Progress In Electromagnetics Research C, Vol. 155, 225-234, 2025

PIER C

(Received 3 March 2025, Accepted 11 May 2025, Scheduled 18 May 2025)

Design and Optimization of Fault Tolerant Dual-Permanent
Magnet Excited Vernier Rim Driven Machine

Haibo Liao, Jingwei Zhu*, Yaqian Cai, Shukuan Zhang, and Kun Zang

Marine Electrical Engineering College, Dalian Maritime University, Dalian 116026, China

ABSTRACT: In order to improve the power density and torque density of the fault tolerant permanent magnet vernier rim driven machine,
a new type of fault tolerant dual-permanent magnet excited vernier rim driven machine is proposed. Permanent magnets are placed on
the stator and rotor of the machine, and more working harmonics are modulated by the dual-modulation effect of the air gap permeability
by the teeth of the stator and rotor, thus improving the output performance of the machine. Aiming at the problem of more optimization
parameters, a new optimization design method combining multi-objective genetic algorithm with single parameter scanning algorithm is
proposed to optimize the design of machine. Compared with the traditional fault tolerant permanent magnet vernier rim driven machine,

it is shown that the machine has better output performance.

1. INTRODUCTION

agnetic field modulated permanent magnet machine is a

hot research direction in recent years. This kind of ma-
chines can produce more effective harmonics at the expense
of fundamental waves through magnetic field modulation and
make multiple harmonics participate in electromagnetic energy
conversion together. Thus, the torque output capacity of the
machine can be improved [1].

Permanent Magnet Vernier Machine (PMVM) is widely used
in various fields because of its low speed and high torque [2-5].
A design method of permanent magnet Vernier motor with low
pole ratio is proposed in [6], which can realize high average
torque and high-power factor at the same time. On this basis,
the relationship among slot pole combination, modulation ratio,
magnetic field modulation harmonic, and harmonic torque con-
tribution is studied in [7], and a design method of multi-degree
of freedom modulator is proposed. Two prototypes are manu-
factured to verify the feasibility of the design method. In order
to improve the output performance of PMVM, a new Split Pole
Permanent Magnet Vernier Machine (SP-PMVM) is proposed
in [8]. The SP-PMVM with Halbach Permanent Magnet (PM)
arrangement in the stator slot opening and consequent pole ro-
tor is arranged which greatly improves the utilization rate of
PM.

In [9], a PMVM using high-temperature superconducting
materials is proposed to improve the electromagnetic perfor-
mance of PMVMs at high polarity ratios. In [10], a variable flux
PMVM with hybrid excitation was proposed, which improved
the shortcomings of PMVM’s poor speed regulation ability, and
the multi-tooth splitter structure was used to effectively reduce
the cogging torque of the machine.

The rim thruster is a new type of electric propulsion device
which integrates machine body, propeller blade, and conduit.
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Due to the elimination of transmission shafting, mechanical
seal, and machine cooling system, the power density and ef-
ficiency of ship propulsion system are significantly improved,
and the operating noise is reduced [11]. For example, British
Rolls-Royce [12], Norway Brunvoll, and other companies have
realized the production of high-power rim thrusters.

At present, the integrated machines in the rim thruster are
mainly brushless DC machine and PMSM. Brushless DC ma-
chine has the disadvantage of large output torque ripple. Al-
though PMSM overcomes the disadvantage of large torque rip-
ple, the power density is not high, and the production cost and
underwater maintenance of equipment also restrict the further
development of the rim thruster [13]. Therefore, Fault Tolerant
Permanent Magnet Vernier Machine (FTPMVM) is applied to
the rim thruster device in [14] to improve the ship propulsion ef-
ficiency and reliability. However, the problems of PMVM such
as magnetic flux leakage between poles and large amount of PM
also limit the application of FTPMVM in rim thruster [15-21].

In order to improve the output performance of Fault Tolerant
Permanent Magnet Vernier Rim Driven Machine (FTPMV-
RDM), this paper proposes a structure of Fault Tolerant
Dual-Permanent Magnet Excited Vernier Rim Driven Machine
(FTDPMEV-RDM). On the basis of the rotor excitation
structure of FTPMV-RDM, FTDPMEV-RDM introduces a
stator excitation structure and uses alternating poles and a
magnetic concentrating structure at the same time, which not
only reduces the amount of PM but also improves the output
performance of the machine.

