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Abstract — To improve the torque characteristic of hybrid
excitation switched reluctance motors (HESRM), the
structure and excitation current of HESRM are compre-
hensively studied. First, a novel structure is introduced
to HESRM, in which pole pieces are added to the rotor
salient pole to reduce output torque ripple. The effect
of different structural parameters in HESRM is studied
by finite element model (FEM). To evaluate the torque
characteristic of the machine, mean torque and torque
are chosen as key evaluation factors of HESRM. To
achieve a quick and accurate optimization process, an
artificial neural network (ANN) based prediction model
is built according to FEM results, in which system struc-
ture is employed as input components and evaluate fac-
tors are employed as output components. Then, genetic
algorithm (GA) is designed for HESRM structure opti-
mization. With improved GA and ANN prediction mod-
els, the torque performance of HESRM can be further
improved. Finally, experimental and simulation results
are given to validate the accuracy of machine design.

Index Terms — Finite element analysis (FEA), genetic
algorithm, hybrid excitation switched reluctance motor
(HESRM), multi-objective optimization, neural network,
torque performance.

L. INTRODUCTION

Compared with permanent magnet (PM) motors
and synchronous motors, switched reluctance motors
(SRMs) show advantages in merits such as simple struc-
ture, high fault tolerance, and wide speed range, and can
be widely used in many industrial and commercial areas
[1-5]. However, due to its double salient structure, SRM
suffers from torque ripple and a relatively low space util-
ity rate [6]. Thus, many scholars focus on improving the
torque performance and prolonging the efficient use area
of SRM.

Hybrid excitation switched reluctance motor
(HESRM) is a type of double salient pole motor, whose
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structure is similar to traditional switched reluctance
motor (TSRM). Unlike TSRM, phase windings of
HESRM are excited by a sinusoidal alternating current
with DC bias (i.e., phase current consists of both DC and
AC components) [7]. HESRM inherits the advantages
of the simple and reliable structure from TSRM and
overcomes the defect of the low volume utilization rate
in TSRM. In [8], the effect of distributed and centralized
armature winding schemes is comprehensively studied
and compared. Traditionally three-phase power inverters
can be employed for HESRM control, by which the
drive system achieves high power density and wide
operating range. In [9], a four-phase DC-assisted bipolar
switched reluctance motor is designed and optimized,
by which torque ripple can be effectively reduced. By
recombining DC-assisted windings and AC excitation
windings introduced in [9], a sinusoidal AC with DC
bias can be applied to phase windings of TSRM to
improve the torque performance [10].

To reduce the torque ripple of HESRM, scholars
have mainly studied two aspects: machine design and
optimization [11] and control strategy design for a given
motor [12]. Since the double salient structure shows high
nonlinearity, it is hard to build a mathematic model for
performance analysis, and finite element analysis (FEM)
is thus required for most cases. In [13], stator pole arcs
are optimized by FEA and the motor has more flexible
pole pairs under “bipolar sine and DC bias” excitation
mode. Moreover, to improve the torque performance,
both mean torque and torque ripple should be considered
simultaneously. Thus, multi-objective evaluations should
be taken during the optimization process [14], which
makes the optimization process more complex. The most
commonly used optimization process has the following
steps [15]: (a) Discrete torque data should be obtained
by FEA; (b) According to FEA results, a fitting model
should be realized on time-domain simulation platform
to achieve multi-objective evaluation results; (c) Accord-
ing to multi-objective optimization results, the machine
structure will be optimized time by time to achieve the
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desired indicators. This optimization process is compli-
cated and costs time.

To overcome the above issues, a HESRM is
designed and optimized in this paper. The proposed
HESRM is generated from 8/6 TSRM, and the structure
is optimized to reduce torque ripple. A FEM is built to
analyze the effects of structure parameters and excitation
current on the torque performance of the machine. To
achieve fast multi-objective optimization, a neural net-
work is employed to establish a torque performance pre-
diction model. To conclude, simulation and experimental
results are given to verify the proposed machine structure
and optimization process.

II. OPERATING PRINCIPLES OF HESRM
Figure 1 shows the topology of 8/6 HESRM. The
stator and rotor present a double salient structure, phase
windings are concentrated on each stator tooth, and
windings on every two opposing stator teeth are con-
nected in series. Key parameters of the HESRM are given
in Table 1.

Fig. 1. Four-phase 8/6 HESRM.

