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Multi-Objective Optimal Design and Analysis of Variable Leakage
Flux IPM Motors for Improve Flux-Weakening Ability
Xiping Liu, Gaosheng Guo* , Longxin Du, and Wenjian Zhu

Abstract—In this paper, two variable leakage ﬂux permanent magnet (VLFPM) machines are
proposed. The keys are to adopt the rotor with single-layer and double-layer PMs and intentionally
create leakage ﬂux paths to extend the operating speed range and increase the machine eﬃciency.
The characteristics of the variable leakage ﬂux of the proposed machines are investigated. In order to
improve the performances of the VLFPM machines, the Multi-Objective Genetic Algorithm (MOGA)
method is applied for achieving the multi-objective optimizations of variables. Then, the performances
of the double-layer permanent magnet variable leakage ﬂux motor (DLPM-VLFM) and the singlelayer permanent magnet variable leakage ﬂux motor (SLPM-VLFM) are analyzed and compared with
conventional interior PM machine (CIPMM) in detail. The performances mainly include ﬂux linkage
and torque, ﬂux-weakening capability and eﬃciency. Finally, it is shown by analysis and comparison
that the DLPM-VLFM can have a wider range of speed and high eﬃciency.

1. INTRODUCTION
With the problem of environmental pollution and energy consumption [1], interior permanent magnet
synchronous motor (IPMSM) has become one of the electrical machines which is widely used in the
traction motors of electric vehicles (EVs) and hybrid EVs (HEVs), electric aircraft, and industrial
application due to high torque density, high power density, and high eﬃciency [2–4]. In order to meet
the demand for PMSM in application, variable ﬂux machines (VFM) are investigated. Generally, to
achieve a wide speed range, large d-axis current is applied to weaken the PM ﬂux. However, it is
inevitable that more copper loss will be produced, and the risk of irreversible demagnetization of PM
will be increased [5–7]. Besides, the speed range may be limited due to the limitations of maximum
current and voltage for the inverter.
In the past few years, great attention has been paid to ﬁnd some valid methods to obtain a wider
speed range for the motors. In [8–10], some ﬂux-intensifying interior permanent magnet (FI-IPM)
motors with the unique characteristic of d-axis inductances Ld larger than that of q-axis inductances Lq
are proposed. As a result, the positive reluctance torque can be obtained at a positive d-axis current, and
the lower risk of irreversible demagnetization of the PMs can be achieved. Besides, the ﬂux-weakening
capability can be improved because of the ﬂux-intensifying eﬀect. Hence, the wider speed range of
the FI-IPM motor compared with some IPMSMs with the characteristic of Ld > Lq can be realized.
In [11–13], variable ﬂux memory motor (VFMM) has been proposed. Since s low coercive-force (LCF)
PM is applied in VFMM, the LCF-PM magnetization strength can be controlled by injecting d-axis
current pulses to remagnetize or demagnetize. The ﬂux controllability of VFMM can be easily achieved
to widen the speed range. Mechanical variable ﬂux motor (MVFM) is introduced in [14–16]. The
machine equips a mechanical ﬂux-adjusting device to self-activating the change of air-gap ﬂux density.
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The lower loss and wider speed range of the MVFM can be obtained. Those methods can be eﬀectively
applied to achieve variable ﬂux by unique characteristics, PM material, and mechanical device.
In this paper, the proposed machines employ a diﬀerent method to ﬂux-weakening by intentionally
creating a leakage ﬂux path, which is a narrow path linked to two tops of adjacent poles [17–19].
The leakage ﬂux can be controlled by q-axis current. Thus, the purpose of variable ﬂux is achieved.
Generally, there are two main designing strategies for expanding the variable ﬂux range: applying a
better leakage ﬂux way and widening the path. However, the types of ﬂux leakage are limited and
need further research. A wider path approach can obtain a more extensive range of variation, but
the requirement for a larger current to obtain torque at low speeds will lower performance. In [20],
diﬀerent rotor topologies for high-performance traction machine applications are compared. Therefore,
DLPM-VLFM and SLPM-VLFM are designed to realize variable leakage ﬂux. And the leakage ﬂux
path is applied in the two motors.
To obtain a satisfactory performance of machines, multi-objective optimization methods have been
widely applied in recent research. In [21], multi-objective optimization based on a nondominated sorting
genetic algorithm (NSG-II) is adopted to optimize selected key parameters of the machines. In [22],
structural parameters of the motor are optimized by adopting dual-level response surface methodology
and Booth’s algorithm. In [23], an IPMSM is optimized by combining genetic algorithm (GA) with the
coarse mesh ﬁnite element method. These optimization methods can eﬀectively improve the performance
of the motor. In this paper, the MOGA is used to optimize the two motors.
The paper is organized as follows. The initial design of the topology and operating principle of the
proposed VLFM are described. The ﬁnal model of the two proposed motors is determined by adopting
the multi-objective optimization method to optimize some selected key parameters. The electromagnetic
performances of the two proposed motors are comprehensively evaluated based on two-dimensional ﬁnite
element analysis (2DFEA) and compared with the CIPMM. Moreover, the ﬂux-weakening ability, speed
range, and eﬃciency are compared and analyzed. Finally, the conclusion is given, and the performance
of the DLPM-VLFM can be proved better through analysis and comparison.
2. TOPOLOGY AND PRINCIPLES OF MACHINE
2.1. Machine Topology
In Figure 1, the rotor topology evolution from the conventional interior PM motor to the SLPM-VLPM
and DLPM-VLPM is depicted, including the evolution of the q-axis magnetic barriers and PMs. As
seen from the ﬁgure, to realize the characteristic of the variable leakage ﬂux, the leakage ﬂux bypass
is set on the q-axis of the two proposed motors. To improve the air-gap ﬂux density, the PMs of the
DLPM-VLFM are divided into two layers. Besides, the machines with three-phase, 48 slots and 8 pole
conﬁguration, and distributed winding are adopted for the stator.
The SLPM-VLFM and DLPM-VLFM are PM brushless (PMBL) motors, so the initial design
of the two proposed motors can be obtained according to the design theory of PMBL motors. The
corresponding size equation of the two proposed motors can be expressed as:
2
Laxis =
Dsi

