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Sensitivity Analysis and Optimal Design of a
Dual Mechanical Port Bidirectional Flux-
modulated Machine

Yunchong Wang, Shuangxia Niu and Weinong Fu

Abstract—This paper presents an optimal design [1-4]. The DMP-PM machine proves to be a potential option

methodology of a dual-mechanical-port bidirectional flux-
modulated machine for electric continuously variable
transmission (E-CVT) in hybrid electrical vehicles (HEV).
The machine utilizes bidirectional flux modulation effect to
combine two rotors and one stator together, aiming to
realize electrical and mechanical power flexible split and
combination. Due to the complexity of the machine
structure, conventional optimization methods using
analytical model are inapplicable. Therefore, an effective
and practical method which combines the genetic
algorithm and finite element method (GA-FEM) is
proposed to optimize the design of the machine in this
paper. Since the computational cost increases
exponentially with the increasing of number of design
parameters, to reduce the computational cost in the
optimization process, the design parameters are divided
into two levels basing on a sensitivity analysis. And then
the sensitive parameters are optimized using the GA-FEM
coupled method. Finally, a prototype is fabricated to verify
the effectiveness of the optimal design.

Index Terms—E-CVT, dual mechanical port, finite
element method, flux modulation, HEV, optimal design.

[. INTRODUCTION

OWADAYS, planetary gear unit is widely used in
Ncommercial successful hybrid electric vehicles (HEVs),
such as Toyota Prius series and Cadillac CT6. The planetary
gearbox is a core component of the electronic continuously
variable transmission (E-CVT) system in HEVs, which can
split and combine the mechanical power from the internal
combustion engine (ICE) and the electrical power from
battery to drive the wheels efficiently. In Toyota Prius, the
ICE couples with the carrier or planetary gear, the sun gear is
connected with Motor/Generator I and the ring gear couples
with both Motor/Generator II and the final drive. Recently, to
reduce maintenance costs and improve the fuel economy, the
dual-mechanical-port permanent-magnet (DMP-PM) machine
and its application in HEVs have attracted increasing attention
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to substitute the planetary gear unit in E-CVT system. The
novel E-CVT system with a DMP-PM machine is more
compact, M/G I and M/G II are integrated into one compound
machine frame and the planetary gearbox is not required.
Compared with the conventional gear box based E-CVT
system, the E-CVT system with DMP-PM machine has many
advantages, such as high reliability, low mechanical vibration
and low audible noise.
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Fig. 1. Basic configuration of the E-CVT systems for HEVs. (a)
Planetary gear based E-CVT system. (b) Proposed dual-mechanical-
port E-CVT system.

In [3], a PM synchronous dual-rotor machine was presented.
In the machine, a PM rotor with 6 poles is sandwiched by a
stator and an inner wound rotor. The multi-operational mode
of the machine was investigated. Due to the inner wound rotor
structure, the brushes and slip rings have to be used in the
machine, which brings additional electromagnetic interference
and increases the unreliability of the E-CVT system. In [5], a
brushless double mechanical port flux-switching PM motor
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was designed for HEV application. By placing the stator in the
middle of two rotors, this machine eliminates the brushes and
slip rings. However, this structure decouples the two rotors
and the planetary gearbox is still needed to split and combine
the power of the ICE and battery.

To eliminate the brushes, slip rings and the planetary
gearbox, a novel structure of DMP-PM machine with flux
modulation effect is presented in this paper. The flux
modulation effect which is also named as Vernier effect was
firstly applied for magnetic gears (MGs) [6]. In the MGs PMs
are surface mounted or inset in the inner rotor and the outer
rotor, and steel pieces are sandwiched between two rotors to
modulate the flux and realize the torque/speed contactless
transmission. Extending the concept of MGs to electric
machines, a variety of flux modulation machines has been
invented [7-14]. In [15] and [16], the flux modulation dual-
rotor machine has been investigated. This novel structure
integrates two rotors within one machine. The outer rotor with
the modulation segments is a PM rotor. Without the wound
rotor, this machine can realize the brushless and gearless
operation for the HEV application. However, an additional
regulating PM machine is still needed to decouple the ICE
torque and the wheel torque [16]. To simplify the driven
system, a doubly-fed bidirectional-flux-modulation (DF-BFM)
machine was presented in [17]. Mounting two sets of windings
into one stator, the structure of the DF-BFM is more compact.
Due to the relatively complex structure of the DF-BFM, the
conventional optimal design which uses the analytical model
of the machine is not applicable. Therefore, the multi-level
optimization method based on the sensitivity analysis [18-21]
is an appropriate option for the design of the DF-BFM. In [5],
the multilevel optimization method was used to design a
double-mechanical-port flux-switching PM machine. In [22], a
V-shaped PM machine was designed with the multi-level
method. The parameters are divided into two types, which are
significant parameters and non-significant parameters. The
response surface method is utilized to determine the optimal
values of the significant parameters, and the non-significant
parameters are optimized individually.