Table 1: Key parameters of 8/6 HESRM
1.5 mm?” copper

Phase windings

Turns of windings 60
Air gap 0.4 mm
Axial length 76.5 mm
Stator pole arc 20°
Rotor pole arc 22°
Rated power 200 W
Rated voltage 24V
Rated speed 500 r/min

HESRM is excited by AC current with DC bias. The
block diagram of the current control strategy is shown
in Fig. 2. Main circuit topology is shown in Fig. 3. The
absolute value of the reference current is determined by
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Fig. 3. Topology of the main circuit.

the speed controller. When the speed is lower than the
reference speed, the absolute value of the reference cur-
rent increases, generating a larger torque to increase the
speed. When the speed is higher than the reference speed,
the situation is the opposite. The d-axis reference cur-
rent is set to 0, ip/iy = 1/ V2. The phase of the reference
value of the four-phase winding current is determined by
the rotor position, and the amplitude is determined by
the g-axis reference current. The transient current of each
phase can be expressed by

I, = iy +iscos(@et + @)
I, = ip +iscos(@et + @p)
I = iy +igcos(et + @)
I; = iy +igcos(wet + @)
ip is the DC bias of the sinusoidal current, i is the
amplitude of the AC component, @, is the angular veloc-
ity of the AC component, and @ (k = a, b, c or d) is the
phase angle.
Neglecting magnetic saturation, phase inductance of
HESRM can be expressed by

L, =L+ Ly cos B,
L, =Ly —Lgy.cosb,
L.=Lge—LgecosB, -
Ly =Ly.+ Ly-cos6,

ey

(@)

L; (k = a, b, c or d) is the self-inductance of each
phase, L;. and L, stand for DC component and AC com-
ponent of self-inductance, respectively.
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The torque equation is

T. = - (i; = X —-—). 3
e = plagg, Tivge, Tiege, Tligg ) ¥
The torque ripple can be obtained by
Tr _ TmaxT_ Tmin ) (4)
avg

Tonax 1s the maximum value of instantaneous torque
in one stroke, T, and Ty, stand for minimum
value and maximum value of instantaneous torque in
one stroke, respectively. The rate of change of self-
inductance will not only influence the mean torque of
HESRM but also influence the torque ripple of HESRM.

II1. ANALYSIS OF THE EFFECT OF
STRUCTURE PARAMETERS ON TORQUE
PERFORMANCE

The mutual coupling of the machine structural
parameters complicates the electromagnetic analysis.
Moreover, since the double salient structure shows high
nonlinearity, it is hard to obtain torque characteristics
with mathematic methods. Thus, a FEM is built for
torque performance analysis. In FEA, a sinusoidal cur-
rent with DC bias, whose RMS value is 5 A, is employed
to excite phase windings, and the rate between the DC
component and AC component iy/iy is set to 1. Tran-
sient torque performance calculated by FEM is shown
in Fig. 4, where T, represents the total torque.
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Fig. 4. Torque of the initial HESRM.

As shown in Fig. 4, since the torque decrement of
the outgoing phase is higher than the torque increment
of the incoming phase, the minimum torque value shows
up when the electric angle comes to 5°, 20°, 35° and 50°.
These electric angles show up when the stator pole and
the rotor pole start to align. It is clear that if the change
of inductance were suppressed, especially at the moment
when this alignment starts, the change of transient torque
would be reduced and the torque ripple would be thus
improved. Consequently, a pole-shoe is suggested on
each rotor pole, as shown in Fig. 5.
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Machine structure parameters, namely stator pole
arc f3s, rotor pole arc f3,, pole-shoe length A, and pole-
shoe root height h; selected as optimization variables,
are marked in Fig. 5. To study the effect of every struc-
ture parameter on torque performance separately, sensi-
tivity analysis was carried out by FEM, in which exci-
tation current remains the same as excitation current in
Fig. 4.

Fig. 5. Structure of proposed HESRM.

A. Sensitivity analysis on stator pole arc

We chose to fix the rotor pole arc at 23° and increase
the stator pole arc from 18° to 25°. The calculated tran-
sient torque at every electric position angle is shown in
Fig. 6.
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Fig. 6. Transient torque at different electric angles.



According to transient torque data in Fig. 6, mean
torque in one stroke 7, and torque ripple 7, can be
obtained for torque performance evaluation. The torque
performance evaluation result is shown in Fig. 7.
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Fig. 7. Torque performance evaluation under different

stator pole arcs.

As the stator pole arc increases, the average torque is
increased while the torque pulsation decreases. As shown
in Fig. 7, when the stator pole arc is small, the average
torque is relatively low and the torque pulsation is large.
Excessive stator pole arc will also result in an increased
slot fullness. High slot fullness leads to dense windings
in the stator slot, making the manufacture and installation
of the windings more difficult. It will also lead to poor
heat dissipation on phase windings. The increased phase
winding temperature will also damage the reliability and
life of the motor.