2Pc
2
π kwd ns Bf r Am η cos ϕ

(1)

where Dsi is the inner diameter of the stator, Laxis the active stack length, Pc the output power, π the
eﬃciency, kwd the winding factor, ns the rated speed, Am the electrical load, Bf r the eﬀective value of
the air-gap ﬂux density, and ϕ the power factor angle.
According to the design requirements listed in Table 1, the initial size speciﬁcations of the three
types of motors can be calculated and listed in Table 2.
2.2. Operation Principles
The speed of the motor can be expressed as:
U
ω= 
p (ψm + Ld id )2 + (Lq iq )2

(2)
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Figure 1. Rotor evolution from the conventional interior PM motor to the SLPM-VLPM and the
DLPM-VLPM.
Table 1. Design requirements of the motors.
Items
Rated power (kW)
Rated voltage (V)
Rated speed (rpm)
Rated output torque (Nm)

Requirements
10
240
1200
≥ 60

Table 2. Initial key parameters of the three motors.
Items
Stator inner diameter Dsi (mm)
Air-gap length (mm)
Active stack length Laxis (mm)
Numbers of turns
PM material
Total PM volume (mm3 )

values
161.9
0.75
83.82
18
N36Z 20 (1.03 T, 920 kA/m)
136794.24

where p is the number of pole pairs; id and iq are the currents of the d-axis and q-axis, respectively; Ψm
is the ﬂux linkage provided by PMs; U is the terminal voltage of the motor. According to Equation (2),
the speed range is constrained because the voltage and current of the PM machine are limited. When
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the voltage and armature current of the motor reaches the maximum value; the current has only a
d-axis current component (ilim = id , iq = 0 A); and the inﬂuence of stator resistance is ignored, the
speed reaches the ideal maximum. The expression is as follows:
Ulim
ωmax =
(3)
p(Ψm − Ld ilim )
where Ulim and ilim are the maximum voltage and maximum armature current, respectively. According
to Eq. (3), the speed range can be extended by increasing d-axis inductance and decreasing Ψm . The
proposed motors achieve ﬂux-weakening by controlling Ψm .
For analyzing the variable leakage ﬂux principles of the SLPM-VLFM and DLPM-VLFM, the
magnet paths of the three motors with no load are shown in Figures 2(a), (b), and (c). The ﬂux
weakening through the designed magnetic ﬂux leakage path can be achieved due to the unique structure
of the two proposed motors.

