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ABSTRACT: Since the traditional Delta-shaped motor is difficult to achieve the wide speed range while increasing the output torque,
it cannot fully meet the complex working conditions of electric vehicles. This paper, from the driving conditions and the principle
of variable leakage magnetism, based on the traditional Delta-shaped interior motor, designs a variable leakage flux permanent magnet
synchronous motor with a segmented Delta-shaped rotor permanent magnet structure (VLF-DSPM). The permanent magnet is segmented
into a magnetic bridge by a ferromagnetic material so that some magnetic lines do not pass through the permanent magnet but directly
through the magnetic bridge to increase the d-axis inductance. A magnetic barrier is designed in the g-axis to achieve magnetic leakage
in the high-speed region, thereby achieving a wide speed control range. In addition, since the utilization rate of the permanent magnet is
reduced due to segmentation, the output torque is reduced. Therefore, transverse bar-shaped permanent magnets are added to increase the
reluctance torque of the motor to achieve a higher resultant torque. The key parameters of this structure were then optimized, and finally
the electromagnetic characteristics of the VLF-DSPM were studied using finite element analysis in comparison with a conventional
Delta-shaped interior permanent magnet (DS-IPM) synchronous motor. The results show that the VLF-DSPM has better flux control
capabilities, higher output torque, a wider speed range, and higher efficiency and power factor.

1. INTRODUCTION

Electric vehicles (EVs) have rapidly evolved into a crucial
component of the automotive industry, largely due to their
notable advantages in terms of cleanliness and high efficiency.
Its operating conditions are complex and variable, and in the
face of increasingly complex traffic conditions such as frequent
starting and stopping, acceleration and deceleration, hill climb-
ing, and high-speed cruising, the results of many scholars’ stud-
ies can be broadly categorized into the demand for high torque
and high output at low speeds, and the demand for a weak
magnetic wide speed regulation range at high speeds. How-
ever, permanent magnet synchronous motors (PMSMs), with
their superior high efficiency and high-power factor, dominate
today’s electric vehicle industry. Since electric vehicles use
permanent magnet synchronous motor drive (PMSM) as the
mainstream drive technology, the performance of PMSM in-
side the vehicle will directly affect the overall performance of
the electric vehicle [1-5]. Aiming to meet the diversified drive
performance requirements of electric vehicles under complex
operating conditions, many scholars have conducted contin-
uous and in-depth research from different perspectives. Ref.
[6] introduced the high magnetic energy product of rare-earth
neodymium-iron-boron (NdFeB) permanent magnets into the
design of synchronous reluctance motors and developed a per-
manent magnet-assisted reluctance motor with high torque den-
sity for vehicles, which combines the advantages of permanent
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magnets and reluctance motors. The German BMW i3 series
also uses a double-layer permanent magnet rotor design, sim-
ilar to the structure of synchronous reluctance motors, which
improves the motor’s power density, speed range, and output
torque. However, its torque pulsation leads to higher noise and
vibration. In addition, its production is affected by market sup-
ply and resource reserves due to the use of non-renewable re-
sources, such as NdFeB, as permanent magnet materials [7—
9]. In its four iterations, the Japanese Toyota PRIUS series of
automobiles has extended the speed range from 5600 rpm to
17500 rpm, reducing the size by 33% and the mass by 12%, but
excessive current density generates additional heat as well as
larger weak magnetic currents, and the corresponding copper
consumption in the windings may reduce the efficiency of the
motor in the weakly magnetized control region and may lead
to irreversible demagnetization phenomenon, which affects the
long-term performance, especially under extreme conditions,
and consequently the power factor and efficiency [10, 11].

