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Abstract- The belt-driven starter/generator (BSG), as a cost-
effective solution, has been widely employed in hybrid electric
vehicles (HEVS) to improve the stability and reduce the fuel
consumption of the vehicles. It can provide more than 10%
reduction in COz. Electrical machine is the heart of the BSG
system, which is functioned both as motor and generator. In
order to optimize both aspects of motor and generator
simultaneously, this paper presents a new multimode
optimization method for the switched reluctance machines. First,
the general multimode concept and optimization method are
presented. The switched reluctance motor and the switched
reluctance generator are the two operation modes. The
optimization models are established based on motor and
generator functions. Sensitivity analysis, surrogate models and
genetic algorithms are employed to improve the efficiency of the
multimode optimization. Then, a design example of a segmented-
rotor switched reluctance machine (SSRM) is investigated. Seven
design variables and four driving modes are considered in the
multiobjective optimization model. The Kriging model is
employed to approximate the finite element model (FEM) in the
optimization. Finally, the optimization results are depicted, and
an optimal solution is selected. The comparison between the
initial and optimal designs shows that the proposed method can
improve the foremost performance of the SSRM under all
driving modes.

Index Terms- Belt-driven starter/generator (BSG), hybrid
electric vehicles (HEVs), multimode optimization, switched
reluctance motor (SRM).
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. INTRODUCTION

The simple structure, low cost, and the absence of
permanent magnets make the switched reluctance machine a
suitable candidate for the advanced flexible drivetrain [1], [2].
Due to its high robustness, a switched reluctance machine can
be designed as a motor in most applications and functioned as
a generator in harsh environments [3], [4]. For example, the
belt-driven starter/generator (BSG) in which the core is the
electric machine, is widely employed in hybrid electric
vehicles (HEVs) to improve the stability and reduce fuel
consumption. The machine in the BSG system is functioned
both as motor and generator [5].

The switched reluctance motor (SRM) and the switched
reluctance generator (SRG) are the two operation modes of the
switched reluctance machine [6], [7]. In the motor mode, the
phase is excited when the inductance is on the rise, while in
generator mode, the phase is excited when the inductance
decreases [8]. To improve power density, efficiency, and
reduce the torque ripple, optimization is a necessary step in the
design process of switched reluctance machines [9]. Previous
optimization methods can be classified into two aspects, the
single-objective  optimization and the multiobjective
optimization [10], [11]. For the single-objective optimization,
it addresses only one performance. The problem with this
single-objective optimization is that the potential influence on
other important indices [12], [13]. Therefore, the
multiobjective optimization as the trade-offs to the overall
performance is preferred and becoming essential to the
application-oriented design in switched reluctance machines
[14]. Some popular design requirements, such as torque,
efficiency, torque ripple, and cost, can be considered at the
same time [15], [16].

With the fast development of numerical analysis method,
optimization problems of switched reluctance machines can be
efficiently solved by means of finite element analysis (FEA)
with surrogate models and intelligent algorithms [17], [18].
Surrogate models such as response surface model (RSM) [19]
and Kriging model [20] have been employed in multiobjective
optimization problems to ease the computational burden. A set
of optimization algorithms have been employed to find the
optimal solution for the optimization, such as genetic
algorithm (GA), differential evolution algorithm (DEA),
particle swarm optimization (PSO) [21], [22].
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Fig. 1. Multimode design optimization framework for SRM/G.

A novel multiobjective system level optimization method
for SRMs was proposed in our previous work [23], in which
the parameters of the system including the motor level and
control level are optimized simultaneously. On the other hand,
for the SRG application, in [13], an SRG was designed for a
variable wind energy conversion system. The firing angles and
DC-link voltage are two objectives optimized for each rotor
speed. It was found that the proposed approach returns a good
compromise between high efficiency and low torque ripple.