Leakage
flux path
Leakage
flux path

Magnetic
path

(a)

Magnetic
path

Magnetic
path

(b)

(d)

(c)

(e)

Figure 2. Theoretical analysis for variable leakage ﬂux. (a) Magnetic path of CIPMM. (b) Magnetic
path of SLPM-VLFM. (c) Magnetic path of DLPM-VLFM. (d) Magnetic equivalent circuit. (e) Variable
ﬂux property.
Figure 2(d) shows the equivalent magnetic circuit for the motors. It can be found that the main
diﬀerence between the proposed motors and the CIPMM is the magnetic leakage loop. According to
the ﬁgure, the expressions for the magnet circuit are given as follows:



⎧ 
A
Fs
φs
⎪
⎪
=
⎪
φm
⎪
|A| Fpm
⎪
⎨


(4)
Rδ
Rδ + Rr + Rpm
A=
⎪
⎪
R
R
+
R
+
R
⎪
s
g
δ
δ
⎪
⎪
⎩
|A| = (Rδ + Rs + Rpm ) (Rs + Rg + Rδ ) − Rδ2
The magnetomotive force of PMs and armature reaction force are Fpm and Fs , respectively; Rr ,
Rpm , Rδ , Rg , Rs are the reluctances of rotor, PM, bypass, air-gap, stator, respectively; ϕs , ϕδ , ϕm are
the magnetic ﬂuxes of stator, bypass, PM, respectively.
⎧
(Rg + Rs ) Fpm − Rs Fs
⎪
⎪
⎨ φδ = φm − φs =
Rδ (Rr + Rpm ) + (Rδ + Rr + Rpm ) (Rs + Rg )
(5)
l
⎪
⎪
⎩ Rδ =
u(iq)s
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where l, s, and u(iq) are the length, cross-sectional area, and permeability of the bypass, respectively.
According to the above formula, the reluctance of the leakage ﬂux path can be increased to change the
leakage ﬂux because of the larger q-axis current.
According to Equation (6), when id is 0 A, Ψd is equal to Ψm . Thus, the change of PM ﬂux linkage
Ψm can be well analyzed by analyzing the relationship between d-axis ﬂux linkage Ψd and d-axis current
id . Besides, for further analyzing the principle of variable leakage ﬂux, the relationship between q-axis
current and d-axis ﬂux Ψd can be clearly described by Figure 2(e) in which Ψa 0 is the magnet ﬂux
with no load, f (iq ) a function of the magnet ﬂux and q-axis current, and iq 2 the boundary current.
According to Figure 2(e), Equation (7) can be obtained. When iq is less than iq 1 , the current has little
eﬀect on the reluctance of bypass, so the ﬂux is almost unchanged. When iq is greater than iq 1 , the
reluctance of bypass will increase gradually of bypass, and the leakage ﬂux will decrease. Finally, the
leakage ﬂux will reach the minimum, and the d-axis ﬂux linkage is maximum when iq reaches iq 2 .
Ψd = Ψm + Ld id
Ψd (id = 0 A) = Ψm
⎧
0 ≤ i ≤ iq 1
⎨ Ψa 0 ,
Ψ
+
f
(i
),
iq 1 ≤ iq ≤ iq
Ψd =
a0
q
⎩
Ψd max ,
iq ≥ iq 2

2

(6)

(7)

