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Design and Optimization of Reverse Salient
Permanent Magnet Synchronous Motor Based
on Controllable Leakage Flux

Longxin Du, Xiping Liu, Jiesheng Fu, Jianwei Liang, and Chaozhi Huang

Abstract—In this paper, a controllable leakage flux reverse
salient permanent magnet synchronous motor(CLF-RSPMSM) is
designed, which has the advantages of wide speed range and low
irreversible demagnetization risk. Firstly, the principle of
controllable leakage flux and reverse saliency effect is introduced,
and the design of the rotor flux barrier is emphatically discussed.
Secondly, multiple design variables are stratified by the
comprehensive sensitivity method, and the main variables are
screened out. Then the relationship between the main variables
and the optimization goal is discussed according to the response
surface diagram. Thirdly, a sequential nonlinear programming
algorithm(SNP) is used to optimize the three optimization
objectives comprehensively. Finally, the electromagnetic
performance of the proposed motor is compared with the initial
IPM motor, the mechanical strength of the proposed rotor is
analyzed, and the results verify the effectiveness of the design and
optimization method of the proposed motor.

Index Terms—Controllable leakage flux, reverse saliency,
comprehensive sensitivity, multi-objective optimization, wide
speed range.

I. INTRODUCTION

N recent years, permanent magnet synchronous motor

(PMSM) has been widely studied and applied in the field of
electric vehicles due to its advantages of high power/torque
density and simple structure[1]-[3]. However, due to the
constant permanent magnetic potential of this kind of motor, it
is difficult to adjust the air gap flux, so the speed range of the
flux-weakening field is narrow, and the efficiency is low when
running at high speed, which cannot meet the comprehensive
driving demand of the new generation of electric vehicles.
Therefore, a reverse salient permanent magnet synchronous
motor (RSPMSM) emerges at the right moment[4],[5]. It not
only inherits the advantages of traditional motors, but also has
the larger value of d-axis inductance L to obtain a wide
constant power speed range. Meanwhile, a positive d-axis
current can be used to generate the effect of magnetic field
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enhancement, which can reduce the irreversible
demagnetization risk of permanent magnets (PMs).

Generally speaking, to obtain a wide range of constant power
and speed for the motor, it is mainly through the motor air-gap
flux's effective adjustment. For the research of the vehicle-
driven permanent magnet motor, the magnetic field of the
hybrid excitation motor can be adjusted online by adding
additional electric excitation winding[6], or by adding a
negative d-axis flux-weakening current to weaken the magnetic
field of the permanent magnet motor[7]. In [8] and [9], the
internal magnetic field of the motor is adjusted by an external
mechanical device. All these methods change the total flux of
the excitation source to realize the regulation control of the
effective main flux. The total flux includes the main flux and
leakage flux. When the total flux of the excitation source
remains unchanged, the leakage flux can be adjusted effectively
theoretically by changing the leakage flux[10]-[12].

In this paper, a controllable leakage flux reverse salient
permanent magnet synchronous motor (CLF-RSPMSM) is
designed by combining the characteristics of controllable
leakage flux and reverse saliency. By setting a magnetic bridge
on the d-axis to increase the d-axis inductance Ly, adding a flux
barrier on the g-axis and designing the leakage flux bypass, not
only can the g-axis inductance L, be reduced and the reverse
saliency characteristic be realized, but also the stator armature
winding d-axis and g-axis magnetic circuit can be coupled with
the permanent magnet leakage flux circuit. Then the motor
speed range is effectively widened, and the low efficiency in
the high-speed area is solved. At the same time, multi-objective
optimization of the motor is carried out to meet the design
requirements[13]-[16]. And compared with the traditional
motor performance, further verify the effectiveness of the
proposed motor.