2. MACHINE TOPOLOGY AND THEORETICAL ANAL-
YSIS

2.1. Machine Topology

The FTDPMEV-RDM structure, as shown in Fig. 1, is com-
posed of a stator and a rotor, and the propeller is welded di-
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FIGURE 1. Topological structure of machine and magnetization direction of PM. (a) Topological structure of machine. (b) Magnetization direction

of PM.

rectly to the inner surface of the rotor with non-conductive ma-
terials. The stator part is alternately arranged by armature teeth
and isolation tooth and is unevenly distributed. Two modula-
tion poles are opened at the end of the armature teeth to form
an isolation slot. Each isolation tooth is seen as a modulation
pole, and all the modulation poles modulate the air gap mag-
netic field together. The stator permanent magnet is arranged
at the isolation slot, and the two sides of the permanent mag-
net are slotted to form an auxiliary slot. The alternating pole
structure is adopted in the rotor part. In order to improve the
output torque of the machine, Halbach array is introduced, and
each of the three PMs is a group. The middle PM is magnetized
in radial direction, and the PM on both sides are magnetized in
tangential direction.

The stator of FTDPMEV-RDM adopts six-phase single-layer
centralized winding. There is only one set of winding in each
slot, and the winding is only wound on the armature teeth. This
winding form can realize the physical isolation between the
phase windings and avoid the inter-phase short-circuit fault. At
the same time, each phase is driven by a separate H-bridge in-
verter circuit to achieve electrical isolation. Moreover, the exis-
tence of isolation tooth reduces the mutual inductance between
windings and improves the fault tolerance of FTDPMEV-RDM.

The working principle of FTDPMEV-RDM is based on the
modulation effect of bidirectional magnetic field. In order to
generate a stable torque, the following relationships need to be
met:

P, = |iPup £ jN,| = [iPsn + jN, |

i=1,3,5..; j=0,1,2.. (1)

where P, is the equivalent pole pair number of armature wind-
ing, P,,, the pole pair number of rotor PMs, P;,, the pole pair
number of stator PMs, N, the number of stator magnetic con-
ductance periods, and NV,- the number of rotor magnetic con-
ductance cycles.

2.2. Theoretical Analysis

FTDPMEV-RDM is a magnetic field modulated permanent
magnet machine. The PM on the stator and rotor will gener-
ate PM magnetic field in the air gap and be modulated by the
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corresponding rotor and the modulation teeth on the stator. The
modulation will produce abundant harmonics in the air gap, in
which the effective working harmonics interact with the mag-
netic field harmonics generated by the armature windings to
produce stable torque.

To simplify the analysis, FTDPMEV-RDM can be regarded
as two independent parts. The first part is composed of stator
PM, rotor tooth, and armature winding, which is excited only by
stator PM, as shown in Fig. 2(a); the second part is composed of
rotor PM, stator tooth, and armature winding, which is excited
only by rotor PM, as shown in Fig. 2(b).

ias

@l Vo

FIGURE 2. FTDPMEV-RDM structure under different excitation con-
ditions, (a) stator PM excitation only, (b) rotor PM excitation only.

When the FTDPMEV-RDM is excited only by the stator PM,
the magnetomotive force (MMF) generated by the stator PM in
the air gap is:

F0)= Y Fucos(nPunb) )

n=1,3,5...

where F,, is the Fourier coefficient of the stator MMF, and n
is the number of harmonics.

Because the salient pole rotor structure is adopted in
FTDPMEV-RDM, the air gap magnetic conductance distri-
bution in the circumferential direction is uneven. It can be
simplified to the rotor magnetic conductance model shown in
Fig. 3. Then the Fourier expression of the air gap magnetic
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FIGURE 3. Rotor magnetic conductance model.

conductance of the rotor slot is:

=M+ Y ApmcosimN, (0 — w,t — 65)] (3)

m=1,2,3...

A, (0,1)

where Ag is the DC component of rotor conductance, A,.,,, the
Fourier coefficient of rotor conductance, m the number of har-
monics, w, the radial rotation speed of rotor, and 6 the initial
position of rotor.