To sum up, the magnet ﬂux of the bypass will be changed due to the variation of the current and
magnetic resistance of the q-axis. It means that leakage ﬂux can be adjusted by controlling the q-axis
current.
2.3. Conﬁguration Optimization of Machine
To improve the performance of the proposed machines, the optimization of the proposed machines is
necessary. The multi-objective optimization ﬂowchart of the VLFM is described in Figure 3, which
includes the following steps:
Step 1: Initial design of the VLFM. According to the design theory of the IPMSM and the design
requirements of the proposed machine, the dimensions of the initial speciﬁcations of the proposed
machines can be obtained. The design variables are selected to establish the parametric model. Besides,
according to application requirements, the optimization objectives are determined.
Step 2: Parameters sensitivity analysis. The sensitivity S(xi ) of each selected design variable
on optimization objectives is deﬁned. Analyze the inﬂuence of each parameter on the optimization
objective.
Step 3: Multi-objective optimization. The optimization model of the machines is presented. The
MOGA optimization method is adopted to determine the ﬁnal value of the design variables.
Step 4: Performance evaluation. In this section, the electromagnetic performances of the motors
are analyzed.
According to design requirements, some parameters are selected for optimization. The parametric
models of the two proposed motors are shown in Figure 4. The selected design parameters and the
corresponding range of variation are given in Table 3.
In addition, the output torque Tr , torque ripple Tripple, and ﬂux-weakening coeﬃcient ΔΨ are
selected as the optimization objectives to improve the electromagnetic performance of the output torque
and ﬂux-weakening ability of the proposed motors.
The torque ripple and ﬂux-weakening coeﬃcient are deﬁned as follows:
Tripple =
ΔΨ

Tr

max

− Tr

min

Tr avg
Ψd max − ψa 0
=
ψd max

(8)
(9)

where Tr max , Tr min , Tr avg are the maximum, minimum, and average values of the torque, respectively.
To analyze the inﬂuence of these selected parameters on the optimization objectives, sensitivity analysis
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Figure 3. The ﬂowchart of the multi-objective optimization approach.

W es
W ms
W bs

L pms

H pms
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W pms

(a)

(b)

Figure 4. Parametric model. (a) SLPM-VLFM. (b) DLPM-VLFM.
is used in this paper, where the corresponding sensitivity index is given in Eq. (10).
Si =

V (E(y|xi ))
V (y)

(10)

where y is the optimization objective; xi (i = 1, 2, 3 . . . , n) is the selected design variables; E(y/xi ) is the
average value of y when xi is constant; V (E(y/xi )) is the variance of E(y/xi ); and V (y) is the variance
of y. A positive sensitivity index indicates that the optimization objective will increase with the increase
of design variable, whereas a negative one means a contrary variation. The greater absolute value of
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Table 3. Variation range of the selected variables.
Motors

SLPM-VLFM

DLPM-VLFM

Design variables
PM height Hpms (mm)
PM length Lpms (mm)
PM width Wpms (mm)
Elliptic magnetic barrier width Wes (mm)
Elliptic magnetic barrier length Les (mm)
Magnetic barrier width Wbs (mm)
Magnetic bridges width Wms (mm)
Inside PM height Hipmd (mm)
Inside PM length Lipmd (mm)
Inside PM width Wipmd (mm)
Outside PM length Lopmd (mm)
Outside PM width Wopmd (mm)
Elliptic magnetic barrier height Hed (mm)
PMs distance Dpm (mm)
Outside magnetic barrier length Lobd (mm)
Magnetic bridges width Wmd (mm)
Inside magnetic barrier width Wbd (mm)
Elliptic magnetic barrier width Wed (mm)
Elliptic magnetic barrier length Led (mm)

Variation ranges
[60, 65]
[14, 17]
[5, 7]
[2, 3]
[4, 8]
[1, 4]
[2, 5]
[61, 65]
[12, 16]
[3, 5]
[6, 13]
[2, 4]
[74.5, 76]
[2, 5]
[8, 13]
[2, 5]
[1, 4]
[2, 3]
[4, 8]

the sensitivity index means that the design variable has more impact on the optimization objectives.
According to Equation (10), the sensitivity index of each variable on the optimization objectives can be
calculated, as shown in Figure 5. In Figure 5(a), it can be seen that the height Hspm, length Lpms , and
width Wpms of the PM and the long axis Les and short axis Wes of the elliptic magnetic barrier have
relatively great inﬂuence on the optimization objectives. In Figure 5(b), it can be observed that the

(a)
Figure 5. Sensitivity analysis. (a) SLPM-VLFM. (b) DLPM-VLFM.

(b)
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parameters of the PMs and elliptic magnetic barrier have large sensitivity values. It means that these
variables have a larger impact on the optimization objectives.
In order to obtain the better performance of the two proposed motors, the boundary constraints
are set as
(11)
Tr ≥ 60 Nm; Tripple ≤ 0.15; ΔΨ ≥ 0.25
The MOGA is adopted for the two proposed motors to optimize variables. The optimization results
of the two machines are shown in Figure 6, where the optimal point can be obtained eﬃciently based
on the boundary constraints. The ﬁnal values of the design variables of the two machines are listed in
Table 4.