In this paper the DF-BFM machine is designed to meet the
requirements of the HEVs application. The exploded view of
the proposed DF-BFM machine is given in Fig. 1 (b). Both the
inner rotor and the outer rotor consist of PMs and modulation
steels. Two sets of distributed three-phase windings are
housed on the stator. The primary winding and two rotors
constitute a flux modulation machine, which accounts for the
speed and torque distribution between the two rotors. In the
HEVs application, the inner rotor is connected with the ICE
and the outer rotor is connected with the wheels. Using the
flux modulation effect, the primary winding splits and
combines the power of the two rotors to ensure the optimal
operation of the internal combustion engine (ICE) regardless
of the speed variations of the vehicle. The secondary winding
and the outer rotor constitute a PM machine, which functions
to enhance output torque during acceleration and driving up-
hill. Using multi-level optimization method, the DF-FBM
machine is optimized. For the significant parameters, the

optimization is realized by using an effective method which
combines the finite element method (FEM) and genetic
algorithm (GA). GA is a simulated evolutionary optimization
method which imitates the natural selection and genetics [23-
26]. The non-significant parameters are optimized individually
using FEM. The multi-level optimization methodology can
effectively reduce the variable numbers of the GA and
dramatically decrease the computing time consumption.
Finally, a prototype of DF-BFM 1is fabricated. The
effectiveness and correctness are verified by the experimental
results.

[I. MOTOR STRUCTURE AND WORKING PRINCIPLE

A. Motor Structure
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Fig. 2. Basic configuration of the proposed DF-BFM system. (a)

Schematic of the DF-BFM. (b) Decomposition of the proposed DR-
FBM machine.



Fig. 2 shows the basic configuration of the DF-BFM
machine. Two rotors, namely inner rotor and outer rotor, are
composed of PM poles and flux modulation segments. Two
sets of windings are housed in the outer stator. The primary
winding couples with both rotors using the flux-bidirectional-
modulation effect. The secondary winding couples with the
outer rotor, comprising a conventional PM machine. Basing
on the flux modulation effect, the DF-BFM machine can be
regarded as a combination of three machines. Machine I is the
combination of two flux modulation machines. The field
excited by the inner rotor PMs is modulated by the salient
poles of the outer rotor and couples with the primary winding
and the field excited by the outer rotor PMs is modulated by
the salient poles of the inner rotor. The actual field of the
primary winding is the sum of the field of Machine I(a) and
Machine I(b). Machine II is a conventional PM machine
which is comprised of the outer rotor and the secondary
winding. Both Machine I(a) and Machine I(b) utilize the flux
modulation effect and consist of a bidirectional modulation
machine. Using this bidirectional modulation machine, the
gearless and brushless structure of DF-BFM machine is
constructed.

B. Working Principle

The basic principle of flux modulation effect is illustrated in
[27, 28]. Basing on the flux modulation principle, the general
back-EMF of the primary winding is:

e(t)zea (t)+eb (t) M
= (E, + Ey)sin| (N0, - N,w, )t ]

where e, and e, are the back-EMF of the Machine I(a) and
Machine I(b). E, and E, are the amplitude of the e, and e,
respectively. N; and N, are the pole-pair numbers of the inner
rotor and the outer rotor. @; and @, are the mechanical speed
of the inner rotor and outer rotor, respectively. It is obvious
that the frequency of the primary winding is determined by the
rotating speed of both rotors and can be written as:

w, =N,0;—N,0,
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where @, is the electrical angular frequency of the primary
winding.. The torque relationship between the stator and the
rotors follow the gear ratio of the planetary gear [16]:

T,:T,:T,=N,:(=N,):N, 3)

p " Top i
where 7, is the electromagnetic torque due to the primary
winding; T,, is the torque on the outer rotor produced by the
major winding and 7; is the torque on the inner rotor.