Therefore, the air gap flux density produced by the stator PM
is:

B, (0,t) = F,(0)A, Z FonAg cos (nPypy6)
n=1,3,5..
1 o0 o0
+§ Z Z Fopn A cosp
n=1,3,5... m=1,2,3...
1 o0 o0
+5 > ) FuArmcosy @
n=1,3,5... m=1,2,3...
where:

i = (nPsyn +mN,.) 0 — mN, (w-t + 6p)
(nPsy — mN,.) 0 + mN, (wrt + 6p)

vV =

In order to simplify the analysis, the alternating pole of the
magnetic concentration structure is regarded as the conven-
tional alternating pole structure. When the FTDPMEV-RDM
is excited only by the rotor PM, the MMF generated by the PM
in the air gap is:

F.(6,t) = Z Frpncos [nPrp, (0 — wt — ¢)]

n=1,3,5..

)

where F.,, is the Fourier coefficient of the rotor MMF, and ¢ is
the initial angle of the stator.

Considering the uneven distribution of the stator armature
teeth and isolation teeth on the circumference, the stator mag-
netic conductance model is shown in Fig. 4. Then, the expres-
sion of stator conductance is:

=AM+ D Auncos(mN.0) (6)

m=1,2,3...

A ()
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FIGURE 4. Stator magnetic conductance model.

where A; is the DC component of the stator conductance, and
Ay, s the Fourier coefficient of the stator conductance.

Therefore, the air gap flux density produced by the rotor PM
is:

B, (0,t) = Fr(0)As(0,t)= Y FuAjcosp
n=1,3,5...
oo o
+= Z Z FrnAsm Cos ﬂZ
n=1,3,5... m=1,2,3...
+- Z Z FrnAsm, COS 63 (7)
n=1,3,5... m=1,2,3...
where:
B1 = Py (0 — wt — )
Ba = (nPrm + mNs) 0 —mP., (wrt + 90)
63 = (nPrm - mNs) 0 — mPr, (WTt + ()0)

From Equation (4) and Equation (7), the working harmonics
of FTPMV-RDM under two separate excitation modes can be
obtained, as shown in Table 1.

TABLE 1. The operating harmonics generated by the two excitation
methods.

Stator excitation  Rotor excitation

Part I }’lPsm nPrm
Part IT ‘nPsm‘*'mNr‘ |nprm+mNS|
PartlIl  |nPsy — mNy|  [nPrm — mNg|

The excitation mode of FTDPMEV-RDM is the superposi-
tion of the two excitation methods. As can be seen from Table 1,
the FTDPMEV-RDM with stator and rotor co-excitation has
more operating harmonics than the single-excitation FTPMV-
RDM.

3. FINITE ELEMENT SIMULATION ANALYSIS

In order to verify the correctness of the above theoretical anal-
ysis, this section will analyze the electromagnetic performance
of FTDPMEV-RDM through the finite element software. The
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TABLE 2. FTDPMEV-RDM initial parameters.

Items Values Items Values
Number of phases 6 Number of slots 24
Pole logarithm of PM 25 Axial length (mm) 45
Stator outer diameter (mm) 260 Stator inner diameter (mm) 200
Rotor outer diameter (mm) 196 Rotor inner diameter (mm) 170
Pole arc coefficient 0.5 Rotor PM height (mm) 5
Stator PM width (mm) 13 Stator PM thickness (mm) 4.5
Auxiliary slot width (mm) 1 Auxiliary slot depth (mm) 4.5
0.30 1
0.6
o5 0.251
e =)
= 0.41 =020
k] [}
2 205
= 0.3 =V
= =)
E 0.2+ g 0.10-
0.1 0.051
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FIGURE 5. Harmonic spectrum of air gap flux density when only rotor

PM is excited.

initial configuration parameters of FTDPMEV-RDM are shown
in Table 2.

3.1. Magnetic Density Analysis of No-Load Air Gap

Figure 5 shows the harmonic spectrum of the air gap flux den-
sity when only the PM excitation of the rotor is considered. It
can be seen that in addition to the harmonics generated by the
PMs, the air gap magnetic density harmonics also produce har-
monics such as Ist, 11th, 13th, and 37th ones. Fig. 6 shows the
harmonic spectrum of the air gap flux density when only the
PM excitation of the stator is considered. It can be seen that in
addition to the harmonics generated by PMs, the 1st, 13th, and
37th harmonics generated by modulation also have higher am-
plitudes. Through the comparison between the theoretical anal-
ysis and simulation results, it can be seen that the magnetic field
modulation process of FTDPMEV-RDM is completely consis-
tent with the bi-directional magnetic field modulation theory.

