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Abstract — In order to combine the advantages of mod-
ularity for motor power density enhancement, this paper
proposes a three-phase modular linear rotary switched
reluctance machine (MLRSRM) with both segmented
stator and rotor. In order to increase the torque character-
istics of the motor, this paper proposes a multi-objective
optimization design of MLRSRM based on the Taguchi
method. The static average electromagnetic torque and
electromagnetic thrust of the motor are taken as the opti-
mization objectives, and the four ontological parameters
(stator pole arc, rotor pole arc, rotor module radial depth
and rotor module edge width) that have a greater impact
on the MLRSRM optimization objectives are selected.
The Taguchi method is used to optimize the motor, deter-
mine the optimized structural parameters and verify them
by finite element analysis software. The finite element
simulation results demonstrate the effectiveness of the
described optimization method on the structural design
of the MLRSRM. This paper has certain theoretical sig-
nificance and reference value for the optimal design of
MLRSRM.

Index Terms — Finite element analysis, modular linear
rotary switched reluctance machine, structural optimiza-
tion, Taguchi method.
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I. INTRODUCTION

In the context of the global energy crisis and the
growing importance of energy conservation and emis-
sion reduction, the development process of modern
industry and technology, many scientific and technologi-
cal cutting-edge fields of electric drive control and other
operations require multiple degrees of freedom of pre-
cise movement, the form of movement of the mechanical
system is becoming more and more complex [1]. The tra-
ditional multi-motor drive system has a large energy loss
due to the existence of multiple transmission links. Two-
degree-of-freedom motors directly realize two motions
in a single motor structure, reducing intermediate trans-
mission components and thus reducing energy loss. Two-
degree-of-freedom motors are able to meet the needs of
complex motion while reducing energy waste, which is
in line with the development trend of efficient energy
use [2].

The switched reluctance motor (SRM) has a rela-
tively simple construction with convex pole structures
for both the stator and rotor, without complex wind-
ings and permanent magnets. In two-degree-of-freedom
motor applications, this simple structure is conducive to
reducing the size and weight of the motor, increasing
the power density, making the motor more compact and
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easier to install and integrate into a variety of equipment,
especially suitable for occasions with stringent space
requirements. By controlling the on angle, off angle, cur-
rent amplitude and other parameters of the stator wind-
ing current, the torque, speed and steering of the SRM
can be flexibly adjusted to achieve a variety of differ-
ent mechanical characteristics and operation modes. In
two-degree-of-freedom motor control, this high degree
of control flexibility meets the requirements for precise
control of linear and rotary motions in different applica-
tion scenarios and allows for easy implementation of a
variety of complex control strategies [3-5].

SRMs are strongly coupled, multivariable controlled
nonlinear systems whose performance metrics are usu-
ally conflicting with each other, so when choosing the
number of optimization objectives, multiple objectives
need to be optimized at the same time to ensure that
the best system performance is output. At present, many
experts and scholars have introduced various types of
optimization algorithms for different optimization objec-
tives into the optimal design of the motor body. A
multi-objective optimization strategy (MOS) and shape
optimization of 8/6 SRM based on a Gaussian pro-
cess regression (GPR) model is proposed in [6], and a
GPR model based on the finite element method (FEM)
is developed to perform multi-objective analysis of the
main design parameters of the SRM, which improves
output power and efficiency performance of the SRM.
A design methodology for a SRM for 80 kW bat-
tery electric vehicle (BEV) propulsion applications is
presented in [7]. The design methodology first deter-
mines motor geometry and then performs a sensitiv-
ity analysis of motor performance considering various
motor parameters. A multi-objective genetic algorithm
is then used to optimize the SRM conduction angle to
improve torque density and reduce torque pulsations.
Due to the problems of small starting torque and large
torque pulsation in conventional 12/14 hybrid stator pole
type bearingless switched reluctance motors (BSRMs),
a BSRM based on a stepped rotor structure is designed
in [8], and simulated annealing particle swarm optimiza-
tion (SAPSO) algorithm is proposed, which uses the
response surface method instead of finite element cal-
culation, and combines the mathematical model with the
SAPSO algorithm for the motor’s structural parameters
are optimized. In order to improve the torque perfor-
mance and vibration characteristics of a permanent mag-
net assisted SRM, a multi-objective optimization design
method of permanent magnet assisted SRM based on
non-dominated sorting genetic algorithm IIT (NSGA-IIT)
iterative optimization strategy is proposed in [9]. A three-
phase SRM with 18 stator poles and 12 rotor poles
(18/12) is introduced, which is designed for electric vehi-
cles [10]. Ant Lion Optimization (ALO) is used to opti-
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mize the torque ripple of the motor, and the results of
the optimization problem are compared with the initial
machine. In order to enhance the dynamic performance
of SRM, a novel ON/OFF optimization method based
on linesearch is introduced to overcome the limitations
of the traditional annealing-based ON/OFF optimization
in [11]. The proposed method converges to the opti-
mal solution faster than the traditional annealing-based
ON/OFF method. An optimization algorithm consisting
of genetic algorithm (GA) and finite element analysis
(FEA) is used to determine the optimum rotor geom-
etry to maintain the average torque while minimizing
torque pulsations and tangential vibrations in the stator
in [12].

