 has little
influence on the average torque, but has great influence
on the torque smoothing coefficient.
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It can also be observed that the sensitivity indices
of the pole angles of the outer stator and outer rotor on
the torque smoothing coefficient is larger than that of
the inner stator and inner rotor. Note that the torque out-
put capability of the outer motor is superior to the inner
motor due to the larger dimensions of the outer motor.

It can be observed that no design variable has a sen-
sitivity index absolute value greater than 0.5. In other
words, the eight design variables selected in this paper
have relatively small effects on the efficiency of the
DSSRM. The phase winding turns, the rotor outer diame-
ter and the conduction angle are the sensitive parameters
that have the most significant influence on the efficiency
of SRM [21].

The eight design variables are stratified into two lev-
els in this paper. Specifically, By, Bsi» Bro» Bso and 0
are significant sensitive design variables compared with
other variables [G(n;)>0.3], which are emboldened in
Table 2 and will be further optimized in the next section.
Meanwhile, by, byy; and by, are the nonsignificant vari-
ables which have less sensitivity on the three optimiza-
tion objectives [G(n;)<0.3]. Figure 5 illustrates the com-
plete optimization process of the proposed method.

Design sp ecifications

Define design objectives and variables

Sensitivity analysis ¥

Establish finite element model using the
Altair Flux 2019 software

v

Calculate comprehension sensitivity
index of each variable

Sensitivity index =0.3

Optimization Y

Perform multi-objective optimization
based on fuzzy literation

v

Performance evaluation

Fig. 5. Process of proposed optimization method.
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IV. MULTI-OBJECTIVE OPTIMIZATION

This paper adopts a weight determination iteration
algorithm based on vector normalization and linear trans-
formation as the optimization method to determine opti-
mal structural parameters of DSSRM. First, an initial
decision matrix A = (a;;)m x » can be constructed by com-
puting the objective value within each parameter varia-
tion range, where g;; is the attribute value of scheme i
under index j [22]. The matrix obtained by the vector
normalization method can be expressed as:

m
; 2
mi(w) = Z (wjr,/»j) . 5)
j=1
The matrix obtained by the linear transformation

method is:
m

Mi(w) = Z (wjr,/-;)z. (6)
j=1

Weight coefficient can be expressed as:

w= (Wi, wa,...,w). @)

The decision result of a certain optimal structure

parameter can be obtained by the following formula:

Fi(uj,w) = u,zm(w) +(1- ui)zM(w)7 8)
where u; is the adjustment coefficient of the matrix
m;(w) and 1-u; is the adjustment coefficient of the matrix
M, l‘(W).

It should be noted that the selected index weight and
adjustment coefficient should make the sum of decision
results minimum. The weight calculation problem can be
converted to the following nonlinear optimization model:

max{F;(u;,w)}
0<u; <1
;(1:1 Wi = 1
w j Z 0

To facilitate the solution, the Lagrange function can

be constructed as:

L(up, A) = Y F(uiw)+A(Y. w;i—1). (10
i=1 Jj=1

©))

By solving this formula, the following result can be

1)

obtained:
m 20271
_ 13 iy)
u = |:1 + 71W%(r:;>2:|
(

(g EalunPeo-@enr] )
Wi= (Zkl Z?_l[”zz(rz{k)br(l“:2)(’?2)2}>

The flow chart of the fuzzy iteration algorithm with
weight determination is illustrated in Fig. 6.

Taking the staggered angle of rotor inner and outer
teeth O as an example, the optimization process of the
iteration algorithm is described in detail. While keep-
ing other structural parameters unchanged, the average
torque Ty, torque smoothing coefficient 7 and effi-
ciency 1 under different staggered angles 6 are shown
in Table 3.
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Start

| Construct initial decision matrix A |

v

Process matrix A with vector
normalization and linear transformation

v

Set initial weight w,, iteration times 7,
calculation precision &

|

Calculate adjustment coefficient #;, and
recalculate weight coefficient w;

=1
No |
Yes

By formula (11), the optimal weight and
adjustment coefficient can be got

v

‘ Obtain decision results ‘

v

‘ Select optinal structural parameter ‘

‘“‘m =W ‘ =g

End
Fig. 6. Flow chart of the optimization algorithm.

Table 3: Initial decision matrix A of variable 0

Value of 6 (°) | Tavg (Nm) T n (%)
1.5 30.45 0.90 80.59

2 28.95 1.54 79.79

2.5 29.87 3.35 80.29

3 30.10 1.74 80.40

3.5 30.37 1.03 80.55

Using (5) to perform vector normalization process-
ing on matrix A, the results are shown in Fig. 7 (a). Using
(6) to perform linear transformation processing on matrix
A, the results are shown in Fig. 7 (b). The initial weight
is set to wo = (0.5, 0.3, 0.2) and, after four iterations,
the optimal adjustment coefficient and optimal weight
coefficient are obtained: u = (0.8155, 0.7900, 0.7213,
0.7831, 0.8112), w = (0.3068, 0.3886, 0.3046).