Figure 7 compares the air gap flux density of stator and rotor
PMs with that of stator and rotor PMs alone. It can be seen from
Fig. 7 that the air gap magnetic density distributions obtained
by the two methods are almost the same, so the analysis of the
bi-directional magnetic field modulation effect of FTDPMEV-
RDM can be equivalent by the superposition of the single PM
magnetic field.

Figure 8 shows the harmonic spectrum of air gap flux density
acting alone by PM and its superposition result. It can be seen
from the Fig. 8§ that after bi-directional magnetic field modula-
tion, the amplitudes of these main working harmonics obtained

Harmonic order

FIGURE 6. Harmonic spectrum of air gap flux density when only stator
PM is excited.
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FIGURE 7. Air gap flux density when stator and rotor PMs act together.

by superposition are obviously larger than those of air-gap mag-
netic density harmonics excited by PMs alone.

3.2. Analysis of No-Load Back EMF

Figure 9 shows the no-load back EMF waveform. It can be seen
from Fig. 9 that when only the stator PM and rotor PM are ex-
cited separately, the effective values of the no-load back EMF
are 20.387V and 101.917 V, respectively. When the stator PM
and rotor PM are excited at the same time, the no-load back
EMF is 119.907 V, which is approximately equal to the sum of
the separate excitation of the stator PM and rotor PM. It shows
that FTDPMEV-RDM makes use of the bi-directional modula-
tion of air gap flux density, so that the PMs with different pole
pairs on the stator and rotor can effectively couple the magnetic
field on the armature winding.
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FIGURE 10. Electromagnetic torque waveform. (a) Stator PM or rotor PM excitation only. (b) The stator and rotor PM are co-excited.

3.3. Electromagnetic Torque Analysis

Figure 10 shows the electromagnetic torque waveform of
FTDPMEV-RDM. It can be seen from Fig. 10 that when
only the stator PM and rotor PM are excited separately, the
average electromagnetic torque is 5.081 N-m and 25.126 N-m,
respectively. When the stator PM and rotor PM are excited
at the same time, the average electromagnetic torque is
30.255N-m, which is approximately equal to the sum of the
separate excitation of the stator PM and rotor PM. The results
show that the air gap magnetic field of FTDPMEV-RDM has
a good bi-directional modulation effect and can effectively
improve the electromagnetic torque of the machine.

4. OPTIMAL DESIGN OF MACHINE STRUCTURE

4.1. Optimization Parameters and Selection of Optimization
Objectives

Select the following six structural parameters, namely polar arc
coefficient «, rotor PM height h,., stator PM thickness h, stator
PM width f,, auxiliary slot width f, and slot opening width b,
as the optimization variables of FTDPMEV-RDM. The maxi-
mum average output torque and minimum torque ripple are se-
lected as the optimization objectives of FTDPMEV-RDM. The
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TABLE 3. Range of optimization parameter.

Items Lower limit ~ Upper limit
Polar arc coefficient o 0.4 0.7
Rotor PM height h,/mm 4 8
Stator PM thickness hs/mm 3 5
Stator PM width fs/mm 11 15
Auxiliary slot width f/mm 1 4
Slot opening width bso/mm 2.5 4.5

optimized structural parameters are shown in Fig. 11, and the
values of the optimized parameter range are shown in Table 3.

The polar arc coefficient in the alternating pole structure is
defined as follows:

o = bom ®)
T
T = lpm +ZF€ (9)

where I, is the arc length of the PM, and [ . is the arc length
of the core pole.

Torque ripple is defined as follows:

T, Tm X Tmin
Tr _ ,;kak _ aT (10)
avg avg
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FIGURE 11. Optimizing structural parameters.

where T2,k 15 the output torque peak, and T, is the average
torque.