Machine II is a conventional PM machine. The frequency of
the secondary winding is determined by the rotating speed of

the outer rotor and the electromagnetic torque of the secondary
winding equals to the mechanical torque of the outer rotor :
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The DF-BFM is a combination of Machine I(a), Machine
I(b) and Machine II. The outer rotor couples with both primary
winding and secondary winding. Therefore, the actual torque
of the outer rotor is:

T, =T,,+T,

)

C. Basic Specification and Initial Design

Fig. 3. Parameter model of the proposed DF-BFM machine.

The DF-BFM machine is aimed on the application in the
driving system of the HEVs. To meet the requirements of the
HEV application, the rated speed of the inner rotor which is
connected with the ICE is designed as 2000 rpm to realize the
optimal operation of the ICE. The rated speed of the outer
rotor which is connected with the wheels is designed as 1000
rpm. Furthermore, to valid the design and optimization
method, a 7.5kW prototype of the DF-BFM is manufactured.
The specifications and initial design parameters of the
prototype are listed in Table I and the geometric parameters of
the DF-BFM are shown in Fig. 3. To ensure the feasibility of
the fabrication, the geometric parameters need to satisfy some
limitations. The air-gap length should be larger than 0.5 mm,
the thickness of the stator yoke should be larger than 10 mm
and the thickness of the outer rotor should also be larger than
10 mm. The geometric parameters shown in Fig. 3 are the
parameters which will be optimized during the design
processing. The initial values of these parameters are chosen
according to the conventional motor design experience which
may not fit for the DF-BFM machine design. Therefore, a
further optimization of the DF-BFM machine is carried out
before the fabrication of the prototype.



TABLE |
INITIAL DESIGN PARAMETERS OF THE PROTOTYPE

Item Value
Rated power (kW) 7.5
Rated speed of inner rotor (rpm) 2000
Rated speed of outer rotor (rpm) 1000
Pole-pair number of the inner rotor 11
Pole-pair number of the outer rotor 13
Pole-pair number of primary winding 2
Pole-pair number of secondary winding 13
Number of stator slots 24
Phase number 3
Turns of primary winding per phase 200
Turns of secondary winding per phase 240
Rated current of primary winding (A) 12
Rated current of secondary winding (A) 8
Axial length (mm) 65
Stator outer diameter (mm) 240
Stator inner diameter (mm) 150
Air-gap length (mm) 1
Inner rotor PM thickness 7,,,; (mm) 6
Outer rotor PM thickness /,,,, (mm) 6
Inner rotor PM width p,,,; () 14
Outer rotor PM width 7., (°) 12
Slot opening width A4, (mm) 2.5
Slot opening height /; (mm) 1 mm
Slot wedge height 4,, (mm) 2 mm
Tooth width 4, (mm) 8
Stator yoke thickness (mm) 15 mm
Magnetic remanence (T) 1.2

IIl.  MACHINE DESIGN AND OPTIMIZATION

Due to the complexity of the DF-BFM machine, the
conventional optimization using analytical method is
inaccurate and difficult to realize the optimization of DF-
BFM. The GA method combined with FEM (GA-FEM) is
proposed in this paper. The merit of this methodology is that it
can optimize the machine with enough accuracy. However, the
computing time of this methodology increases dramatically
with the increasing of the optimizing parameters. As
mentioned before, the DF-BFM machine can be divided into
two machines, Machine I, Machine II. These two machines
share the same outer rotor and the stator. Therefore, it is
unreasonable to optimize these two machines separately.
However, it takes too much time to optimize all the parameters
using the GA-FEM methodology. To reduce the computing
time consumption, the geometric parameters are classified as
two levels based on the sensitivity analysis. For the
optimization sensitive parameters, the GA-FEM method is
employed. Then, the non-sensitive parameters are optimized
individually. The flow chart of the optimization is shown in
Fig. 4.

A. Optimization Model

The DF-BFM machine is applied for the E-CVT system of
HEVs. Basing on the requirements of the E-CVT system, the
objective function of the optimization is selected. The
objective function can be written as:

O(Xi)zmax{wﬂ}max (xi)+W2THmax(xi)} (6)

where T, the maximum torque of Machine I, is a key
performance factor for the DF-BFM machine and determines
the power transmission capability of the DF-BFM machine
between the ICE and the wheels. 7}, is the maximum torque
of the Machine II and represents the start-up and acceleration
capability of the system. w; and w; are the weight coefficients.
The weight coefficients show the importance level of each
performance index. Considering the application of the DF-
BFM machine, the power transmission capability is more
important, the value of w; is set as 0.7 and w; is 0.3. x; is the
vector of the optimization parameters and can be written as:

T
Xi :[x1 Xy X3 X4 X5 Xg X7 Xg Xg Xjp xu]
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Fig. 4. The flowchart of the optimization.