II. DESIGN PRINCIPLES AND MOTOR TOPOLOGY

A. Reverse Saliency Characteristics

The most significant difference between the CLF-RSPMSM
and the traditional IPM motor is the inductance characteristic.
The inductance characteristic of the traditional IPM motor is
L4<Lg. In contrast, the inductance characteristic of the CLF-
RSPMSM is Ls>L,. At low speed, a positive reluctance torque
can be obtained; at high speed, only a small d-axis flux-
weakening current is needed to improve the range of flux-
weakening field and reduce the irreversible demagnetization
risk of the PM.
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The influence of reverse saliency characteristics on the
working point of the PMs is also different from that of the
traditional IPM motors. Fig.1 shows the voltage and current
constraint circles of the two motors, respectively. As shown in
Fig.1(a), for the traditional IPM motor with Ls<L,, the
maximum torque operating point is located in the second
quadrant, and the maximum torque per ampere (MTPA) control
method is adopted. The motor is always operating in a negative
area of the d-axis current, flux-weakening state, which reduces
the working point of the PMs. For the proposed motor with
Lz>L,, the maximum torque operating point is located in the
first quadrant under MTPA control. Therefore, a positive d-axis
current can improve the working point of the PMs, which is
similar to the effect of magnetic field enhancement. As shown
in Fig.1(b), the PMs working point moves from Hj to H,.
Compared with the PMs working point H,, of the traditional

IPM motor, it is further away from the irreversible
demagnetization point H.
—— Current constraint circle @~ ===== Voltage constraint circle of 11(L>L,)
AD
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Fig.1. The relationships between different inductance characteristics and PMs
operation points (a) Current-voltage constrain circles. (b) PMs operating points
at different operation states.

B. Principle of Controllable Leakage Flux

At the beginning of the design of the traditional permanent
magnet motor, the main goal is to reduce leakage flux and make
full use of permanent magnetic potential. Under the condition
of ensuring the mechanical strength of the rotor, air barriers
close to the air gap are usually set at both ends of the PMs to
reduce the width of the magnetic bridge at the end. In this way,
the utilization ratio of the PMs can be improved to some extent.
However, in the flux-weakening process, the narrow bridge at
the end of the magnetic barrier is easy to saturate, so that the
magnetic flux loop of the d-axis armature demagnetization
magnetic potential forms a barrier, and a large amount of
demagnetization magnetic flux cannot pass through, causing
difficulties for the flux-weakening lift rate.

Different from the traditional motor, a leakage flux
controllable reverse salient pole motor is provided with a
leakage flux bypass between the poles. When the motor is in a
no-load state, the armature magnetic flux is zero, and a large
number of a permanent magnetic flux forms leakage flux
between adjacent poles through inter-pole leakage bypass.
When the motor is transformed from no-load to heavy-load, the
increase of g-axis current makes the inter-pole leakage flux
bypass gradually saturated, so the permanent magnet leakage
flux reduces, thus providing enough output torque. When the
motor enters the state of flux-weakening, the g-axis current
decreases, the saturation degree of inter-pole leakage flux
bypass decreases, a large number of leakage flux exist in PMs,
and the PMs flux chain of the motor decreases. In addition, the

motor has a larger value of L4, so only a small flux-weakening
current is needed to widen the speed range, and the irreversible
demagnetization risk of the PMs is reduced.

C. Motor Topology Design

As shown in Fig.2, arc-shaped and elliptic magnetic barriers
are set on the g-axis magnetic circuit of the rotor. Two leakage
flux paths are constructed between the elliptic and arc-shaped
magnetic barriers and the air gap, respectively. The distance
between the arc-shaped magnetic barrier and the PMs is very
small in order to reduce the self-leakage flux of the PMs. In
addition, the elliptic and arc barriers increase the g-axis
resistance and reduce the g-axis inductance. The curved
magnetic barrier near the inner side of the rotor is also to reduce
the g-axis inductance. In addition, Multilayer reluctance is
reasonably set on both sides of the d-axis, and the magnetic
bridge is set in PMs. This makes the reluctance of the magnetic
circuit of the d-axis decrease, but that of the g-axis increases, so
that the proposed motor has the characteristics of Ls>L,.
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Fig.2. Rotor evolution. (a) Initial IPM motor (Ls<L,). (b) RSPMSM (Ls>L,). (c)
Proposed CLF-RSPMSM (Ls>L,).
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Fig.3. Explanation of the leakage flux pass of the CLF-RSPMSM. (a) Schematic
drawing of the CLF-RSPMSM. (b) The magnetic circuit of the leakage flux pass.
Fig.3 shown the equivalent magnetic circuit diagram. The
reluctance of air gap, leakage bypass, rotor and stator is R, Rp,
R, and Ry, respectively. R, represents the magnetic resistance of
the PMs and partial magnetic barrier; The magnetomotive force
of the PMs is set as F,;; The magnetomotive force generated by
the stator armature reaction is set as F. The stator core flux and
rotor core flux are @, and @,, respectively. According to the
characteristics of controllable leakage flux and the equivalent
circuit, the leakage flux @ is derived as follows:
@, 1 |R+R,+R, R,
{@m}_detc[ R, R, +R, +R}[ } W