(a)

(b)

Figure 6. Optimization results of the two proposed motors. (a) SLPM-VLFM. (b) DLPM-VLFM.

3. ELECTROMAGNETIC PERFORMANCES ANALYSIS
3.1. Back-EMF and Flux Linkage of Machines
In Figure 7(a), the no-load back-EMF waveform of the three motors is shown at the speed of 2000 rpm.
It can be observed that the magnitudes of the back-EMF diﬀer signiﬁcantly; the back-EMF of the two
proposed motors are much smaller than that of the CIPMM, indicating that the magnetic ﬁeld of the
proposed motors can be eﬀectively weakened. Figure 7(b) shows the Fourier Transformation results of
back-EMF waveforms. It can be clearly found that the high harmonic component of the DLPM-VLFM
is smaller than that of the SLPM-VLFM and CIPMM. It means that the DLPM-VLFM is easier to
control due to more sinusoidal back electromotive force waveforms.
The ﬂux linkage distributions with no-load and load are shown in Figures 8(a), (b), and (c). In
Figure 8(a), under the no-load and load condition, the ﬂux of CIPMM changes very little. In Figures 8(b)
and (c) under the no-load condition, most of the magnet ﬂux of adjacent magnetic poles form loops
pass leakage ﬂux bypass without passing through the stator. Under the load condition, the magnet ﬂux
path is toward the stator teeth path instead of the bypass between magnet poles due to the inﬂuence
of iq . The d-axis ﬂuxes of the three motors at diﬀerent q-axis currents are given in Figure 8(d). It can
be found that the d-axis ﬂux of the SLPM-VLFM and DLPM-VLFM is increased by injecting q-axis
current. And the variable ﬂux range of DLPM-VLFM is about 29.0%, which is slightly larger than
that of SLPM-VLFM of 26.8%. Besides, the maximum d-axis ﬂux of DLPM-VLFM is also slightly
greater than SLPM-VLFM. The d-axis ﬂux of the CIPMM is larger than that of SLPM-VLFM and
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Table 4. The ﬁnal values of the design variables.
Motors

SLPM-VLFM

DLPM-VLFM

(a)

Parameters
Hpms
Lpms
Wpms
Wes
Les
Wbs
Wms
Hipmd
Lipmd
Wipmd
Lopmd
Wopmd
Hed
Dpm
Lobd
Wmd
Wbd
Wed
Led

Unit
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm

Initial values
63
15
6
2.5
6
2
1.5
63.92
13.68
4
10.8
3.2
75
3.72
11
1.5
22
2.5
6

Optimal values
63.469
16.053
6.843
2.8761
4.1389
2.187
2.3604
63.806
14.806
4.4032
10.911
3.4032
75.552
2.8952
11.508
1.8423
24.105
2.4476
5.1936

(b)

Figure 7. No-load back-EMF of the three motors. (a) Waveforms. (b) Harmonic component.
DLPM-VLFM, even though the d-axis ﬂux of CIPMM is reduced with the current increase. It indicates
that the high torque can be easily achieved for CIPMM.
Based on the above analysis, the d-axis ﬂux of the SLPM-VLFM and DLPM-VLFM can be changed
by injecting iq , which veriﬁes the eﬀectiveness of the various leakage ﬂux method. The various ﬂux ranges
are an important standard to evaluate the ﬂux-weakening capability of VFM, so it can predict that the
ﬂux-weakening capability of the two proposed motors is better than that of the CIPMM.
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(b)
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Ma gne tic circui t

(c)

(d)

Figure 8. Flux characteristics. (a) Flux characteristics of CIPMM. (b) Flux characteristics of SLPMVLFM. (c) Flux characteristics of DLPM-VLFM. (d) Relationship between q-axis current and d-axis
ﬂux linkage.