Finally, the obtained optimal adjustment coefficient
and optimal weight coefficient are substituted into (11),
and the final decision results under different staggered
angles are shown in Fig. 7 (¢). It can be seen that when 6
is 2.5°, the decision result is the largest within the range,
which is 0.0930. For each index weight and scheme
adjustment coefficient, bigger decision results represent
better performance of a certain decision scheme. There-
fore, 2.5° is selected as the optimal size of 6.
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After the multi-objective optimization process of
the five significant structural variables (one-by-one), the
final decision results with Bso, Bro, Bsi» Bii and 0 are
shown in Tables 4-8, and the optimal structural parame-
ter and decision result of each variable are emboldened.
It should be noted that the optimization sequence of these
five parameters is determined by the comprehensive sen-
sitivity analysis results in section III. According to the
descending order rule of the comprehensive sensitivity
index G(ni) values, their optimization sequence is: B,
Bro» Bsi> Bri and 0. Additionally, based on Table 1, dur-
ing the optimization process, the initial values for S,
Bro» Bsi» Bri and 0 are all 7.5°, while the initial value for
0 is 2.5°. For instance, when B, is optimized for single
parameter scanning, By, B and B, are kept at 7.5° and
0 is fixed at 2.5°. When f3,, is under optimizing, B, By
and 6 remain at their respective initial values (7.5°, 7.5°
and 2.5°), but B, adopts its newly optimized value (6°).

The optimized geometric parameters of DSSRM are
summarized in Table 9.

Table 4: Final results under different outer stator pole
angle B
Bsw ©) [ 54 6 66 | 72 | 78

Decision | 333 | 0.0845 | 0.0591 | 0.0453 | 0.0370
Result

Table 5: Final results under different rotor outer pole
angle B,
B:o ) 6 66 | 72 | 78 | 84

Decision |, 448 | 0.0707 | 0.0560 | 0.0512 | 0.0431
Result
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Table 6: Final results under different inner stator pole
angle B
Bi(®) [ 54 6 66 | 72 | 78

Decision |, 1526 | 0.0616 | 0.0577 | 0.0454 | 0.0493
Result

Table 7: Final results under different rotor inner pole
angle By
B:i ) 6 66 | 72 | 78 | 84

Decision | 1494 | 0.0523 | 0.0569 | 0.0633 | 0.0467
Result

Table 8: Final results under different staggered angle 6
0(°) 1.5 2 2.5 3 35

Decision | 365 | 0.0437 | 0.0930 | 0.0488 | 0.0379
Result

Table 9: Final key geometry size of DSSRM

Item Variable | Value
Outer stator pole angle Bso 6°
Rotor outer pole angle Bro 6.6°
Rotor inner pole angle B 7.8°
Inner stator pole angle Bsi 6°
Angle of rotor inner and outer 0 5 50
teeth '

V. SIMULATION AND EXPERIMENTAL
VERIFICATION

To verify the proposed multi-objective optimization
method, the DSSRM dynamic torque performance at 600
r/min and 1500 r/min in APC (angular position control)
mode of the initial size and final size is compared in
Fig. 8. It can be observed that the torque performance of
the optimized motor is better than that of the benchmark
motor at the two operating points.

The performance of the three optimization objec-
tives at 600 r/min is compared in Table 10. It can be seen
that the average torque of the DSSRM after optimiza-
tion increases from 30.17 Nm to 40.99 Nm, the torque
smoothing coefficient goes up from 1.78 to 2.82, and
the efficiency also increases from 80.80% to 82.46%,
and their growth rates are 35.86%, 58.42% and 2.05%,
respectively. Hence, the three optimization objectives of
the final DSSRM are all improved, but the improve-
ment of efficiency is not as significant as the other two
objectives. It should be noted that the design variables
selected in this paper have relatively small effects on the
efficiency of the DSSRM which has been discussed in
section III.
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Fig. 8. Comparison of electromagnetic torque before and
after optimization with APC mode: (a) at 600 r/min and
(b) at 1500 r/min.

Table 10: Performance comparison of DSSRM at 600
r/min
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Fig. 9. DSSRM prototype experimental platform.
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Fig. 10. Flux linkage results of experiment and simula-
tion: (a) outer stator and (b) inner stator.

Motor speed is set to 1500 r/min. Turn-on and turn-
off angles are fixed at 0° and 5°, respectively. Phase
winding current waveforms of the inner and outer sta-
tors and motor torque waveforms are shown in Fig. 11.
It should be noted that the measured output torque
waveform is consistent with the simulation results in
Fig. 8 (b), which verifies the effectiveness of the sensitiv-
ity analysis and the multi-objective optimization method.
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In addition, to further verify the presented DSSRM
and proposed multi-objective optimization method, the
prototype motor experimental platform is established,
which is shown in Fig. 9. The rated power of the pro-
totype machine is the same as that of the FE model and
the core material of the rotor and stator is S0DW470.

Simulated and measured flux linkage waveforms
at the aligned and unaligned position of the prototype
machine are shown in Fig. 10. It can be seen that the
measured waveform shows good agreement with the FE
simulation results, which proves that the multi-objective
optimization scheme can effectively improve the perfor-
mance of DSSRM.

Fig. 11. Experimental results of phase current and torque
at 1500 r/min.

VI. CONCLUSION

This paper introduces a multi-objective optimization
design method of a high performance DSSRM. The ini-
tial scheme of the DSSRM is given first. The influence
of structural parameters on the optimization objectives
of the DSSRM are investigated and discussed in detail.
Eight initial design variables are reduced to five sig-
nificant variables in the optimization process. The final
structural parameter scheme of the DSSRM is obtained
by applying a weight determination iteration algorithm.



Finally, both the simulation and experimental results ver-
ify the effectiveness of the sensitivity analysis and pro-
posed multi-objective optimization method.
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