4.2. Optimization Design Method

FTDPMEV-RDM has many stator and rotor parameters, and
the coupling between parameters is more complex. If the tradi-
tional single-parameter scanning method is used for optimiza-
tion, it will produce a large number of simulation points, and
the optimization efficiency is low. Therefore, this paper de-
signs an optimization method of classified design according to
the sensitivity level. The design method of multi-objective op-
timization is adopted for the optimization parameters with high
sensitivity. The single parameter scanning method is used to
optimize the low sensitivity parameters. The optimized design
process is shown in Fig. 12.

Determine optimization
parameters and objectives

Determine the value range
of optimization parameters

Establishing response
surface model

Low Single parameter

Sensitivity analysis .
ty Y scanning

High
Multi-objective genetic
algorithm

Candidate parameter
solution set

!

Optimal design parameters

End
FIGURE 12. Optimization flowchart.

The sensitivity index of FTDPMEV-RDM optimization pa-
rameters to two key optimization objectives can be expressed
as follows:

V (E (yj/zi))
V (y5)

where x; represents the ¢th design variable, y; the jth opti-
mization goal, E(y;|z;) the average value when z; is constant,
V(E(yi|z;)) the variance of E(y;|z;), and V (y;) the variance
of y;. S;(x;) is the sensitivity index of the ith design variable

S (i) = (i=1,2..6) (=12 (1)
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FIGURE 13. Sensitivity index of FTDPMEV-RDM optimization pa-
rameters.

to the jth optimization objective. Fig. 13 shows the sensitivity
index of each parameter.

According to the results of sensitivity analysis, the ranking
of the optimization parameters can be obtained in Fig. 14.

Average torque sensitivity Torque ripple sensitivity

a High hs
h, 1.
/. a
f bs 0
b“’o Low f

FIGURE 14. Sensitivity sequencing of optimized parameters.

It can be seen from Fig. 14 that the polar arc coefficient o,
rotor PM height h,., stator PM thickness hg, and stator PM
width f, have high sensitivity response to the average torque
and torque ripple of FTDPMEV-RDM. Therefore, these four
parameters are selected to establish the corresponding Kriging
model, and multi-objective genetic algorithm is used to opti-
mize the design. For the auxiliary slot width f and slot opening
width by, the sensitivity response to the average torque and
torque ripple of FTDPMEV-RDM is low, so the single param-
eter scanning method is used to optimize the design.

4.3. Optimization Scheme Implementation

The Kriging response surface model of FTDPMEV-RDM is es-
tablished under four parameters: polar arc coefficient «, rotor
PM height h,., stator PM thickness &, and stator PM width f
as shown in Figs. 15 and 16.

Multi-objective genetic algorithm (MOGA) is used for the
above four optimization parameters. The single parameter
scanning method is used for the remaining two parameters, as
shown in Fig. 17.

On the basis of the above experimental data, the multi-
objective genetic algorithm and single parameter scanning

WWwWw.jpier.org
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TABLE 4. Machine parameters of initial and optimized.

Items Initial ~ Optimized
Polar arc coefficient « 0.5 0.6
Rotor PM height h,/mm 5 52
Stator PM thickness hs/mm 4.5 3
Stator PM width fs/mm 13 12.6
Auxiliary slot width f/mm 1 2
Auxiliary slot width f/mm 3.5 32
Torque/Nm 30.35 36.29
Torque ripple/% 0.30 0.24

method are combined to get the optimal parameters of the
machine as shown in Table 4.

It can be calculated from Table 4 that after the optimization
design of FTDPMEV-RDM, the average output torque of the
machine increases from 30.35N-m to 36.29 N-m, an increase
of 19.6%. The torque ripple decreases from 0.30% to 0.24%,
a decrease of 20%. It is proved that the optimization method
proposed in this paper is efficient.

5. PERFORMANCE COMPARISON

The main purpose of this section is to compare and analyze
the electromagnetic performances of FTDPMEV-RDM and

231

FTPMV-RDM. In order to ensure the fairness of the compar-
ison, the main size, turn number of windings per phase, current
density, and winding type are kept the same. Because the ex-
citation modes of the two kinds of machines are different, the
polar arc coefficient of FTDPMEV-RDM is set to 0.6, and the
amount of permanent magnet is 104.6 mm?. The polar arc co-
efficient of FTPMV-RDM is 0.8, and the amount of permanent
magnet is 112.2 mm?>. Because the propeller is a non-magnetic
conductive material, it is not taken into account in the model.