3.2. Torque Characteristics
The electromagnetic torque of the IPMSM can be expressed as:
3P
[Ψm iq + (Ld − Lq )id iq ]
(12)
2
According to Equation (12), the torque characteristics of the three types of motors are analyzed.
The torque of the three types of motors at diﬀerent current angles are shown in Figure 9(a). It can be
found that the maximum torque of the CIPMM is higher than that of the SLPM-VLFM and DLPMVLFM, which mainly results from the bigger ﬂux linkage in the CIPMM. Moreover, Figure 9(b) shows
the comparison of torque waveforms for the three motors with maximum torque operating conditions.
As seen from the ﬁgure, the torque ripple of the CIPMM is higher than that of the two proposed motors.
T =

3.3. Flux-Weakening Ability
The proposed motor is designed to achieve a wider range of speeds, so it is necessary to study the ﬂux
weakening ability of the motor and the characteristics of torque and output power with the variation of
speed.
The ﬂux-weakening ability can be analyzed according to Equation (13); the ﬂux-weakening ability
of the three motors is given in Table 5. It can be seen that the ﬂux-weakening ability of the two proposed
motors is higher than that of the CIPMM.
Ich =

Ψm
Ld (Id = Ilim , Iq = 0 A)

(13)
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(a)

(b)

Figure 9. Torque characteristics of the three motors. (a) Torque versus current angles. (b) Output
torque versus rotor position.

Table 5. Parameters of ﬂux-weakening ability.
Items
PM ﬂux linkage Ψm (Wb)
d-axis inductance Ld (mH)
Characteristic current Ich (A)
Rated current Ilim (A)

(a)

CIPMM
0.29
7.67
37.8
25

SLPM-VLFM
0.203
18.3
11.1
25

DLPM-VLFM
0.18
17.14
10.5
25

(b)

Figure 10. Performance comparisons of the three motors. (a) Torque-speed envelops. (b) Output
power-speed envelops.
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The torque and output power versus speed curves of the three types of motors are shown in
Figures 10(a) and (b), respectively. From the two ﬁgures, it can be found that the maximum output
torque and output power of the CIPMM are slightly larger than that of the SLPM-VLFM and DLPMVLFM. The two proposed motors possess a wider speed range and constant power range than that
of the CIPMM due to the variable leakage ﬂux characteristics. Moreover, the constant-power region,
output torque, and output power of the DLPM-VLFM are greater than that of SLPM-VLFM in the
high-speed due to better ﬂux-weakening ability.
According to the above analysis, the speed range of the two proposed motors is much larger than
that of CIPMM. It means that the speed range of the motor can be extended by variable leakage ﬂux.
3.4. Eﬃciency
Figures 11(a), (b), and (c) show the eﬃciency maps of CIPMM SLPM-VLFM and DLPM-VLFM,
respectively. The eﬃciency of the three types of motors is analyzed as follows.

(a)

(b)

(c)

Figure 11. Eﬃciency maps of the three motors. (a) CIPMM. (b) SLPM-VLFM. (c) DLPM-VLFM.
In Figure 11(a), it can be found that the high-eﬃciency area of the CIPMM is in the speed range
about 700 rpm to 2500 rpm. At high speed, the eﬃciency of the CIPMM declined sharply, because the
air-gap magnetic ﬁeld of the CIPMM is diﬃcult to regulate.
Comparing the three ﬁgures, it is found that the 98% and 97% eﬃciency areas of the two proposed
motors are greater than that of CIPMM, because the variable leakage ﬂux characteristic of the two
proposed motors can reduce the core loss and ﬂux-weakening current. Besides, it can be seen that
the high-eﬃciency area of the DLPM-VLFM is far larger than that of the SLPM-VLFM, because ﬂuxweakening ability is better, and the air gap magnetic ﬁeld has lower harmonic content.
4. CONCLUSION
In this paper, SLPM-VLFM and DLPM-VLFM are proposed to realize variable ﬂux linkage by leakage
ﬂux bypass. The initial models and variable leakage ﬂux principle of the two motors are investigated. An
optimization method is performed for the two proposed motors to improve the ﬂux-weakening ability
and output torque. The electromagnetic performances of the three types of motors are analyzed by
2DFEM. The results show that the speed range and high-eﬃciency area of the two proposed motors
are larger than that of CIPMM. It indicates that the variable ﬂux leakage method can eﬀectively widen
the speed range and increase the high-eﬃciency area. Considering the comprehensive performance,
DLPM-VLFM is the best among the three motors.
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