B. Sensitivity analysis on rotor pole arc

We chose to fix the stator pole arc at 21° and calcu-
late torque performance under different rotor pole arcs as
shown in Fig. 8.

Fig. 8. Transient torque under different rotor pole arcs.

As the rotor pole arc increases, the average motor
torque will increase while the torque pulsation will
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decrease. Therefore, a reasonable selection of the rotor
pole arc positively increases the average motor torque
and reduces torque pulsation. However, the overlarge
rotor pole arc also leads to a decrease in motor perfor-
mance, as shown in Fig. 9. The torque ripple can be
increased, and the average torque will be reduced. The
increment in the rotor pole arc does not change the motor
slot fullness, but it requires more manufacturing materi-
als and weight, which will increase the manufacturing
cost.

T T —-0.8

19 20 21 22 23 24 25 2%

fr(°)

Fig. 9. Torque performance under different rotor pole
arcs.

C. Sensitivity analysis on pole-shoe

We chose to fix the rotor pole arc of the motor at 23°
and the stator pole arc at 21° so the effect of the pole-
shoe on torque performance can be analyzed. The output
torque is calculated with different pole-shoe curvatures
(AB,) when the height of pole-shoe #; is fixed at 1.5 mm,
and the calculated result is shown in Fig. 10.
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0.35
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Fig. 10. Transient torque with different-length pole-
shoes.

As shown in Fig. 11, the increment of Af, is equiv-
alent to the increase of the rotor pole arc to a certain
extent. Moreover, it is more advantageous than increas-
ing the rotor pole arc in terms of cost savings. At the
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Fig. 11. Torque performance under different-length pole-
shoes.

same time, it can appropriately utilize the magnetic satu-
ration phenomenon of the pole-shoe to inhibit the torque
change during commutation. As shown in Fig. 11, max-
imum torque will decrease while minimum torque will
first increase with increment of the AS,.

Torque performance is shown in Fig. 11. As the
length of the pole-shoe increases, the average torque
motor will decrease while torque pulsation will first
increase and then decrease. Therefore, it is important to
choose the length of the pole-shoe within an appropriate
range to optimize torque performance.

According to Fig. 13, the motor shows relatively
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Fig. 12. Transient torque under different pole-shoe root
heights.
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Fig. 13. Torque performance under different pole-shoe
root heights.
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good performance at A3, = 8°. While Af, is fixed at
8°, torque performance under different pole-shoe root
heights (%) is calculated and shown in Figs. 12 and 13.

As can be seen from Figs. 12 and 13, when A is
small, torque performance is sensitive to the increase of
hy. With the increment of /1, magnetic saturation on the
pole-shoe is relieved. When h; is greater than 0.6 mm,
the increment of /; barely influences the torque perfor-
mance.

D. Sensitivity analysis on the ratio of DC bias to
amplitude of AC component

Composition of the phase current will directly affect
the strength and distribution of the magnetic field in
the machine. We chose to fix the key parameters of the
machine as B; = 20°, B, = 22°, AB,, @, h; are set as 0,
RMS value of phase current is limited to 5 A. Transient
torque profile under different ip/is is shown in Fig. 14.
Corresponding torque performance analysis is shown in
Fig. 15.
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Fig. 15. Torque performance under different io/i;.

As shown in Fig. 14, with the increment of iy/is,
maximum torque decreases continuously and minimum
torque will first rise and then decrease. As shown in



Fig. 15, average torque increases and then decreases
nearly linearly. Torque ripple will first decrease and then
increase significantly. Change of ip/i; shows a significant
effect on torque and average torque. According to the
above analysis, the machine achieves maximum output
average torque and shows good torque performance at
io/iy = 0.7. Thus, ip/i; = 0.7 can be fixed for torque per-
formance optimization.