R +R, +R, R,
detG =
R, R +R +R )
=(R +R,+R)R,+R,+R)-R’
qu = ®m _qjx
1 3)

= R +R)F —(R. +R )F, |20
detG[( a+ S) m ( r+ 0) s:|
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In order to obtain controllable leakage flux characteristics,
the leakage flux @, needs to be greater than or equal to zero, as
shown in (3). The conditions required to achieve the desired
controllable leakage flux property are expressed as the
relationship between F, and F,,, as shown by (4). The main
design parameters of the CLF-RSPMSM are shown in Table I .

TABLE [
KEY DESIGN PARAMETERS OF CLF-RSPMSM

Items Initial IPM motor CLF-RSPMSM
Rated out power 10kW

Slots/Poles 48/8

Stator uternner 269.24/161.9mm

otor outer/imner 160.4/100.64mm

Rated phase current 35A

Rated speed 1000rpm

Turn numbers 15

PM type N38EH

PM width/thickness 16/5.6mm 17.4/5.1mm
Air-gap length 0.75mm

III. MULTI-OBJECTIVE DESIGN OPTIMIZATION OF CLF-
RSPMSM

Based on the above analysis, in order to achieve the best
performance of all aspects of the proposed motor, multiple
parameters need to be comprehensively optimized to obtain the
optimal value. As shown in Fig.4, the optimization target is
selected, and the sensitivity analysis method is adopted to
analyze the sensitivity of multiple parameters and the
optimization target. On the basis of the previous step, the
parameters with high sensitivity are selected, and then the
constraints of the optimization target are determined. The multi-
objective optimization method based on the response surface is
adopted to further optimize the proposed motor.

( Start )

e

| Selection of the optimization objectives |
Step 1 )

Determine the design variables and range of variations |

l

| Target sensitivity of multiple design variables |

| Motor comprehensive sensitivity analysis |

Step 2

The design variables are stratified and the primary variables
with high comprehensive sensitivity are selected

| Optimization of the primary variables |

Step 3 | v |

Select the final optimization point

e

(_End )
Fig.4. Optimization flowchart of the CLF-RSPMSM

A. Optimization Objectives

The electromagnetic torque of the CLF-RSPMSM in the d-¢q
synchronous reference frame is described as:

3 . .y
Ty =3 PV, + Ly =L, )i ] )

Where 3/2 py,m i, is called permanent magnet torque and 3/2
p(La-Ly) ia i, is called reluctance torque. P is a number of pole-
pair, y,m is the PM flux linkage, while iy and i, are the d-axis
current and g-axis current.

Meanwhile, the torque ripple Tipeos can be expressed as
follows

T

em_max

e I
P % 100% (6)
em_avg

Where T.n_avg 1 the average value of electromagnetic torque,
Tem max and Tem_min are the maximum and minimum values of
electromagnetic torque.

In addition, compared with the initial motor, the salient
feature of the CLF-RSPMSM is that the ratio of the d-axis
inductance to the g-axis inductance is greater than one, which
is defined as the reverse saliency ratio.

The value is defined as follows:

T;*ippie% =

Pig =7 (7

The greater the reverse saliency ratio, the greater the
magnetic resistance torque will be under the positive d-axis
current, and correspondingly, the electromagnetic torque will
also be increased.

B. Sensitivity Analysis

After the optimization goals are selected, the design variables
of the proposed motor in this step and the corresponding
variation range are shown in Table II.

By means of sensitivity analysis, the more sensitive
parameters can be selected, which have a more significant imp-

s

‘ P

Fig.5. Parameterization of the proposed CLF-RSPMSM rotor structure.
TABLE Il
DESIGN VARIABLES AND VARIATION RANGES

Design variables
PMs thickness T},

Medial arc barrier thickness 7,

Variation ranges
[4.8mm,5.2mm)]

[1.5mm,2.8mm]

1% layer parallel barrier thickness 7} [1mm,2.4mm]

2" ayer parallel barrier thickness T [1.5mm,2.1mm)]
3" ]ayer parallel barrier thickness T’ [1mm,2mm]
2" Jayer parallel barrier width 7, [8.5mm,10mm]
Inter-pole magnetic bridge width W, [2mm,5mm]