For the above traditional interior permanent magnet syn-
chronous motor structure, it is contradictory to improve the out-
put torque and widen the range of constant power speed regu-
lation. To overcome the problem that the air gap magnetic field
is difficult to adjust, some scholars have proposed some motors
with research significance in recent years. For example, the hy-
brid excitation motor with additional electric excitation [12, 13]
can save the number of rare-earth materials and have high ef-
ficiency and flexible control. However, the extra excitation
winding reduces the rotor space, decreases the torque output,
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and increases the copper consumption. Another kind of mem-
ory permanent magnet motor [14], which regulates the air-gap
magnetic field by controlling pulses, can flexibly change and
control the size of the air-gap flux of the motor through the on-
line dynamic adjustment of the magnetizing winding current,
but it increases the risk of demagnetization and torque pulsa-
tion, so the application scenarios have limitations. In fact, me-
chanical variable leakage motors change the motor excitation
circuit through an external mechanical device to realize variable
leakage, but they require high precision machining, resulting in
high manufacturing cost and low feasibility [15]. In fact, the
reverse convex pole synchronous motor also belongs to a kind
of motor that regulates the magnetic field, as an innovative mo-
tor design, researchers have proposed various improved rotor
structures. The U-type permanent magnet structure in [16] can
make full use of the reluctance torque generated by the asym-
metry of the rotor magnetic circuit, which can provide greater
power and torque under the same volume, and the V-type per-
manent magnet structure in [17] can improve the power density,
optimize the dynamic response, and enhance the reliability. At
the same time both have higher requirements for material selec-
tion and manufacturing process. The Delta-type rotor perma-
nent magnet structure in [18] can more effectively utilize the
limited space inside the rotor to accommodate more permanent
magnet materials, which in turn improves the overall power
output capability of the motor to better resist the centrifugal
force generated by high-speed operation, and at the same time
reduces the risk of demagnetization due to the changes in the
external environment, which ensures the stable operation of the
motor under different operating conditions. In [19, 20], schol-
ars proposed a controllable leakage permanent magnet motor
(VLF-PMSM), based on the principle of “variable leakage”,
through the rotor leakage bridge and g-axis magnetic barrier
design to control the degree of leakage saturation to indirectly
regulate the magnetic field of the air gap, which can realize the
variable flux characteristics of less leakage under heavy loads
and more leakage under light loads. It has advantages with wide
speed range, high efficiency, and high output torque, which is
very consistent with the development direction of electric vehi-
cle motors [21,22].

In summary, a Delta-shaped rotor permanent magnet seg-
mented structure of variable leakage reverse-salient motor
(VLF-DSPM) is designed and optimized, and the values of d-
and g-axis inductances will be varied to adapt to the complex
working conditions of electric vehicles. A bread-shaped
magnetic barrier is set in the g-axis to realize the variable
leakage characteristics, but the output torque of the permanent
magnet decreases while the loss increases when the speed
range of the motor is relatively wide. So, in this paper, this
point is considered in the design of the motors, and a bar
magnet is added to the Delta shape, which helps to increase
the reluctant torque and thus the synthesized torque. In
addition, the winding of the motor proposed in this paper uses
a double-layer fractional slot centralized winding, which also
reduces the copper loss to some extent and makes it better
match the performance requirements.

This paper has the following sections. Section 2 analyzes
the core requirements for the performance of electric vehicles
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in the complex conditions of actual operation and the principle
of variable leakage motors, while Section 3 focuses on the de-
sign of the motor structure, magnetic circuit analysis and opti-
mization of important structural parameters. Section 4 takes the
traditional Delta-shaped interior motor as a comparison motor
and uses the finite element analysis method to analyze the elec-
tromagnetic characteristics of the motor designed in this paper.
Finally, Section 5 concludes the paper.

2. EVS WORKING CONDITION ANALYSIS AND DE-
SIGN PRINCIPLES

2.1. Multiple-Operating Conditions of EVs

To simulate and evaluate various working conditions in ur-
ban or suburban areas, most countries use UDDS (urban dy-
namometer driving schedule) as shown in Fig. 1. There are vari-
ous operating conditions in UDDS. Mode I: Low speed or heavy
load. It needs to have a strong load-bearing capacity. Mode II:
Low speed or light load. In this case, high output torque and
high efficiency are required. In addition, if the EV starts or
stops frequently due to traffic signals and congestion, a high-
efficiency drive motor is required to minimize losses. Mode
III: High speed or heavy load. The vehicle that drives at mo-
tor speed is stabilized around the rated speed. Mode IV: High
speed or light load. Usually, the need to type motor speed stabi-
lizes 3—5 times of the constant power speed range, which needs
to broaden the motor speed range. According to that the speed
of low-speed area occupies 35%, and high-speed area occu-
pies 65%, combined with the load requirements, mainly divided
into low-speed heavy-duty and high-speed light-duty situation,
low-speed heavy-duty to high torque and high efficiency, high-
speed light-duty need a wide range of speed control and high
output power, and maintain sufficient output torque.

TA

Constant- §
torque area ¢

Constant-power area

Vehicle operating condition percentage (%)

Strong overload
capacity

Climbing or
heavy load

High
efficiency

‘Wide constant-power
speed range

FIGURE 1. Multiple operating conditions.