The optimization methods mentioned above only put
emphasis on one operating condition of the electrical machine,
and the rated operation condition is mostly used. However, the
motors and the generators mostly operate on different
conditions, especially in the application of HEVSs. There exist
multiple driving cycles in HEVs, such as starting, normal
cruise, climbing, acceleration and deceleration, and the key
parameters in each driving cycle may have different
importance [24]. Various driving cycles require more than one
driving mode of the motor/generator. Thus, it is necessary to
find a multimode optimization method with the combination
of requirements under different driving modes. Previous
multimode optimization methods are mainly conducted under
motor mode. For switched reluctance machines, few papers
investigate the optimization under the consideration of
different driving modes as motor and generator. In HEVS, the
electric machine is coupled with an internal combustion
engine (ICE), and the regenerative model can absorb most of
the released energy during braking. The switched reluctance
machine is ideal for HEVs due to its excellent mechanical and
thermal robustness [25]-[27]. The overall optimization of the
switched reluctance machine functioned as switched
reluctance motor/generator (SRM/G) considering multimode

operation puts forward higher design requirements.
Furthermore, the key points considered in the motor and
generator are not the same. To meet the challenging
requirements under the operation modes both in motor and
generator aspects, it is meaningful to improve the capability of
multimode operation of SRM/G systems. Besides, the design
variables should be determined considering all the related
driving modes both under motor and generator functions.

This paper presents a new multimode optimization method
for switched reluctance machines considering driving modes
both in motor and generator aspects. The corresponding
control method is determined for each driving mode. Both the
motor and generator functions are optimized by the
multiobjective optimization method. The optimization
objectives are selected from each driving mode to form the
multiobjective optimization model. The main contributions of
this paper can be summarized as follows.

(1) A comprehensive multimode optimization strategy
considering the aspects of motor and generator is proposed,
which is required for the application where mechanical energy
and electrical energy convert to each other.

(2) In order to improve the quality of energy conversion
comprehensively, a multiobjective method is presented in
which the objectives of driving modes in motor and generator
functions are selected as the optimization objectives.

(3) A segmented-rotor switched reluctance machine (SSRM)
is selected as the optimization example, which is applied for
the BSG. Four driving modes under motor/generator are
investigated and optimization objectives selected of each
mode are integrated into the multiobjective optimization.

The remainder of this paper is organized as follows. Section
Il presents the multimode concept and the optimization
method. To verify the practicability and effectiveness of the
proposed method, an example study for the optimization of an
SSRM for HEV application is investigated in Section IlI.
Specific implementation and results are provided in Section
1V, followed by the conclusions in Section V.

II.  MULTIMODE CONCEPT AND OPTIMIZATION METHOD

As mentioned above, the switched reluctance machine can
be functioned as a motor and a generator. Fig. 1 shows a brief
framework for the multimode design optimization of SRM/G.
This kind of method has taken into consideration the motor
function and generator function simultaneously. It can be
divided into the following seven steps.

Step 1: Determine the application requirements for the
SRM/G drive system.

The requirements for the SRM/G drive system conclude
operation demands for the motor and the generator. On the
motor aspect, torque and torque ripple mostly are the prime
performances, while the efficiency of power generation is the
foremost performance on the generator aspect.

Step 2: Initial design of the SRM/G.



This is a fundamental step, and it will affect the following
optimization step. The initial specifications of the SRM/G can
be derived according to the design theory and experience.

Step 3: Divide the optimization into motor function and
generator function.

The key point in this optimization method is the
consideration of the motor function and generator function
simultaneously. Requirements in motor function and generator
function are not the same in most applications [8], [18].
Previous works mostly concentrate on one function rather than
the two functions. Theoretically, the cooperation of the motor
and generator into the optimization process simultaneously is
more suitable for some applications which utilize the functions
of motor and generator.

Step 4: Determine driving modes in SRM/G.

In the actual application, many demands will be presented
for the SRM/G. It is meaningful to divide the numerous

driving modes of the SRM/G to achieve fundamental demands.

Step 5: Select the suitable control type for each mode.

A variety of control methods have been proposed for the
SRMs, such as conventional current chopping control (CCC),
angle position control (APC), direct torque control (DTC), and
model predictive control (MPC). They provide alternatives for
the control type of SRM/G.