5.1. Comparison of Magnetic Density Performance of No-Load
Air Gap

The no-load air gap flux density and its harmonic analysis of
the two kinds of machines are shown in Fig. 18. It can be seen
from Fig. 18 that the no-load air gap magnetic density of FTDP-
MEVRDM is slightly higher than that of FTPMV-RDM. From
the Fourier analysis, it can be seen that the magnetic density of
FTDPMEV-RDM is slightly lower than that of FTPMV-RDM
at the 25th harmonic. However, FTDPMEV-RDM can modu-
late more working harmonics than FTPMV-RDM, thus improv-
ing the output energy force of the machine.

5.2. Performance Comparison of No-Load Back EMF

The comparison of the no-load back EMF of the two machines
is shown in Fig. 19. Through the calculation, the no-load back

WWwWw.jpier.org
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EMF of FTDPMEV-RDM is 127V, which is 9.4% higher than
that of FTPMV-RDM. In addition, the harmonic distortion rate
of FTDPMEV-RDM is 0.7%, which is much lower than 5.3%
of FTPMV-RDM. It shows that FTDPMEV-RDM has higher
sinusoidal property.

5.3. Torque Performance Comparison

When the phase current is 2.8 A, the output torques of the two
machines are compared as shown in Fig. 20. The average output
torques of FTDPMEV-RDM and FTPMV-RDM are 36.29 N-m
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FIGURE 20. Output torque performance comparison.

and 30.75N-m, respectively. The average output torque of
FTDPMEV-RDM is 18% higher than that of FTPMV-RDM
when the amount of PM is reduced by 7%, and the torque rip-
ple decreases by 60%. Therefore, the new machine topology
proposed in this paper has higher torque density.

5.4. Fault-Tolerant Performance Comparison

Taking phase A as an example, the self-inductance and mutual
inductance of the two machines are shown in Table 5. The self-
inductance effective value of FTDPMEV-RDM is 40.6 mH, and
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TABLE 5. Self-inductance and mutual inductance.

FTPMV-RDM FTDPMEV-RDM
L aa/mH 28.4695 40.6232
L ap/mH 0.0648 0.1129
L ac/mH 0.0647 0.1128
L ay/mH 0.2386 0.3288
L av/mH 0.2386 0.3286
L aw/mH 0.0055 0.0477

the coupling coefficient is 0.81%. The self-inductance effec-
tive value of FTPMVRDM is 28.5 mH, and the coupling coef-
ficient is 0.83%. FTDPMEV-RDM has larger self-inductance
and smaller coupling coefficient, which indicates that it has
stronger power to restrain short-circuit current and better fault
tolerance.

5.5. Efficiency and Coe loss

The efficiency and core iron loss of the two machines are shown
in Fig. 21. It can be seen from the figure that the core loss
of FTDPMEV-RDM is higher, because the machine has more
working harmonics, so the core loss is higher. But the ef-
ficiencies of the two machine are not much different. And
FTDPMEV-RDM has higher output torque, so FTDPMEV-
RDM has better output performance.

Efficiency

Core loss
1.0 T T
. 90: 0. 906 L
0.903 112W 120
0.8 4 L 100
z
% 0.6 80 =
=1 T0W 7]
o 7]
-2 ©
= 60 9]
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t40 O
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0.0 T T 0
FTDPMEV-RDM FTPPMV-RDM

FIGURE 21. Efficiency and core loss.

6. CONCLUSION

In order to improve the output performance of FTPMV-RDM,
a new FTDPMEV-RDM is proposed in this paper. Through
theoretical and simulation analysis, the feasibility of the new
topology is proved. In order to solve the problems of many op-
timization parameters and large amount of calculation of mo-
tor, a new optimization method based on sensitivity layering
is proposed to optimize the motor. Finally, the output perfor-
mances of FTDPMEV-RDM and FTPMV-RDM under the opti-
mal structure are compared, which proves the superiority of the
FTDPMEV-RDM proposed in this paper. Because FTDPME V-
RDM adopts bilateral excitation structure, its working harmon-
ics are more, which leads to large core loss. Therefore, other
scholars can optimize the design of FTDPMEV-RDM from the
aspect of reducing core loss.
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