Long axis length of the elliptic magnetic barrier L,  [19mm,24mm)]
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act on the motor optimization objectives, to improve the
efficiency of traditional single-parameter optimization. The
sensitivity index S(xi) of the design variable to the optimization
goal can be expressed as follows:

N ACTED)

Var ()
Where E(y/x;) is the average value of the optimized target y
when the design variable x; is unchanged, V- (E(y/x;)) is the
variance of E(y/x;), and V- (v) is the variance of y. The higher
the sensitivity index, the higher the influence of design
variables on the optimization goal. If the sensitivity index is
positive, there is a positive correlation between the optimization
goal and the design variable. On the contrary, if the sensitivity
index is negative, there is a negative correlation between the
optimization goal and the design variable. Fig.6 shows the

influence of each design variable on the optimization goals.

®)
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-F,Ieciromagnclic torque
04| Torque ripple

I Reverse saliency ratio
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Fig.6. Sensitivity analysis of the design variables on the optimization goals.

As shown in Fig.6, For the electromagnetic torque, the design
variable L. has a high sensitivity, which means that L. has a
great influence on the electromagnetic torque.The sensitivity of
L. is positive, so the electromagnetic torque increases with the
increase of L.. Similarly, the influence degree of other design
variables on the optimization goal can be obtained.

However, this result can only analyze the sensitivity of a
single variable to a single target, so this paper adopts a
comprehensive sensitivity analysis method to accurately select
the main design variables. The comprehensive sensitivity of the
proposed motor is as follows:

Scrr-rspus () =4 |St (xi)l + A |, (xi)l + ﬂ,,; |S¢ (x,-)| 9
where Sczrrspusy () s the comprehensive sensitivity of the
motor, while x;is the parameter variable to be optimized. A, 4.,
A, are the weight coefficient of electromagnetic torque, torque
ripple and reverse saliency ratio respectively, and A+4,+4,=1.
| Suxi) |, | Sexi) | and | Sy(x;) | are the absolute value of
the sensitivity index of design variables to electromagnetic
torque, torque ripple and reverse saliency ratio, respectively.
The proposed motor is mainly aimed at the field of electric
vehicles, which requires high torque output capacity of the
proposed motor. Therefore, according to previous design
experience, the 4; was set at 0.4 to improve its priority. 4 and
A are set to 0.3. As shown in Table III.

Eight design variables are selected for the proposed motor,
and it takes time to optimize these variables simultaneously.
According to the degree of comprehensive sensitivity index, the
primary variables are selected to improve the optimization

TABLE III
DESIGN VARIABLES AND SENSITIVITY INDEX
Optimization goals Comprehensive
Variables Si(x:) Sixi) Selx:) serilrsliit;vny
1=0.4 2,=0.3 2,03 x
Tom 0.13 -0.0043 0.015 0.05779
Tup -0.017 0.0067 0.16 0.05681
T: -0.12 -0.11 0.43 0.21
T, -0.023 -0.056 0.037 0.0371
T; 0.1 0.2 -0.03 0.109
W, 0.044 -0.38 0.16 0.1796
W, -0.0059 0.023 -0.054 0.02546
L. 0.49 -0.16 0.099 0.2737
TABLE VI
DESIGN VARIABLE STRATIFICATION RESULT
Primary variables T;v Ts v Wyn L.
CLF-RSPMSM
Non-primary variables Toms Tan T2 v Wy

efficiency of the proposed motor. The sensitivity accuracy
determined in this paper is 0.1. When the comprehensive
sensitivity is greater than or equal to 0.1, the design variable is
set as the primary variable. When the comprehensive sensitivity
is less than or equal to 0.1, the design variable is set as a non-
primary variable. The stratification results of design variables
are listed in Table VI.

For the primary variables, the response is adopted to optimize
them to improve the accuracy and efficiency of the whole motor.
For non-primary variable , the initial value can be set in the next
stage of optimization due to its small influence.

C. Objective Optimization

The weight coefficient is added to the optimization objective.
The objective optimization function of the proposed motor can
be expressed as:

— /‘L T'em (xi) +l T,rtpple%(x[)

. ) T 2{ ¢,dq (xi )
7:zm (xi )

F(x)
Tripple% ('xi) ! godq (xi )

(10)

Where, minx;Sx;smaxx; i=1, 2, 3, T (Xi), Thrippleos(Xi), ¢ ag(x:)
are the initial values of electromagnetic torque, torque ripple
and reverse saliency ratio respectively. Tou(xi), Tripplesi(Xi), Paq(Xi)
are the optimal value of electromagnetic torque, torque ripple
and reverse saliency ratio, respectively.