To guarantee the reliability of the mechanical structure and
avoid the conflict of the geometric size, the boundaries of the
parameters are listed as:



2mm < h,,,,,; < 20mm
10mm < hy,,,,, < 20mm
10mm < h,, < 30mm
Imm < hyp < Smm
Imm < hgy < Smm
3mm< Ay < 15mm ®)
2mm < A, < Smm
57 <Y i £20°
5% <Y pmo < 20°

0.6mm< g, <3mm

0.6mm< g; <3mm

B. Sensitivity Analysis

To reduce the computation cost required for the GA-FEM
optimization, the parameters are divided into two classes
based on the sensitivity analysis, namely the sensitive
parameters and non-sensitive parameters. The sensitivity
reveals the correlation ship between the parameter and the
objective.  Regardless the interaction effects among the
parameters, the sensitivity of a parameter shows its effect on
value of the objective function. The selection of the initial
design of the DF-BFM machine is important for the accuracy
of the sensitivity analysis.
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TABLE Il
SENSITIVITY INDICES OF So
Design Parameter Sensitivity So(%)
Rypmi 17.05
Ppmo 30.39
hy 5.19
Dy 1.45
hg> 0.96
A 18.78
As 3.59
Yomi 18.11
Yomo 25.15
2 28.55

8i 7.29

TABLE llI
PARAMETER CLASSIFICATION BASING ON THE SENSITIVITY

Level Design parameters
hy, b, by
Non-sensitive parameters A5, &i
L Romi s Bpmos A
Sensitive parameters it > Ppmos Zth
Yomi > Yomo 5 o

In order to measure the sensitivity of the parameters, the
sensitivity index can be expressed as:
A%
X,
Co)
Ax

xjo

X=X

where x; is the parameter which is measured, x, is the initial
design of the DF-BFM machine. Basing on the motor design
experience and FEM analysis results, the initial design of the
DF-BFM machine is selected as shown in Table 1.

From (6) , the objective function of the optimization of the
DF-BFM machine is composed of two components, 7},,,, and
Timax- The comprehensive sensitivity Sy can be defined as:

W, |ST,,M, (xi)

So =w |ST,,W (%)

(10)

The sensitivities of the 7}, and Ty, to the 11 parameters are
calculated by (9) and are shown in Fig. 5 and the
comprehensive sensitivity Sy to the 11 design parameters are
listed in Table II.

Basing on the sensitivities, the design parameters are
divided into two levels:

Non-Sensitive Parameters : S < 10%

11
Sp = 10% (an

Sensitive  Parameters :

As shown in Table 111, the sensitive parameters include 7, ,
Rpmos A Ypmi s Yomo » o- The sensitivities of these parameters
are obviously larger than those of other parameters which
means these parameters own much higher effects on the value
of the objective function than the non-sensitive parameters. In
the optimization of sensitive parameters, the GA-FEM method
is employed. The computational cost of the GA-FEM
optimization is reduced dramatically by decreasing the
parameter number from 11 to 6.

C. Optimization of the Sensitive Parameters

The GA-FEM method is a combination of the GA and FEM,
the flow chart of this method is shown in Fig. 6. GA is a
search method which simulates the nature’s biological
evolution. Using selection, crossover and mutation, GA starts
at an initial population and moves from one population to
another population.
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Fig. 6. The flowchart of the GA-FEM methodology.