To address the above research status, this paper pro-
poses a multi-objective optimal design of the torque
characteristics of a three-phase two-degree-of-freedom
switched reluctance generator based on Taguchi’s opti-
mization algorithm. In this paper, the key structural
parameters of the motor stator and rotor are selected as
design variables, and the orthogonal experimental matrix
is established with the static torque and static thrust
of the motor as the optimization objectives. The time-
step FEM is used to solve the orthogonal experimen-
tal matrix, and the results of the experimental matrix
are analyzed to obtain the proportion of the influence of
each optimization variable on each optimization objec-
tive. According to the optimization objectives, the best
combination of design variables is selected. Torque char-
acteristics of the motor after parameter optimization are
simulated and analyzed using finite element simulation
software, and the simulation results prove the effective-
ness of the described optimization method.

Section II of this paper describes the structure and
geometry of the proposed motor. The multi-objective
optimization design process based on Taguchi’s algo-
rithm is given in section III, and section IV concludes.

II. PROPOSED MODULAR LINEAR
ROTARY SWITCHED RELUCTANCE
MACHINE (MLRSRM)

The cross-section and 3D model of the proposed
three-phase modular linear rotary SRM are shown in
Fig. 1. There are no permanent magnets on the stator and
rotor of the machine. The stator and rotor are made of
silicon steel sheets laminated with high magnetic perme-
ability, and their operation follows the principle of min-
imum reluctance, which means that the magnetic flux is
always closed along the path of minimum reluctance, and
the rotor is pulled to rotate by magnetic gravity. There is
a centralized winding on the convex pole of the stator,
and the two windings opposite to the axis are connected
in series to form a phase winding, which in turn excites
the rotor to rotate. Neighboring stator and moving rings



arranged in the axial direction are spaced apart by a cer-
tain distance and, due to the difference in the staggered
positions of the stator and moving rings, the moving rotor
will be subjected to the axial magnetic pull of the stator
ring in the axial direction to make a continuous linear
motion. The stator-rotor segmented structure reduces the
weight of the machine, and it also effectively reduces the
wind resistance when the machine is rotating.

Stator ring

Winding

Non-magnetic
frame

Shaft

his I

(b)

Fig. 1. 3D structure of the proposed MLRSRM: (a) over-
all view and (b) cross-section view.

The design of the basic dimensions of the structure
of the MLRSRM can be referred to the design method of
the rotary generator for wind power generation and the
linear generator for wave power generation. If the linear
unit is not considered, according to the design theory of
the rotary motor, the main size expression of the rotating
unit is [13]:
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D; is the inner diameter of the stator, [ is the axial
length of the stator, P is the power of the rotating part,
cos@pg is the power factor, n is the rotational speed and
C) is a constant as shown in (2):

C1 _ 6.1 % kEl . (2)
orky1kyp1ARBr

kg1 is the calculation coefficient of air gap poten-
tial, ag is the effective pole-arc coefficient, kys; is the
waveform coefficient of air gap magnetic field, kg, is
the winding coefficient, Ag is the line load, By is the
maximum value of air gap flux density.