Step 6: Perform the multiobjective optimization.

The multiobjective optimization models considering each
driving mode under motor function and generator function can
be established as follows.

. {fmi(x), i=12,...,.M
min .
f,(x),1=12,...,G

where fri(x) and fg(x) are the functions of driving modes in
motor function and generator function, respectively, and M
and G are the numbers of optimization objectives in motor
function and generator function, respectively.

Step 7: System evaluation.

The performances of driving modes in motor function and
generator function are evaluated in this step.

As each driving mode in SRM/G has their own essential
performance indices, there will exist a set of optimization
objectives. The design variables should be optimized
combined with their related driving modes. The detailed
optimization flowchart is described in Fig. 2, which contains
the following steps.

Step 1: Initial design of switched reluctance machine drive
system.

The application requirements are achieved first, and the
switched reluctance machine is initially designed according to
the design theory base on the requirements. Normally, only the
rated operation mode is taken into consideration in the design
process, and the other performances are verified by FEA after
the design. Then, the driving modes of the motor function and
generator function are divided according to the operation
modes in terms of the specific application. Finally, the control
methods applied to each driving mode need to be determined.
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Fig. 2. Flowchart of the multimode optimization method.

Step 2: Sensitivity analysis of each variable.

Since this is a multimode optimization problem, the
foremost requirement in each mode may not be the same.
Sensitivity analysis is utilized to distinguish the importance of
variables under each driving mode. The step will contribute to
simplify the optimization process and ease the computational
burden. The significant design variables which have a great
influence on the optimization objectives will be selected for
each driving mode according to the sensitivity results. The
non-significant variables keep the initial values in the
optimization process.

Step 3: Multimode optimization.

First, according to the optimization objectives in each
driving mode, the multiobjective optimization models
considering each driving mode under motor function and
generator function are established. Second, the FEM models
for each driving mode are established. Then, the results of
FEM samples in each driving mode are integrated for the
optimization program. Finally, the multiobjective optimization
is conducted and an optimal solution can be selected from the
Pareto optimal solutions.

Step 4: Performance evaluation.

In this step, the results obtained from FEM should be
verified first, and then it will be convincing to compare the
results between the initial design and the optimal solution.



I1l. A DESIGN EXAMPLE

In this example, an SSRM is designed for BSG application
in HEVs. Fig. 3 illustrates the structure of the BSG system.
The M/G in the figure functioned as the motor and generator is
connected to ICE by the belt. The M/G can supply the extra
power for the ICE when the vehicle starts, climbs or
accelerates. Besides, it can convert mechanical energy into
electricity and charge the batteries.

An SSRM topology was proposed in the previous work
which inherits the innate benefits of switched reluctance
machines, such as high fault tolerance and simple structure.
Besides, it exhibits lower torque ripple and higher torque
density [28]. Figs. 4 and 5 show the configuration and
topology of the SSRM, respectively. As shown, the stator of
this SSRM is composed of excited and auxiliary poles. The
excited poles are wound by windings, while the auxiliary
poles are only functioned as flux return paths without any
windings. The rotor contains a series of discrete segmented
rotors, and each component is embedded in the nonmagnetic
isolator. The requirements of the SSRM for the BSG
application are shown in Table I.

ICE Transmission

Clutch

Controller

Fig. 3. BSG system

Auxiliary pole

Excited pole g

Fig. 4. C

Fig. 5. The topology of the SSRM.
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Fig. 6. Relationships among operation modes of BSG, design requirements
and driving modes of SRM/G.

TABLE |
SPECIFICATIONS OF THE BSG MACHINE

Parameters Unit value

Rated power kw 1.8
Rated speed r/min 6000

Rated voltage \% 60
Transmission ratio of belt pulley - 2711
Startup torque Nm >24
Efficiency at rated speed - 0.85

A. Operation modes of BSG

Fig. 6 shows the relationship between the operation modes
of BSG, design requirements and driving modes of SRM/G.
Generally, there are five main operation modes for the BSG
system, i.e., starting mode, power generation mode, idle stop-
start mode, regenerative braking mode and auxiliary power
mode. Detailed expressions about each mode are illustrated as
follows.