The population is an assembly of elements which are
calculated by a numerical experiment using FEM analysis.
The number of elements in each population is named as
population size. As a trade-off between accuracy and
computational cost, the population size is set as 40. The initial
population is generated randomly at the beginning of the
algorithm. Each element owns a fitness value which is
calculated using FEM and the fitness function is the same as
the objective function shown in (10). The fitness value is used
to judge the ending of the GA. The end condition is written as:

|F; - Fi_s]

5 (12)

<¢ (i < generation size)

where F; and F ;s are the best fitness value of the /™ generation
and (1‘-5)th generation. (F; - F;5)/5 is the average value of the
fitness error of the last five generation. The fitness value also
determines the survival rate of an element. The survival rate of
an element is in proportion to its fitness value in the selection
function. During the selection function, a new population is
generated according to the fitness value of the elements of last
population. In the selection process, the best element with
highest fitness value survives and the worst element is
eliminated. It guides the population evolve towards better
solutions. After the generation of a new population, crossover
and mutation operate on the new populations. The reproduced
offspring solutions are created by these operators to realize the
evolution process of the algorithm. Fig. 7 shows the search
result of GA optimization. It is obvious that the objective
value raises rapidly at the beginning of the algorithm and
converge to an optimization point after 24 generations. The
optimization results of the sensitivity parameters are listed in
Table IV.
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Fig. 7. The search result of the GA optimization.

TABLE IV
OPTIMIZATION RESULT OF THE SENSITIVE PARAMETERS

Design Parameter Optimal Value
R 7.68mm
hpmo 10.59mm
A 7.52mm
Yomi 16.37°
Yomo 13.84
2 0.6mm

D. Optimization of the Non-sensitive Parameters

57

56
= \‘N
é_ 55 —
2 54
© 53
52
10 12 14 16 18 20 22 24 26 28 3.0
hy; (mm)
57
56
S e
255
254
S 53
52
10 12 14 16 18 20 22 24 26 28 3.0
Iz (mm)
57
56 p— —“\
T e
2
<
3
254
S 53
52
0.6 0.7 0.8 0.9 1.0 1.1
gi(mm)
57
56 N\
-~
B 55
< 54
=
=
S 53
52
10 1 12 13 14 15
hy, (mmy
56 N
—
§ 55 \‘,\
§ 54 =N
S 53 ~
52

20 22 24 26 28 30 32 34 36 38 4.0
As (mmy)

Fig. 8. The comprehensive Objective O(xi) as the functions of the non-
sensitive parameters.



TABLE V
OPTIMIZATION RESULT OF THE NON-SENSITIVE PARAMETERS

Design Parameter Optimal Value
hx1 1.5mm
hys 2.1lmm
h, 11mm
&i 0.6mm
Ay 2.4mm

Due to the small sensitivities, the interaction effects of the
non-sensitive parameters are neglected and the non-sensitive
parameters are optimized individually. Fig. 8 shows the
objective Sy as the function of the non-sensitive parameters.
As the aforementioned analysis, the effects of these non-
sensitive parameters on the objective function value are non-
significant. The optimization results are listed in the Table V.

IV. PROTOTYPE ANALYSIS AND EXPERIMENTAL RESULTS

A. FEM Simulation

Basing on the optimization result, the electromagnetic
performance of the prototype is simulated using FEM analysis.
The no-load flux-line distribution of the optimal DF-BFM is
shown in Fig. 9. The two pole-pair magnetic field of the stator
which is excited by the two rotors with the modulation effect
is conspicuous. This field coupled with the primary winding
with two pole pairs is utilized to realize the power split and
combination of the inner rotor connected with the ICE. The
no-load back-EMFs of the two windings are shown in Fig. 10.
The simulation condition is that the inner rotor rotates at rated
speed, 2000 rpm and the outer rotor rotates at 1000 rpm. The
DF-BFM machine employs the modulation effects which use
the field harmonics to transfer power. Comparing with the
conventional PM synchronous machines, the total harmonic
distortion (THD) of the DF-BFM is a little larger. The total
THD of the primary winding is 2.17% and the secondary
winding THD is 2.43%.

Fig. 9. The no-load flux-line distribution of the optimal DF-BFM.

300
Phase A
200 - Phase B
Phase C
100 :
S 9
2 o,
iV
3
m-100
-200
-300 i : ! : :
0 60 120 180 240 300 360
Position of the modulation field (elec. deg.)
(@)
200
100 -

Back-EMF (V
i

0 60 120 180 240 300 360
Outer Rotor position (elec. deg)

(b)
Fig. 10. Simulation of the no-load back-EMF. (a) The primary winding.
(b) The secondary winding.