If the rotary unit is not considered, the main dimen-
sional formula of the linear unit can be derived from
the main dimensional formula of the rotary unit. This is
shown in (3):

(Di+ D,)hgl _c P . 3)
hyy, cos Qrv

D, is the outer diameter of the stator, A = D;/D,,
according to the design experience, A usually takes the
value of 0.4~0.7, the value of A in this paper is taken
as 0.5. hy is the thickness of the stator spacer ring,
and h,, is the thickness of the movable spacer ring. In
order to ensure continuous power generation during lin-
ear motion, the value of hy/h,, is designed to be 0.75 in
this paper, P, is the linear part of the power, cosQy is
the power factor, v is the speed, and C; is a constant, as
shown in (4):

_ 6.1 X kg, 4
o 60 x aLkM2kdp2ALBL. ( )

kg is the calculation coefficient of air gap poten-
tial, o is the effective pole-arc coefficient, kyso is the
waveform coefficient of air gap magnetic field, kg is
the winding coefficient, Ay is the line load, By, is the max-
imum value of air gap flux density.

Based on the theoretical calculation results of some
key dimensions above, combined with some design
experiences of switched reluctance rotary motors and
switched reluctance linear motors, the key dimensional
parameters of the proposed MLRSRM in this paper
can be obtained. The key structural parameters of the
MLRSRM are shown in Table 1.

G

Table 1: Key structural parameters of MLRSRM

Item Value

Stator inner diameter D; 150.8 mm
Stator outer diameter Do 300 mm
Stator ferromagnetic ring thickness £ 90 mm
Stator spacer ring thickness 7 150 mm
Mover ferromagnetic ring thickness i 90 mm
Mover spacer ring thickness #,, 90 mm
Air gap thickness g 0.4 mm
Stator/rotor pole arc 30°/28°
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III. MULTI-OBJECTIVE OPTIMIZATION
DESIGN BASED ON THE TAGUCHI
METHOD

The Taguchi method was firstly proposed and
applied in the field of quality management by Japanese
scholars. Due to the scientific, systematic and efficient
nature of the algorithm, it has gradually been expanded
and deepened and applied to scientific research and
industrial applications such as robust design, tolerance
design and parameter optimization design [15-19]. It has
been studied and applied in researching the design and
optimization of motor parameters [20-24].

The core technique of the Taguchi method is to first
use orthogonal tables for experimental design and then
analyze the experimental results to obtain the optimal
combination of structural parameters through the signal-
to-noise ratio, mean, variance and other indicators. Ulti-
mately, the purpose of obtaining the optimal motor size
scientifically and reliably through a small number of
experiments is achieved. In this paper, the flowchart
of MLRSRM multi-objective and multi-parameter opti-
mization using the Taguchi method is shown in Fig. 2.

A. Determine the optimization objective and the
range of design variables

For the linear rotary SRM designed in this paper,
whether it is used as electric or power generation, it is
required that the motor torque/power density should be
as high as possible, outputting higher electromagnetic
torque in rotary motion and higher electromagnetic thrust
in linear motion. Considering that the operation princi-
ples of the two motions are the same, this paper takes
rotary motion as an example to establish a mathematical
model of the electromagnetic and mechanical relation-
ships in SRMs. The electromagnetic torque of the motor
can be obtained by using its magnetic co-energy for the
partial derivation of the motor at any running point x, and
the equation is as follows [14]:

1
T:(i,0) = W (i,8) &)
a0 i=const

T, is the instantaneous electromagnetic torque of the
motor, O is the relative position of the motorized motor,
i is the winding current and W), is the winding mag-
netic co-energy. The winding magnetic co-energy is the
result of integrating the winding magnetic chain over the
current:

W (i,8) = /0 (i, 0)di. ©)

v is the motor winding magnetic chain.