E. Multi-objective evaluations

Average torque and torque pulsation are selected as
evaluation objectives. Key structure parameters, marked
in Fig. 5, are determined through multi-objective opti-
mization. Nonlinear optimization problems with two
evaluation objectives under multiple constraints can be
expressed by

1
F(X)=hTithk  XeK, (5)
r

where kj is the weight coefficient of T, k is the weight
coefficient of 7T,, X is the set of all variables, and K is
the constraint condition as shown in (6). It should be
noted here that both torque ripple and average torque
are equally important. However, for switched reluctance
motors, torque ripple is a more obvious defect and a more
critical aspect for improvement. Therefore, in this paper,
ki = 0.6 and k, = 0.4 are set. Researchers can flexibly
select the weight coefficients they need according to the
actual application requirements

g1(xs) = Bs + B+ AB, < 60°

gZ(xs) = Br+Aﬁr > BS

83(x) = By > 2 . (6)

ga(x)=T,—15<0

85(x5) =0.3—T,, <0

According to the constraints and actual limitations,

the optimization range of structural parameters is listed
in Table 2. The optimization issue is a 4-factor 4-level
problem, which contains a total of 16 groups of dimen-
sions. To evaluate as many parameter combinations as
possible, an artificial intelligence (AI) based torque pre-
diction model and optimization process is proposed and
explained in detail in the next section.

Table 2: Variable value range

Parameters Range
B [13,28]
By [17,26]
h [0.3,1.8]
AB; [6,24]

IV. AI-BASED PERFORMANCE
PREDICTION MODEL AND
OPTIMIZATION

Thanks to Al techniques, complicated mathematic
problems can be simplified. To solve the optimiza-
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tion problem, an artificial neural network (ANN) based
prediction model is built for fast evaluation, and genetic
algorithm (GA) is employed for multi-objective opti-
mization. The overall flow chart is shown in Fig. 16.
First, a FEM is built to obtain the average torque and
torque ripple of the machine. The corresponding torque
profile can be found in section II. Then, in the prelim-
inary division, four variables are assigned equidistant,
according to the optimization range, with four level val-
ues for each variable. Structural parameters are arranged
and combined to establish the sample space. GA is
employed to optimize the neural network to achieve
an accurate predicting model. Finally, GA is employed
again to generate the Pareto frontier solution with a well-
constructed and trained ANN model. Solutions are eval-
uated by (5) and the best solution selected.

Structural parameters optimization
Initialize population
and parameters

N

datalimport Meet the constraints?

Predicting model

Evolutionary
algebra+1

Update the global

optimal solution

Crossover and

variation

Regenerate population

Reach the maximum
number of iterations?

Output Pareto frontier
solution and verification

END

Fig. 16. Flow chart of the structural optimization process.

A. Predicting model

To construct an accurate predicting model, GA is
employed to search the parameters of ANN. First, set
genetic algebra, population size, and other optimization
parameters. Then, set boundaries of the optimization
variables according to the size of the training data and the
structure of the neural network. Next, initialize the pop-
ulation and set the parameters of the optimization func-
tion, generate new offspring, and update chromosomes
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through selection, crossover, and variation. The param-
eters are decoded and then trained to the neural net-
work model. Subsequently, determine whether the aver-
age absolute error is larger, and then determine the num-
ber of iterations. If the number of iterations has reached
the maximum, the training is completed and the opti-
mized neural network model is obtained. The optimiza-
tion process of the neural network model is shown in
Fig. 17.

The 16 sets of orthogonal experimental data
described in the previous section were substituted into
the neural network optimized by the GA to establish the
training and prediction models.

START

Set the neural network
and the parameters

—

Set optimization parameters
and boundaries

¥
Initialize the population and set the
genetic algorithm parameters

1.
Ll

Selection, crossover
and variation

v

Produce new offspring and
renew chromosomes

¥

Decode and assign
parameters

¥

Neural network
model training

Does the mean absolute
error get larger?

Is the number of
iterations Max?

The optimized neural
network model

END

Fig. 17. Flow chart of neural network optimization.

B. Structural parameters optimization

To achieve fast and correct optimization, GA is
improved by starting the optimization process with
multiple starting points. This contributes to avoiding
local optimal solutions and reducing the stagnation phe-
nomenon during the search process. In this paper, the
population size is set as 100, the maximum number of
iterations is set as 50, the variation rate is set as 0.01,
and the number of random starting points is set as 30.
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The Pareto frontier solution of the multi-objective opti-
mization process is obtained after 50 iterations, and the
optimization result is shown in Fig. 18.

0.45 - At
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A
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Fig. 18. Pareto frontier solutions of multi-objective opti-
mization.