1) Starting mode: In this mode, the BSG machine is
functioned as a starter, and it drags the ICE to the initial
operation speed. The time is noticeably short and large torque
is required in this progress.

2) Power generation mode: In this mode, the BSG machine
converts the mechanical energy of the ICE into electricity and
charges the batteries.

3) Idle stop-start mode: Beneficial from this mode in HEVs,
about 10~15% fuel can be saved on the urban road when it is
compared to the traditional wvehicles. Furthermore, the
emissions can be greatly reduced under this operation mode,
especially when the car is waiting for the traffic light or in
traffic jams.

4) Regenerative braking mode: The vehicle will generate
the braking torque when the throttle is released, or the brake is
pressed. The BSG can absorb the kinetic energy and convert it
into electricity.

5) Auxiliary power mode: In this mode, the BSG provides
extra electrical power to add the output power. It always
operates at the quick start, climbing and acceleration driving
cycles.

B. Driving modes

According to the requirements of the five main operation
modes, the SRM/G needs to operate under the different



driving modes during the whole operation region in both
motor function and generator function. Based on the mature
control methods of SRM/G, such as current chopping control
(CCC) and angle position control (APC), the driving modes
can be divided as follows.

1) SRM under CCC method (SRM-CCC): It means the
SRM/G is operated as a motor, and the corresponding control
method is the CCC method. This mode is used during the
starting mode at the low speed. In this driving mode, the
output torque is the foremost requirement, thus it is selected as
the single optimization objective at SRM-CCC mode.

2) SRM under APC method (SRM-APC): In this driving
mode, the SRM operates under the APC method. Since the
motor mostly runs under the high speed, it can provide extra
power for the vehicle and save the fuel. To improve the ride
comfort and operation reliability in this driving mode, the
torque ripple is selected to be the optimization objective.

3) SRG under CCC method (SRG-CCC): In the regenerative
braking operation mode, the CCC method is utilized to realize
the energy conversion under the low speed of the SRG. The
efficiency of power generation usually needs to be paid more
attention in SRG-CCC driving mode.

4) SRG under APC method (SRG-APC): When the vehicle
is in normal operation, the SRG charges the batteries under the
APC method. It mostly works under the power generation
mode of BSG. High efficiency is the primary goal in this
mode.

Excited pole Auxiliary pole

Fig. 7. Parametric model of the SSRM.

TABLE Il
DESIGN VARIABLES OF THE SSRM

Par. Description Variation range
Dro Rotor outer diameter [75 mm, 85 mm]
P Excited stator pole arc [19°, 21.5°]
P2 Auxiliary stator pole arc [9°, 11°]

Br Rotor pole arc [24°, 30°]

Lsy Stator yoke length [5 mm, 9 mm]
her Height of segmented rotor [4 mm, 7 mm]

g Air gap [0.25 mm, 0.5 mm]

C. Optimization models and variables

According to the analysis above, to meet the requirements
of each driving mode, the multiobjective model of the
multimode optimization problem can be defined as

fm1 (X) = _Tmliavg
min : 1:m2 (X) Tmz_ripple (2)
fgl(x) =Ty
ng (x) = My
where fn1 and fmo are the functions of SRM-CCC and SRM-
APC driving modes, respectively, g and fy, are the functions
of SRG-CCC and SRG-APC driving modes, respectively,
Tm1 avg IS the average output torque, Tmz ripple IS the torque
ripple, and 541 and 74, are the power generation efficiencies of
SRG-CCC and SRG-APC driving modes, respectively. The
parametric model of the SSRM is shown in Fig. 7, and the
design variables and their corresponding variation ranges are
listed in Table II.
The torque ripple is defined as
T -T.
rippple — max-l-avg o (3)
where Tmax, Tmin, and Tayg are the maximum, minimum, and
average torques, respectively [29].
The efficiency of power generation can be calculated by
Tog - @—R

loss
-9 7 o 4
g T, ® )

avg
where  is the angle speed, and Pjoss is the average loss which
contains copper loss and core loss.