Equation (6) is integrated and averaged over one
operating cycle. Based on the assumption of symmetry
of the windings of each phase, the average SRM output
torque is obtained as:

__ mN,

21/ Ny )
=" [T ne.0)6. 0
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Fig. 2. Flow chart of parameter optimization design
based on the Taguchi method.

m is the number of phases of the SRM, N, is the
number of rotor poles.

After the initial dimensioning in Table 1, geometri-
cal optimization of the structural parameters of the pro-
posed motor is required in order to have a higher out-
put torque. Therefore, a sensitivity analysis is carried
out in this section to obtain the optimum parameters of
the proposed MLRSRM. These parameters help to pro-
duce maximum electromagnetic torque/thrust. Based on
the design experience and the structural characteristics of
the MLRSRM, the sensitivity analysis is carried out for
the four structural parameters, namely, stator pole arc «,
rotor pole arc 8, rotor module radial depth /1, and rotor
module edge width &5, in turn, as shown in Fig. 3.

In this paper, a multi-objective optimization of the
torque performance of the MLRSRM is carried out,
which requires that the output/electromagnetic torque of
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Fig. 3. Stator-rotor construction parameters of
MLRSRM.

the motor is as high as possible in both rotary and linear
motions. The optimization objectives are chosen as the
following two torque indicators: average electromagnetic
torque T'aye and average electromagnetic thrust F,ye. The
stator pole arc a, rotor pole arc 3, rotor module radial
depth /1 and rotor module edge width /4, in the previous
section are taken as the design variables, and an orthogo-
nal test matrix is established by selecting the appropriate
test level values in the annex of the original parameters
of the motor. The design variables and their level values
are shown in Table 2.

Based on the static torque of the motor at different
angles obtained by the FEM, the static average torque of
the motor can be obtained by (8):

1 n
Tag =} Ti. (8)
i=1

T; is the static torque value of the motor at a spe-
cific angle and # is the number of sampling points in the
finite element calculation. Calculation of the static aver-
age thrust is obtained in the same way.

Table 2: Different level values for each design variable

Design Variable | Level 1| Level 2 | Level 3 | Level 4
o° 26 27 28 29
B° 27 28 29 30
hy mm 14 16 18 20
hy mm 1 3 5 7

B. Orthogonal test design

Based on the four design variables (each with
four levels) selected in Table 2, an Lig(4%) orthogonal
array was constructed following Taguchi’s experimen-
tal design methodology. Compared with the full facto-
rial design, this approach requires only 16 experimen-
tal trials to comprehensively evaluate parameter effects,
enabling simultaneous optimization of both torque and
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thrust objectives while dramatically reducing computa-
tional load.

Using the time-step FEM, the MLRSRM with 16
different parameter combinations is modeled separately
as a three-dimensional finite element in the electromag-
netic field finite element simulation software. Based on
the winding excitation of the motor, the motor bound-
ary conditions are set and the model is reasonably dis-
sected. Static simulation under rated operating condi-
tions is performed for each finite element model. The
average torque and average thrust corresponding to dif-
ferent parameter combinations of the MLRSRM are
obtained. The 4-factor and 4-level Taguchi orthogonal
test table and test results are shown in Table 3.

Table 3: Taguchi orthogonal test table and MLLRSRM test
results

Test Matrix Test Result

Test Number @ | B° hy h; T,, Fu,
mm | mm | Nm Nm
1 26 | 27 | 14 1 41.3 | 134.0
2 26 | 28 | 16 3 42.1 141.5
3 26 | 29 | 18 5 42.3 | 1495
4 26 | 30 | 20 7 41.1 | 153.8
5 27 | 27 | 16 5 41.7 | 140.5
6 27 | 28 | 14 7 40.3 | 146.7
7 27 1 29 | 20 1 44.7 | 141.0
8 27 1 30 | 18 3 432 | 149.7
9 28 | 27 | 18 7 41.6 | 141.0
10 28 | 28 | 20 5 434 | 1472
11 28 129 | 14 3 41.8 | 147.5
12 28 | 30 | 16 1 43.1 | 141.0
13 29 | 27 | 20 3 43.0 | 138.0
14 29 | 28 | 18 1 43.1 | 137.1
15 29 | 29 | 16 7 40.2 | 148.6
16 29 |1 30 | 14 5 39.5 | 151.5

In order to analyze the influence of the parameter
changes of the motor design variables on the optimiza-
tion objectives and the proportion, a statistical analy-
sis of the experimental data is carried out, according to
the orthogonal test table established above and the FEA
results in Table 3, to obtain the proportion of the influ-
ence of all design variables on each optimization objec-
tive. Analysis of mean and variance are carried out first.