The constraint of the proposed motor optimization objective
is

T, >80Nm; T

vpiers <15%s @, >1.2 (11)

In the optimization process of the main variables, in order to
accurately obtain the influence relationship between the main
variables and the optimization goal. The response surface
analysis method can be used to know the impact of the main
variables on each optimization goal has a certain conflict. Take
the main variables 7; and T3 as examples, and draw the response
surface diagram of them and the three optimization objectives.
As is shown in Fig.7, with the increase of T7i, the
electromagnetic torque first increases and then decreases, while
the torque ripple first increases, then decreases and then
increases again, while the reverse saliency ratio gradually
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increases.With the increase of 73, both the electromagnetic
torque and the torque ripple increase gradually, while the
reverse saliency ratio decreases. Thus, it is difficult to
accurately determine the optimal design value of major
variables through univariate analysis, and reasonable tradeoffs
between the three optimization objectives need to be further

made.
Electromagnetic torque(Nm)

In order to solve the tradeoff between multiple optimization
objectives, a sequential nonlinear programming method (SNP)
is also adopted in this part, which can be used to solve the
comprehensive optimal solution of multiple optimization
objectives. The solution of the formula can be obtained
according to the SNP method theory and the above constraint
conditions. Fig.8 shows the tradeoff between the three
optimization objectives, and the red points are the optimal
solution point. At the same time, the optimal value of the main
variable of the proposed motor after optimization is given in
TABLE V.

. 87.4
g 87.3
Z87.5T ’
< 87.1
?-_-87.0- 86.9
2 86.8
g 86.5 86.6
2 86.4
586,01 :

g 86.3
% 85.5 86.1
2 08 859
= 85.8

TABLE V
OPTIMIZATION RESULTS OF PRIMARY VARIABLES
CLF-RSPMSM Initial values Optimal values
T, Imm 2.09mm
) ) T3 1.75mm 2mm
Design variables
" 21mm 23.63mm
w, 9mm 9.5mm
Tem 80.9Nm 86.6Nm
optimization . o 0
objectives Trippters 9.0% 5.9%
Pdq 1.31 1.35

Torque ripple(%)

[=]

Reverse saliency ratio
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Fig.7. Response surface of 7; and 75 with three optimization goals. (a) Torque.
(b) Torque ripple. (c) Reverse saliency ratio.
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Fig.8. The relationship between the three optimization goals

IV. MOTOR COMPREHENSIVE PERFORMANCE COMPARISON
AND ANALYSIS

A. Performance of Controllable Leakage Flux

The CLF-RSPMSM studied in this paper can adjust the air-
gap magnetic field of the motor by adjusting the g-axis current.
In order to verify its controllable characteristics of leakage flux,
Fig.9 shows the leakage flux distribution of i;=0A, 50A,
simulating the no-load and heavy-load conditions of the motor,
respectively. It can be seen that in the no-load state, a large
amount of magnetic flux flows to the adjacent pole through the
leakage flux bypass, forming the inter-pole leakage flux. Under
the heavy-load condition, the leakage flux between poles
decreases obviously, and the flux flows to the stator through the
bypass path.

In order to more intuitively display the magnetic regulation
characteristics of the proposed motor, Fig.10 shows the curve
of the d-axis flux linkage of the motor changing with the g-axis
current. The d-axis current is set to zero, and only the g-axis
current is added to avoid being affected by the stator reaction
force. The minimum value of the motor is 0.2446 Wb when the
motor is under no-load. With the continuous increase of the g-
axis current, the d-axis flux linkage also increases, and the inter-
pole leakage flux also decreases. When the current increases to
the stator and rotor saturation, the flux linkage tends to be flat
and reaches a maximum value of 0.2904Wb, and the flux
change rate in this process is about 18.7%. The results
effectively verify that the proposed motor has controllable
leakage flux characteristics.