IV. IMPLEMENTATION AND RESULTS

The discussion of the optimization method is based on the
results of the finite element model (FEM). Thus, the first step
is to verify the reliability of the data achieved from FEM.
Second, local sensitivity analysis is carried out to select the
significant optimization parameters. Third, the proposed
multiobjective optimization process considering driving
modes in SRM/G is performed. Then, the results achieved
from the Kriging model are verified by the FEM results.
Finally, the comparison between the selected optimal solution
and the initial design is investigated, and the results are further
presented and discussed.

A. Verification of FEM

Fig. 8 shows the platform for the SSRM drive system. The
simulation model is established in Ansoft/Maxwell, and the
control methods of CCC and APC are implemented in the
external circuit connected to the model. The comparisons of
flux linkage and instantaneous torque between simulation and
measured results are shown in Figs. 9 and 10, respectively. It
is found that the estimated performance parameters achieved
from the FEM are well aligned with the experiment results.
Besides, the iron loss in FEM under the rated operation is
126.9 W while that achieved by experiment is 134.89 W. the
error of iron loss between is about 6.3%, and it can be
explained by the influence of mesh operations in FEM and the
assembly process. All the measured results can verify the
effectiveness of the simulation results, and further prove the



reliability of the FEM. Thus, the FEM samples prepared for
the optimization are reliable. More details, including HIL
platform verification, can be found in [25].

Fig. 8. The platform of the investigated SSRM drive system. (a) The 16/10
SSRM. (b) Torque and speed sensor. (c) Magnetic powder brake. (d) PC. ()
Oscilloscope. (f) dSPACE. (g) Power converter and driving circuit. (h) Power

supply.
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B. Sensitivity analysis

To select the significant variables in each driving mode, the
local sensitivity analysis, which can reflect the
influence/sensitivity of each parameter on the performances,
are performed [30]. Mathematically, the sensitivity of the ith
parameter x; at the point xo can be defined as

5, -
OX;

1 X=Xq

()

where S is the sensitivity, and f(x) is the objective function. In
this paper, f(x) refers to average torque in SRM-CCC, torque
ripple in SRM-APC, and efficiencies of power generation in
SRG-CCC and SRG-APC, respectively.

The sensitivity analysis is based on the FEA, and there is no
accurate analytical expression for the objective functions of
this SSRM. In this case, a differential form is taken to

calculate S;. It should be noted that the sensitivities of different
parameters calculated by (5) have different units, thus a
normalization step considering absolute value is carried out as

L 06 £ %) = £ (x)]/ £ (%))
A _| TAX; 1 X | ©)

The detailed analysis steps are presented as follows. First,
we apply £20% perturbations to each variable x;, and based
on (6), calculate the objective function corresponding to the
two samples, i.e., (1-20%)xi and (1+20%)xi. Second,
calculate the relative errors of these two samples by
comparing the objective function of these two samples to
that obtained from the initial example. Finally, the average
of absolute values of these two relative errors is taken as
the sensitivity value. As there are seven variables in this
example, for each driving mode, it requires 15 samples
including 14 (2x7) samples for these perturbations and one
initial sample. Totally, it requires 60 samples in the four
driving modes in this example.
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Fig. 11. Sensitivity analysis results of each variable in each driving mode. (a)
SRM-CCC. (b) SRM-APC. (c) SRG-CCC. (d) SRG-APC.