The average value of the finite element simulation
results of each optimization objective can be calculated
by equation (8), and the results are shown in Table 4:

1
m:;i:ZlSi. (©)]

m is the average value of the experiment, n is the
number of experiments and S; is the optimization objec-
tive value for the i time.

804



805

Table 4: Mean value of the optimization objective
T.vg Nm Fayg Nm
m 42.0 144.3

The average value of the simulation results for each
optimization objective under different optimization fac-
tors taking different level values can be calculated, taking
the average electromagnetic torque T,y of & under level
1 as an example, and the equation obtained is:

Myl (Tavg) = % (Tavg(l) + Tavg(z) + Tavg(3) + Tavg(4)) .
(10
In addition, in order to facilitate the analysis, a
multi-objective optimization function is introduced to
measure the importance of each variable, and the weight
factor is used to evaluate the comprehensive consider-
ation of each factor on the optimization objective. The
multi-objective function equation is:

Tavg F, avg . (11)
ax(Tavg) max(Fayg)

o and @, are the weight factors of average torque
and average thrust, respectively. In this paper, the values
of @ and @, are both 0.5.

Referring to the above calculations, the average val-
ues of the average electromagnetic torque T,y and the
average electromagnetic thrust F,ys can be obtained for
each design variable taken at different levels. The results
are shown in Table 5.

Fopj =

Table 5: Optimization value of structural parameters

Vzi?;il;e Level | Tyye Nm | Foye Nm | Fop;
I 417 | 1447 | 0.969

v 2 425 | 1445. | 0978

3 425 | 1442 | 0977

4 414 | 1438 | 0963

] 419 | 1384 | 00951

. 2 422 | 1431 | 0970

P 3 422 | 1467 | 0982
4 417 | 1490 | 0.984

I 407 | 1449 | 0958

- 2 418 | 1429 | 0.964
3 426 | 1443 | 0978

4 430 | 1450 | 0985

I 431 | 1383 | 0.964

- 2 425 | 1442 | 0977
3 417 | 1472 | 0978

4 408 | 147.6 | 0.969

According to the average value of each optimiza-
tion objective in Table 4 and the average value of each
design variable under different levels of motor perfor-
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mance index in Table 5, the variance (SS) of the opti-
mized design variable under each motor performance
index and its weight of influence on the performance of

each motor can be calculated by (12):
n

88 = %Z(mx(si)*m(s))2~ (12)
i=1
X is design variable, S is the optimization objective,
myx(S;) is the average value of an optimization objec-
tive at level i, and m(S) is the average value of the opti-
mization objective. The obtained calculation results are
shown in Table 6.

Table 6: Effect of each design variable on the perfor-
mance index of different motors

. . T..c Nm F.,c Nm
Design Variable SS Pircentage SS Pircentage
a’ 022 12.33% | 0.1 0.33%
B 0.05| 2.67% 16.0 | 52.29%
h; mm 0.79 | 4457% | 0.7 2.29%
h, mm 0.72| 4043% |13.8| 45.10%
Total 1.78 100% 30.6 100%

From Table 6, it can be seen that the rotor module
radial depth h; and rotor module edge width /, have
a greater effect on the average electromagnetic torque
Tavg. The rotor pole arc B and rotor module edge width
h, have a greater effect on the average electromagnetic
thrust Fay,. Therefore, level 4 is best selected for i
and . Since the effect of stator pole arc @ on the aver-
age electromagnetic thrust F,ye is very small, o is best
selected at level 2. For the rotor module edge width #,,
considering the large Taye and Fayg at the same time,
either level 2 or 3 is suitable. In order to verify the
above analysis, the experimental results of the simula-
tion combination are quantified by the objective function
Fobj. The size of the value directly reflects the influence
of the corresponding parameter level on the objective
function. Larger values indicate stronger parameter sen-
sitivity. Combined with the results of Fp,; calculation in
Table 5, the optimal parameter level value combination
for multi-objective optimization is finally determined to
be a(2) B(4) hy (4) hy (3), at which time the objective
function results in the maximum with the optimal design
effect. The calculation results of the objective function
F,p; are consistent with the above analysis.