To avoid the influence of human subjective factors,
a fuzzy set, which is generated according to fuzzy the-
ory, is adopted for the final screening of Pareto frontier
solutions. Let us define the subordinate function as
1 ﬁ } fmin

F={ Aol < fi<fm™ ., ()

Oﬁ Nflmax
where £, f;/"" and f; is the maximum, minimum, and
evaluating values of the ith generations, respectively. For
each non-inferior solution k in the Pareto set, the domi-
nating function is defined as
ob_] obJ
- Y AL YA ®
i=1 j=li=
where M), is the number of Pareto solutlons and Nyp; is
the number of optimization objectives. A higher value
of A indicates a better torque performance of structural
parameters combination in this solution set. The value of
the dominance function of the Pareto frontier solution is
shown in Fig. 19.
According to Fig. 19, it can be seen that the 8th indi-
vidual has the largest value of the dominance function,

O- — pareto frontier solution
0. 100 ®— Pareto optimal individual
@
- ? o @ |
[ I

o [ |

0. 075+ ot LR

N I S S N I R

0 2 4 6 8 10 12

sample number

Fig. 19. Dominance function values for each Pareto fron-
tier solution.



Table 3: Motor data before and after optimization

Parameters Initial Value | Optimized Value
Bs (°) 21 242
Br(°) 23 14.1
hy (mm) 0 1.75
ABr (0) 0 20
T, 0.50 0.52
T, 99.4% 20.1%

and the corresponding motor parameters for the 8th indi-
vidual are shown in Table 3.

The optimized data is substituted into the FEA sys-
tem for verification. In Fig. 20, torque performances
before and after optimization are compared. As can
be seen in Fig. 20, the average torque of the opti-
mized machine remains approximately the same while
the torque ripple is reduced from 99.4% to 20.1%. Com-
parisons on the two concerned machines are shown in
Fig. 21.

e
)

—_ T,=0.50N'm r=05:N-m ' original
:E 7,=99.4% T=201% — optimized
Z 0.6 7N o N
S g
g -
N \
S04 \ ! ! ! !
~ AN N N N
T T T T T T T
0 10 20 30 40 50 60
()
0.°)

Fig. 20. Comparison of torque performance before and
after optimization.

() (b)

Fig. 21. Structure (a) before and (b) after optimization.

V. EXPERIMENTAL VERIFICATIONS

To verify the designed and optimized HESRM, an
8/6 HESRM is made, as shown in Fig. 22. The power
converter and control system are shown in Fig. 23.

The transient phase current of HESRM is shown in
Fig. 24. In Fig. 25, the measured transient torque is com-
pared with simulation results at 500 rpm, correspond-
ingly. According to the comparison result, the transient
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Computer

Fig. 23. Photograph of the power converter and control
system for HESRM.

Current/A

0 10 .20
Time/ms

Fig. 24. Measured transient phase current.

— FEA value
Actual value

Torque/N'm
SLeeLeee S
[ I Y - -

T T T T T T T
0 20 40 60 80 100 120
Time/ms

Fig. 25. Comparison of measured and calculated tran-
sient torque.

torques of the experimental and simulation results are
approximately the same, which verifies the accuracy of
the finite element analysis.

In Fig. 26, the effectiveness of the optimization
process is verified. As shown in Fig. 26, the average
torque of the initial motor is 0.47 Nm, and the torque
ripple is 115%. The average torque of the optimized
motor is 0.49 Nm, and the torque ripple is reduced
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1.0 —— Optimized motor
Initial motor

Tr=35.8 %
T T

0 20 40 60 80
Time/ms

Fig. 26. Verification of the effectiveness of multi-
objective optimization.

to 35.8%. The experimental results show that the opti-
mized motor can significantly reduce torque ripple and
provide smoother operation under constant average out-
put torque. Thus, the effectiveness of the multi-objective
optimization strategy proposed in this paper can be
demonstrated.

VI. CONCLUSION
In this paper, a four-phase 8/6 HESRM is designed
and optimized. The main contributions of this paper can
be concluded as follows.

(i) The structure of SRM is optimized and the pole-
shoe is introduced to improve the torque perfor-
mance of the switched reluctance motor;

(i1) FEM is built and key factors that affect the torque
performance are analyzed;

(iii) To achieve a fast and accurate optimization process,
an optimization process is proposed. First, a FEM
model is built to obtain the torque profile of the
machine. Then, a systematic Al-based torque per-
formance model is built for fast torque performance
prediction. Finally, GA is introduced to optimize
structural parameters with evaluation results gener-
ated by the performance predicting model.

(iv) An experimental prototype is manufactured, to ver-
ify the proposed machine structure and optimizing
process. Experimental results show that the torque
ripple of the prototype is reduced by 79.2% at 500
rpm, which verifies the effectiveness of the opti-
mization method.

As a proof-of-concept, the power and torque of the
studied SRM is relatively low. However, the proposed
machine structure shows good torque performance and
the proposed optimization process can be introduced to
other motor optimization projects for further industrial
and commercial applications.
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