Since the d-axis flux linkage increases with the increase of
the g-axis current, the torque changes with the current show
new characteristics, and the relationship between them is no
longer a linear one without leakage flux. According to the finite
element simulation results in Fig.10(b), it can be seen that the
torque of the proposed motor varies with the g-axis current,
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Fig.9. Variable leakage flux characteristics of the CLF-RSPMSM. (a) No-load
(i;7=0A). (b) Loaded condition (i;=50A).
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Fig.10. Controllable leakage flux characteristics of the CLF-RSPMSM. (a) D-
axis flux linkage. (b) Torque.

which is a slightly concave curve.

B. D-Axis and Q-Axis Inductances

In the following sections, in order to verify the rationality of
the proposed motor design, the finite-element analysis method
is used to analyze and compare the proposed motor with the
initial [IPM motor. The two motors have the same parameters
except for the difference in rotor structure.

Compared with the initial IPM motor, the proposed motor
has the controllable leakage flux characteristics, and the biggest
difference is that the reverse saliency ratio of the motor is ¢4,>1.
The reverse saliency ratio of the initial IPM motor is ¢g<1.
Fig.11 shows the reverse saliency ratio and inductance
difference of the two motors as the current amplitude [
changes from 0A to 100A. As expected, in the process of the
initial IPM motor from no-load to heavy-load, the reverse
saliency ratio is always less than one, and the difference
between Ly and L, is negative. On the contrary, in this process,
the reverse saliency ratio of the proposed motor is greater than
one, and the difference between L, and L, is maintained at more
than 2.5mH under heavy-load. This means that the proposed
motor has a larger value of Ly, preliminarily verified that the

~—— CLF-RSPMSM
Initial IPM motor

LyL, (mH)
L

0 10 20 30 40 50 60 70 80 90 100

Tpian(A)
()
1.6
14+
12t
e e e e e
T8
s Ol
0.6 .
04 p-0-¢ —&— CLF-RSPMSM
0.2} & Initial IPM motor
0‘0 A i i 1 A A1 A i i
0 10 20 30 40 S50 60 70 80 90 100
10(A)
(b)

Fig.11. Inductance characteristics of the CLF-RSPMSM and initial [IPM motor.
(a) Inductance difference between d-axis and g-axis. (b) The reverse saliency
ratio.

motor has a wide range of speed regulation.

C. Torque Characteristics

Firstly, the corresponding electromagnetic torque and torque
ripple of the two motors when the rated current amplitude is
50A are analyzed. As shown in Fig.12(a), the electromagnetic
torque of the initial IPM motor is slightly greater than that of
the proposed motor, but its torque ripple is obviously greater
than that of the proposed motor, so the proposed motor has
better stability and is more conducive to the smooth operation
of electric vehicles.

Secondly, Fig.12(b) shows the variation of electromagnetic
torque performance of two motors with different current angles.
Because the motor has a special inductance characteristic of
Ls>Lg, therefore, the proposed motor can obtain positive
reluctance torque at a positive d-axis current so as to achieve
the maximum electromagnetic torque. When the proposed
motor operates at a current angle of -5deg, the maximum
electromagnetic torque is 86.6Nm, and the d-axis current is
4.4A. For the initial IPM motors, the maximum electromagnetic
torque is 99.2Nm when the current angle is 35 deg. The d-axis
current is -28.7A, which is six times of the proposed motor.
Such a large negative d-axis current also increases the
irreversible demagnetization risk of the initial IPM motor,
which also verifies that the proposed motor has a lower
irreversible demagnetization risk.

D. Flux-weakening Ability and Speed Range

The proposed motor design in this paper is mainly used in
electric vehicles, so the speed range is very important to the
motor design. And the biggest advantage of the proposed motor
is a wider speed range.

When the motor adopts flux-weakening speed regulation, the
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Fig.12. Torque characteristics of the CLF-RSPMSM and initial IPM motor.
speed equation can be derived as follows according to the
voltage limit equation:

Ulim (12)

w =
N+ LY + (L)

Where Uy is the limit voltage of the motor. When the
voltage of the motor reaches its limit, the PMs chain can be
offset by adding an appropriate d-axis flux-weakening current.
Therefore, when the d-axis current is negative, the expression
of the motor reaching the ideal maximum speed is as follows:
_ Y (13)
¥ om — Lty

In equation (13), the smaller PM flux linkage and the larger
value of L, are both beneficial to improve the flux-weakening
ability and speed range. And the proposed motor has unique
inductance characteristics of Ls>L,. The larger value of Ly can
improve the flux-weakening ability and speed range. And only
a small d-axis flux-weakening current is needed to reach the
same speed range as the initial IPM motor, effectively reducing
the irreversible demagnetization risk of the proposed motor.
Compared with the RSPMSM, the proposed motor has the
characteristics of controllable leakage flux. There is more inter-
pole leakage flux, and the PMs flux linkage value decreases
during high-speed operation, so the flux-weakening capability
of the proposed motor is enhanced. The parameters and
operating conditions related to the flux-weakening capacity of
the three motors are listed in Table VI.