C. Comparison of finite element simulation

The parameter values and performance indexes
before and after optimization are shown in Table 7, and
finite element simulation is performed on the data in
Table 7. The simulation results are shown in Fig. 4.
Figure 4 shows the waveforms of static electromag-
netic torque and static electromagnetic thrust before and



after optimization. It can be seen that after the multi-
objective optimization based on the Taguchi method,
the electromagnetic torque and electromagnetic thrust of
the MLRSRM increase significantly, compared with the
average electromagnetic torque of 40.2 Nm and the aver-
age electromagnetic thrust of 140.2 Nm before optimiza-
tion, the average electromagnetic torque and the average
electromagnetic thrust of the optimized MLRSRM are
43.5 Nm and 148.6 Nm, which are increased by 8.2%
and 6.0%, respectively.

Table 7: Comparison of results before and after optimiza-
tion

a® Bo h; h; Tavg Favg
mm | mm | Nm | Nm
Before 1301581 22 | 3 | 402 |1402
Optimization
After | 7130 20 | 4 | 43.5 | 1486
Optimization
E
T 60} e ]
=
£ VA N
g 407 1
50l I/ Before optimization |
g / —— After optimization
= ,
g 0 . H 1 . L 1 1 H
= 0 2 4 6 8§ 10 12 14 16 18
Position(°)
_ (@
g : : : : :
£150
w
£125
=
=100
2
T 75 S
5% Before optimization
E S0 —— After optimization
g 25 T
g o . | | . .
= 0 15 30 45 60 75 90
Position(mm)
(b)

Fig. 4. Comparison of static torque and static thrust
before and after optimization: (a) rotary motion and (b)
linear motion.

A three-dimensional static model of the motor was
constructed in FEA software, and the simulation accu-
racy was improved by manual mesh refinement. Tak-
ing a stator ferromagnetic ring cell as an example, the
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Fig. 5. Mesh division diagram of the MLRSRM.

mesh profile is shown in Fig. 5. Compared with the inner
region of the stator-rotor core, the surface of the core
close to the air gap is used with a more precise mesh
dissection. Specifically, the optimization process imple-
mented by the proposed method consumes less than one
day, which is far shorter than the tens of days required
by the approach that combines intelligent algorithms
with FEA methods. All these iterative operations are car-
ried out on a workstation equipped with Intel Core i7-
13650HX and 32-GB memory.

IV. CONCLUSION

In this paper, a three-phase two-degree-of-freedom
modular switched reluctance machine (MLRSRM) with
a simple structure is presented. A multi-objective opti-
mization design of torque performance based on the
Taguchi method is proposed for the structural char-
acteristics and torque characteristics of the proposed
MLRSRM. The motor optimization objectives are deter-
mined as the static average electromagnetic torque in
rotary motion and the static average electromagnetic
thrust in linear motion. The key dimensions of the rotor
structure selected reasonably are the optimization param-
eters. The Taguchi experimental method is used to opti-
mize the parameters and obtain the optimized rotor struc-
ture parameter combinations and finite element analysis
of the motor after optimization. Compared with before
optimization, the electromagnetic torque and electro-
magnetic thrust of the optimized motor are increased
by 8.2% and 6.0%, respectively. The effectiveness of
Taguchi method in multi-objective optimization of linear
rotary SRMs is verified. Future improvements include
combining intelligent algorithms, such as genetic algo-
rithms, to improve multi-objective trade-off accuracy
and extending experimental validation to actual proto-
type testing to supplement the reliability of simulation
data.
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