2.2. Variable Leakage Flux Principle

EVs drive motors are required to be able to output the cor-
responding torque according to the size of the load, which is
mainly realized by controlling the value of the d- and g-axis
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FIGURE 2. Variable leakage flux principle.

currents under different operating conditions to change the de-
gree of saturation of the magnetic circuit, and the leakage mag-
netism variability can be explained by Fig. 2.

When the load is light, the g-axis current is very small, and
the magnetic resistance of the leakage area is also very small,
so a large amount of armature flux flows into the leakage area;
the g-axis has only a small amount of flux; and the degree of
saturation of the motor is very shallow currently. As the load
increases, the g-axis current and leakage area reluctance gradu-
ally increase; the leakage flux decreases; and the saturation de-
gree of the motor deepens; the leakage flux gradually decreases.
When the load increases to a certain degree, the motor’s g-axis
current increases, and leakage magnetoresistance will tend to
smooth out and reach the maximum value. Currently the motor
is in a supersaturated state, and the leakage is very little.

For conventional IPM motors, ignoring the leakage mag-
netism and the degree of saturation of the motor, (1) is its air
gap flux formula, and the air gap flux is equal to the sum of the
armature flux and permanent magnet flux.

(b(s = <I)me"'q)a (1)

where ®; and @, are the air gap flux and the flux generated
by the armature, respectively. ®,,,0 is the total magnetic flux
generated by the permanent magnets at no load, which is a con-
stant. However, the effective air gap flux of a variable leakage
motor due to the leakage flux path can be expressed as (2).

b5 = ((I)pmo - (I)UO) + &, = (bpm() + ((pa - (I)UO) (2)

®, is the no-load leakage flux, and the total leakage flux at
load can be expressed as

CDU = (I)UO - (I)aa (3)

where @, is the magnetic flux of the armature through the
magnetic bridge at load, and since the reluctance of the leakage
flux-conducting bridge is much smaller than that of the PMs,
the flux of the bridge is much larger than that of the PMs, which
is almost equal to the main flux of the armature windings, then

q)a = (I>0'0 - (I)a (4)
q)é = q)me - (I)o (5)

Since @, is a fixed constant, the effective flux of the vari-
able leakage motor is only related to the total leakage flux, and
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the leakage flux is closely related to the size of the g-axis cur-
rent. The g-axis current can change the size of the g-axis flux
to achieve the purpose of controlling the degree of saturation
of the leakage bridge to achieve the purpose of controlling the
leakage of permanent magnets, and to realize the effect of the
motor’s “leakage variable”.

3. MOTOR STRUCTURE, MAGNETIC CIRCUIT ANAL-
YSIS AND PARAMETER OPTIMIZATION

3.1. Topology Design Process of VLF-DSPM

When the motor is in “low speed and heavy load” working con-
dition, the decrease of variable reluctance helps to increase the
effective magnetic flux, and the increase of effective magnetic
flux can improve the output torque. When the motor is under
“high speed and light load” condition, the effective flux de-
creases with the increase of variable reluctance, and the reduc-
tion of effective flux helps to widen the speed control range.
Based on the design method of permanent magnet flux path
segmentation guidance in the flux-variable region, a leakage-
controllable, wide-speed-regulating permanent magnet motors
with a magnetic barrier is proposed. The design idea follows
the flowchart in Fig. 3.

(m—————f-————- | v ,
Determination of rotor size

Stator Pole/Slot Ratio and
Dimensioning

Permanent magnet layout and shape
design

" . Design and width of magnetic bridge
Design of armature winding

distribution : PR . :
Design and parameterization of the q-axis

magneti¢ barrier

i Stator 1

Determination of motor specifications

Optimization of main structural dimensional
parameters
Optimization

onsistency with design requirement

Simulation verification and
analysis

End

FIGURE 3. Design flowchart of VLF-PMSM.

By installing a Delta-type segmented permanent magnet with
a leakage bypass feature and a magnetic barrier on the rotor
side, the permanent magnet segmented variable leakage anti-
convex pole motor realizes a larger range of flux variation. The
design idea and its segmented evolution process are shown in
Fig. 4.