Fig.13 shows the torque-speed and power-speed envelops of
the two motors. As shown in Fig.13(a), when the rated speed is
below, the torque of the initial IPM motor and RSPMSM is
slightly higher than that of the proposed motor. However, in the
high-speed region, the maximum speed of the initial IPM motor
and the RSPMSM are 6600rpm and 8200rpm, respectively,
while the maximum speed of the proposed motor can reach

[0) =

max

TABLE VI
FLUX-WEAKENING ABILITY PARAMETERS OF TWO MOTORS
Initial IPM CFL-
Items motor RSPMSM RSPMSM
Rated current(A) 35 35 35
Reverse saliency ratio ¢g 0.41 1.01 1.08
d-axis inductance L,(mH) 7.2 9.1 9.8
PM flux linkage(Wb) 0.262 0.261 0.245
Characteristic current(A) 36.4 28.7 25
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Fig.13. Flux-weakening performance Comparison of the CLF-RSPMSM and
initial IPM motor. (a) Torque-speed envelops. (b) Power-speed envelops.

10000

10000rpm. In addition, as shown in Fig.13(b), the constant
power speed range of the proposed motor is obviously wider
than that of the initial IPM motor and the RSPMSM, so the flux-
weakening ability of the proposed motor is better, which is due
to the special structure of the rotor of the proposed motor. The
rationality of the proposed motor design is verified.

E. Efficiency and Loss Comparison

The motor efficiency Map can well reflect the distribution of
motor efficiency under different speeds and torque. In order to
facilitate the comparison between the initial IPM motor and the
CLF-RSPMSM, the maximum speed is selected as 6000rpm.
Fig.14 shows the efficiency map of the two motors. In the high-
speed region, the efficiency of the CLF-RSPMSM is
significantly higher than that of the initial IPM motor. In
addition, the changes of copper and iron loss in the operating
area of the two motors are also analyzed. The copper loss Map
of the two motors is shown in Fig.15. As the rated current
applied by the two motors is the same, there is little difference
in copper loss between the two motors in the low speed and high
torque operating area. It is worth noting that the difference in
iron loss between the two motors is large. Fig.16 shows the iron
loss Map of the two motors. When the speed reaches 6000rpm,
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the iron loss value of the initial IPM motor is 288W, while the
iron loss value of the CLF-RSPMSM is only 46W. This is

162

144
because there is a large amount of leakage flux in the CLF- a
RSPMSM under the medium-high speed flux-weakening field IOSE

state, which can effectively reduce the eddy current loss and
hysteresis loss inside the motor. Therefore, the controllable
leakage flux characteristics of the CLF-RSPMSM can
effectively reduce iron loss in the middle and high speed
operating region.

=
Copper loss

F. Demagnetization Risk Comparison

The irreversible demagnetization of the PMs has a great 0 1000 Z“OOSP-:g?iO l‘_‘lg'?r‘.’ 5000 6000
impact on the performance of the motor, and in severe cases, ()

the motor will be scrapped. In order to discuss the irreversible  Fig.15. Copper loss Map of the two motors. (a) Initial IPM motor. (b) CLF-
demagnetization risk of the PMs of the CLF-RSPMSM in  RSPMSM.

operation, the finite-element analysis method was used to study - 351

the variation law of the PMs working point of the motor under
different magnetization states and the flux density distribution

[}
—
%)

x
s
[S]
=
<
)