TABLE Il
SELECTION OF SENSITIVE VARIABLES

Driving modes Sensitive variables Representative speed

SRM-CCC Dm, ﬁ51, ﬁr n= 0-1nrated
SRM-APC Dro, Bs1, B2, Br N = Nrated
SRG-CCC Dro N = 0.1Nkateq
SRG-APC Dm N = Nrated

Fig. 11 shows the local sensitivity analysis results of each
design variables in each driving mode. In the SRM-CCC mode,
the optimization objective is the average torque, and Dro, fs1,
and p are selected as the optimization parameters, as shown in
Fig. 11(a). In the SRM-APC mode, four design variables, i.e.,
Dro, Bs1, Bs2, and By are selected as the optimization parameters
according to the torque ripple sensitivity results, as shown in
Fig. 11(b). Moreover, Dy, is the only significant parameter in



SRG-CCC mode and SRG-APC mode, as shown in Figs. 11(c)
and (d). The sensitive variables and representative speeds of
each driving mode are tabulated in Table I11.

C. Multimode optimization

After determination of the significant parameters in each
driving mode, the specific optimization models of the
proposed example related to the optimization parameters can
be defined as

fml(Dro' ﬂsl’ ﬂr) = _Tmliavg

f D 1 Ms1 Fs20 r =Tm ripple
min : mZ( ro ﬂl ﬂ 2 ﬂ ) 2_rippl ' (7)
fgl(Dro) = _7791

ng(Dro) = _’792

Select the sensitive variables in each mode
Method: local sensitivity analysis method

!

Establish the FEM examples
Method: design of experiment

l

Build the approximate model
Method: Kriging model

|

Find and achieve the optimal solutions
Method: NSGA-II

End

Fig. 12. Optimization process.

As shown, each driving mode has its own optimization
objective and optimization variables. The total optimization
framework of this investigated example is shown in Fig. 12.

For the SRM-CCC driving mode, it requires 252 (6x6x7,
where 6, 6 and 7 are the sampling numbers of variables Dy,
Ps1, and Br) FEM samples. For the SRM-APC driving mode, it
requires 1260 (6x6x5x7, where 6, 6, 5, and 7 are the sampling
numbers of variables Dyo, fs1, fs2, and ) FEM samples.
Besides, only 6 (where 6 is the sampling number of variable
Dry) FEM samples are required in SRG-CCC and SRG-APC
driving modes, respectively. To avoid the mutual influences
between the optimization variables, it is better optimizing all
the variables in one function. Thus, all the FEM samples of the
four driving modes are integrated and then sent to perform the
Kriging model.

Kriging model is superior in the modeling of local
nonlinearities since it includes both mean trend and variances
of the responses compared with others, such as response
surface model (RSM) and radial basis functions (RBF) [14,
22]. Given n sample points {x1, X2, ..., Xn} and their responses

{y(x1), y(X2), ..., y(Xn), for an input x, the response y(x) of the
Kriging model can be expressed as

y(x) =F(B.x)+2(x) ®)
where F(B,x) is the regression model and z(x) is a random
error term used for the modeling of local deviation. F(B,x) is
represented as

FB.X) =410+ +8,f,)=T(X)'B )

The coefficients Sk are regression parameters and f(x) is a
known approximation model. z(x) is usually assumed to be a
vector with mean of zero, covariance ¢°.

In the optimization program, there are four optimization
variables, i.e., Dr, Bs1, Bs2, and pr, and four optimization
objectives, i.e., Tmi_avg IN SRM-CCC mode, Tmz_ripple iIn SRM-
APC mode, 541 in SRG-CCC mode, and 74 in SRG-APC
mode. As fs is the non-significant parameter in the SRM-
CCC mode, thus in the list of samples after integration,
different values of s, with the same values of the significant
parameters will have the same results on Tmiag. Same
methods are utilized in the SRG-CCC and SRG-APC modes
when integrating the FEM samples.
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Fig. 13 depicts the Pareto optimal solutions. Fig. 13(a)
illustrates the relationship between Tmi avg, Tm2_ripple @nd #g,
and Fig. 13(b) illustrates the relationship between 7q1, 742, and
Tm1_avg. From Fig. 13, several conclusions can be drawn.

1) The average torque in SRM-CCC mode is contradictory
to the torque ripple in SRM-APC mode. Which means
achieving high torque in SRM-CCC will sacrifice torque
ripple performance in SRM-APC. The prime performances in



different driving modes are corrected with the change of
design variables.