B. Experimental Validation

To verify the validity of the DF-BFM machine and the
simulation results, a prototype of the DF-BFM machine is
manufactured, as shown in Fig. 11. The parameters of the
prototype are designed according to the optimization results.
To verify the performance of the prototype, a test bench is
built using two sets of servo systems which are connected with
two rotors respectively. The servo system connected with the
inner rotor simulates the function of the ICE of the HEVs and
the other servo system coupled with the outer rotor is used to
simulate the load condition of the wheels. Fig. 12 shows the
no-load back-EMF waveforms under rated rotor speeds. The
experimental results are in agreement with the simulation
results shown in Fig. 10. Due to the axial flux leakage which
is not considered in the 2D-FEM simulation, the amplitude of
the experimental waveform of the primary no-load back-EMF
is 8% percent smaller than the simulation results. In case of
secondary winding, the axial flux leakage is much smaller.
The secondary winding only couples with the outer rotor.
Hence, the flux leakage of the secondary winding is largely
caused by the end region.
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The steady-state torque and current waveform are shown in
the Fig. 13. The primary winding current is 2 A and the
secondary winding current is 5 A. The inner rotor torque is 7.3
Nm and the outer rotor torque is 18.4 Nm. Both windings are
fed from 3-phase inverters using a common DC bus. Fig. 14
shows dynamic performance of the DF-BFM machine. At 1.6s,
the primary winding current steps to 2A. Consequently, the
inner rotor torque steps to 7.3Nm and the outer rotor torque
steps to 8.6Nm. At 3.5s, the secondary winding current steps
to 2.5A. Due to the decoupling between the inner rotor and the
secondary winding, the inner rotor torque is unaffected by the



secondary winding and the outer rotor torque steps to 14.2Nm.
Fig. 15 shows the torque of two rotors with different primary
winding current. It can be seen that the experimental results
agree well with the FEM simulation results and the torque
distribution between the two rotors is in agreement with the
theoretical analysis. The small discrepancy between the
experimental result and simulation result is caused by the end
effect and the mechanical loss of the prototype.

The rotor field-orientation control (FOC) strategy is applied
on both windings. The control strategy is not the focus of this
paper and will be discussed in detail in the further paper.

TABLE VI
LOss AND EFFICIENCY AT DIFFERENT PRIMARY WINDING FREQUENCY

Primary winding Core Copper No-load  Output power of Efficiency

frequency loss loss loss outer rotor %)
(Hz) W W W) &W)

0 10.13  83.81 18.24 1.89 94.4

50 4276  83.56 19.17 2.41 94.2

100 104.65 83.54 19.89 293 93.3

150 208.51 83.49 20.91 3.45 91.7

200 381.42 83.76 22.63 3.97 89.1

TABLE VI

LOSS AND EFFICIENCY AT DIFFERENT SECONDARY WINDING FREQUENCY

Secondary winding Core Copper Mechanical Output power of

f Efficiency
requency loss  loss loss outer rotor (%)
(Hz) W W) W) (kW)
50 5.14 30.48 8.92 0.24 84.5
100 10.42 30.57 9.36 0.47 90.2
150 19.63 30.16 9.98 0.70 91.9
200 37.12 30.33 10.92 0.94 92.1
250 70.83 30.55 11.88 1.18 92.3

Due to the decoupling of the Machine I and Machine 11, the
losses of Machine I and Machine II can be considered
individually. For the Machine I, the frequency of the primary
winding is determined by the speed difference of the two
rotors and the core loss increased dramatically as the primary
winding frequency. Table VI lists the loss and efficiency of
Machine I with different primary winding frequency. The
current of the primary winding is SA and the inner rotor speed
is fixed at 1000rpm. For the Machine II, it is a conventional
PM machine, the loss and efficiency are listed in Table VII.
During the test, the secondary winding current is 5A and the
inner rotor is stationary.

V. CONCLUSION

In this paper, an optimal design method for a dual
mechanical port machine with flux modulation effect is
presented. The working principle of the DF-BFM machine is
illuminated firstly. Due to the complexity structure of the
machine, conventional optimization method with analytical
model is inapplicable for the DF-BFM machine. Therefore,
GA-FEM optimization methodology is proposed. To reduce
computational cost, the design parameters are divided into two
levels basing on the sensitivity analysis results. The sensitivity
analysis reveals the relationship between the parameters and
the objective function. In the optimization design of the
sensitive parameters, GA-FEM method is employed. And then
the electromagnetic performance of the prototype is analyzed.

Finally, a prototype machine is fabricated. The experimental
results verify the validity of the machine operation principle
and optimal design method. The GA-FEM methodology with
sensitivity analysis is proved to be an effective and practical
optimization method for design of novel machines with
complex structures.
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