100 96 ’E 234 E
9 & 195 §
80 & 2
~ = s
~ 84 2 ) 156 §
£ 78~ = 17
g ng
© 5 78
g 66 2 39
S = A Y
= 60 L
1000 2000 3000 40005000 6000
54 Speed (rpm)
48 ()
0 36 100 351
0 1000 2000 3000 4000 5000 6000
Speed (rpm) 312
" @ . 273
pe ‘E 14%
iie £ 195 £
W
_ i@ : 156 5
Ze e = 17
E - 78
Ta0 - 39
= 60
i 1000 2000 3000 4000 5000 6000
Speed (rpm
48 (b)
0 1000 2000 3000 4000 5000 6000 3° Fig.16. Iron loss Map of the two motors. (a) Initial [IPM motor. (b) CLF-
Speed (rpm) RSPMSM.
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Fig.14. Efficiency Map of the two motors. (a) Initial IPM motor. (b) CLF- d
RSPMSM. compared. o
100 12 Fig.17(a) shows the flux density distribution of the proposed
I motor at the rated current. Five observation points are selected
80} on the PMs of the proposed motor. Fig.17(b) shows the
1262 .. . . .
~ z variation of the flux density at five observation points under
E 60 108, different current angles. It is obvious that the flux density of the
=) . . . .
T B 90 = five observation points decreases with the increase of the
§- 8 current angle. The maximum flux density occurs at the current
(=] . . .
e 54 © angle of -20 deg, which is attributed to the large value of L, and
36 the characteristic of Ls>L,. The magnetic field strength of the
13 PMs can be enhanced by a positive d-axis current, thus

e improving the working point of the PMs. Even in the deep flux-
1008 7'“""5]32';“]10 (;‘322) 0007 600 weakening region, the armature current is completely converted
(a) into a negative flux-weakening current, and the flux density of
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the five observation points is all higher than the limit of
demagnetization 0.2T. Therefore, it can be judged that the
proposed motor has the excellent capability of resisting
irreversible demagnetization risk in the whole operation range.
Fig.18 shows the flux density distribution of two motors at
different currents. For the convenience of viewing, the selected
PM is amplified, and it can be clearly seen that the
demagnetization risk of the proposed motor is lower than that
of the initial IPM motor. At the same time, point A is selected
as the reference point. Fig.19 shows the flux density change
curve of working point A at different current. The flux density
of the working point of the proposed motor is higher than the
initial IPM motor at a different current. Based on the above
analysis, the irreversible demagnetization risk of the proposed
motor under different working conditions is lower.

V. STRESS FIELD

In order to make the proposed motor have the characteristics
of leakage flux control and Reverse saliency, a reasonable
magnetic barrier must be added. This is a test for the mechanical
strength of the rotor, so it is necessary to analyze the mechanical
stress of the motor at high speed.

The mechanical stress analysis results of RSPMSM and
CLF-RSPMSM are shown in Fig.20. The given maximum
speed is 10000rpm. Mark the maximum stress position of the
two motors as shown in Fig.20(a). The maximum stress of
RSPMSM is 121.22MPa, while the CLF-RSPMSM is
84.486MPa. Fig.20(b) shows the stress curve of the two motors
with rotation speed. The stress of the RSPMSM at each velocity
point is higher than that of the CLF-RSPMSM.

In addition, the deformation distribution of the two motors at
a speed of 10000rpm was also analyzed. Fig.21(a) shows the
maximum deformation areas of the two motors appeared at the
rotor edge. The maximum deformation of the RSPMSM
was7.5902 pm, while the maximum deformation of the CLF-
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Fig.17. (a) Flux density distribution of the CLF-RSPMSM at rated current
condition. (b)Flux density variation with current angle in the CLF-RSPMSM.
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Fig.18. Flux density distribution and of the two motors and PMs under different
current.

RSPMSM was 7.0125um. Fig.21(b) shows the maximum
deformation curve of the two motors with rotation speed. It can
be seen that with the increase of speed, the maximum
deformation of the CLF-RSPMSM is less than the RSPMSM.
Based on the above analysis, the CLF-RSPMSM is more
suitable for running at high speed due to its relatively good
mechanical strength.
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VI. CONCLUSION

In this paper, a controllable leakage flux reverse salient
permanent magnet synchronous motor is introduced. By
designing the magnetic barrier reasonably, the controllable
leakage flux characteristic and the reverse saliency
characteristic is realized. Then, a comprehensive sensitivity
method and multi-objective optimization method are used to
optimize the design objectives of the proposed motor. Finally,
the performance of the CLF-RSPMSM and the initial IPM
motor are compared and analyzed. The results show that the
CLF-RSPMSM has smaller torque ripple, better flux-
weakening ability, wider speed range, lower iron loss and
stronger resistance to demagnetization. The rationality of the
proposed motor design is also verified.
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