2) The high efficiency of power generation is concentrated
in the middle torque region, as shown in Fig. 13(a). Thus, in
this area, a better balance between Tm1_avg, Tm2_ripple, #g1 and 7g2
can be achieved, i.e., middle values of Twmi avg and Tmz_ripple,
and high values of 741 and #g>.

3) It can be found in Fig. 13(b), although the control
methods in SRG-CCC and SRG-APC modes are different, #q:
is proportional to #g. However, the efficiency range of #g is
only 40~50% in the low speed under CCC, while the
efficiency of #q is higher than 88% in the high speed under
APC.

D. Verification of Kriging model

Approximate models act as an alternative for FEA and
MEC models, which ease the computational burden. In the
optimization process, the Kriging model is utilized to
approximate the model based on the simulation data of the
FEM samples. To ensure the accuracy of the multiobjective
optimization, it is necessary to verify the effectiveness of the
Kriging model. The quick way is to compare the results from
the approximate model with those from FEM. In this paper, all
the samples are included in this example, the root mean square
error of fma, fme, fg1, and fg are 0.1776 Nm, 0.0512 Nm, 0.24%
and 0.06%, respectively, which are corresponding to 0.71%,
0.06%, 0.51% and 0.07% of initial values, respectively. Thus,
the errors of the Kriging model are acceptable.

TABLE IV
SSRM PARAMETERS AND PERFORMANCE OF THE INITIAL AND
OPTIMAL DESIGNS

Par. Unit Initial Optimal
Dyo mm 82.00 77.80
Bs deg. 21.38 20.04
Pe deg. 10.69 9.40
Br deg. 26.64 27.19
Ly mm 7.00 7.00
her mm 5.50 5.50
g mm 0.25 0.25
N - 24 24
T _avg Nm 25.15 27.05
Trm2_ripple % 85.80 68.67
g1 % 46.94 48.40
g2 % 90.01 90.27
|—=— Initial —e— Optimall
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Fig. 14. Torque comparison between the initial design and the optimal

solution in SRM-APC mode.
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Fig. 15. Efficiency map of the optimal design.

E. Results comparison

In order to quantitatively illustrate the superiority of the
optimization results, an optimal solution is selected to meet
the requirements of high start torque, low torque ripple and
high efficiency of power generation. Detailed comparison of
the values between the initial design and the optimal solution
is listed in Table IV. It can be seen that the selected optimal
solution improves the performances of the foremost objective
in all the driving modes. Fig. 14 illustrates the torque
compassion between the initial and the optimal designs in
SRM-APC mode. It can be found that the initial design and
the optimal solution exhibit close average torque. However,
the SSRM with the optimal solution exhibits smaller torque
ripple than the SSRM with the initial design. Fig. 15 shows the
efficiency map of the optimal solution functioned as the motor.
The high-efficiency area of the optimal solution ranges
approximately from 4000 to 14000 r/min. Besides, the
efficiency at the rated running point is more than 85%, which
satisfies the specification listed in Table I.

V. CONCLUSION

In this paper, a new comprehensive multiobjective
optimization method considering different driving modes of
SRM/G was presented. The presented method provided an
efficient design and optimization solution for the electrical
machine functioned as motor and generator in some specific
applications like HEVs. An example of an SSRM applied in
BSG system was investigated to verify the feasibility of the
proposed method. In the implementation, four driving modes,
i.e., SRM-CCC, SRM-APC, SRG-CCC, and SRG-APC, in
SRM/G were determined according to the operation modes of
BSG. The significant design variables were selected for each
driving mode by the sensitivity analysis, and the results of
FEM samples in each driving mode were integrated for the
optimization. An optimal solution was selected for the
requirements of high starting torque, low torque ripple and
high efficiency of power generation. The comparison between
the initial and the selected solution shows that the proposed



method can provide an optimal solution to meet the
requirements of different driving modes in SRM/G.
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