3.2. VLF-DSPM Motor Topology

The topology of the motor is shown in Fig. 5(a), the leakage re-
gion shown in (b), and the main optimization parameters shown
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FIGURE 5. VLF-DSPM machine. (a) Topology. (b) Flux leakage re-
gion. (c) Design parameters configuration.

in (c). A double-layer fractional-slot centralized winding is
used, with 10-pole and 12-slot pole-slot ratios, and a built-in
rotor structure, with five pairs of permanent magnets embed-
ded in the rotor, alternately in a Delta-shaped arrangement. To
further increase the weak-magnet capability of the motor, the
permanent magnets are segmented, and the magnetic bridges
are formed between the two segments of the permanent mag-
nets to increase the inductance of the d-axis. Correspondingly,
abread-shaped magnetic barrier is placed along the g-axis of the
permanent magnet so that most of the g-axis flux flows through
the magnetic bridge. In addition, an air magnetic barrier is also
provided at the end of the permanent magnet, whose main pur-
pose is to allow the leakage magnetism in the magnetic bridge
to form a crosslink with the g-axis armature flux, so that the
leakage magnetism can be more easily controlled by the g-axis
armature magnetomotive force, in order to realize the effect of
variable leakage magnetism. In addition, the design of the bar-
shaped permanent magnet is favorable to reduce the d-axis in-
ductance to increase the synthesized torque.

3.3. Magnetic Circuit Analysis under Various Conditions

The magnetic circuits of the controllable leakage motor pro-
posed in this paper are also different under different operat-
ing conditions, Figs. 6(a), (b) and (c), (d) show the d- and g-
axis equivalent magnetic circuits for high-speed operating con-
ditions, and the d- and g-axis equivalent magnetic circuits for
low-speed operating conditions, respectively.

From Figure 6, it can be seen that at high speeds there is a
large amount of leakage near the rotor magnetic barrier. The
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FIGURE 6. Equivalent magnetic circuit. (a) d-axis magnetic circuit
at high speed. (b) g-axis magnetic circuit at high speed. (c) d-axis
magnetic circuit at low speed. (d) g-axis magnetic circuit at low speed.

PM main flux is divided into the air gap flux that flows through
the air gap and the leakage flux that passes through the leakage
region at the periphery of the magnetic barrier, and there are two
leakage loops in the equivalent magnetic circuit of the d-axis.
Then there are the following equations.

ONi,
¢ ) ) ==
s(ai) = SR TR, 1 R + 2Ry ©)
Ry(iq,i
¢ = U o) (7)

B Rpm + Rd(idviq)

where NNV is the number of armature winding turns; Ry, Rs,
R,, Ry, and R, (i4,4) represent PM reluctance, stator core re-
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FIGURE 7. Variations of average torque, torque ripple, efficiency, core loss, PM utilization ratio and volume with split ratio in VLF-DSPM. (a)
Average torque and torque ripple. (b) Efficiency and core loss. (c) PM utilization ratio and volume V/,,.

luctance, rotor core reluctance, air gap reluctance, and mag-
netic bridge reluctance, respectively. Since ¢ is always a con-
stant less than 1, the permanent magnet field is easier to regu-
late, and R, in parallel with I2,,,,, results in a parallel reluctance
&Ry, less than R,,,,. As a result, it increases, and the motor
acquires an inverted-convex characteristic, which is favorable
for extending the constant power speed range.
At low speeds,

2Nig

Bs(iaig) =
5(ld,lq) 2Rg + Rs + Rr + 2R0(idaiq)

®)

As the g-axis current increases, the g-axis PM flux compo-
nent increases, resulting in a concentration of magnetic leakage.
When the g-axis current increases to a certain extent, there are
multiple saturation points in the magnetic circuit, and R, in-
creases, resulting in the magnetic leakage to be almost 0, which
increases the main flux, and the motor obtains a positively con-
vex polarity characteristic, thus increasing the output torque.

3.4. Optimization of Main Design Parameters

Modification of the main stator and rotor parameters will have
some effect on the electromagnetic performance of the VLF-
DSPM motor, mainly including average torque, torque fluctu-
ation, PM utilization, core loss, and efficiency.

3.4.1. Optimization of Important Stator Parameters

Aiming to obtain the optimum parameter ratios for motor per-
formance, the stator parameter splitting ratio to be optimized is
defined as (9).

)

where R; and R,, represent the inner and outer radii of the sta-
tor, respectively. Split ratio is one of the most representative
parameters in the stator parameters of the motor, which is of
great significance in improving the overall performance of the
motor. The variation of average torque and torque pulsation,
iron loss, and efficiency as well as permanent magnet volume
and utilization of the motor with respect to the stator structure
parameter, split ratio, obtained by means of finite element anal-
ysis is shown in Fig. 7.
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In Fig. 7(a), the average torque is maximum, and the torque
pulsation is minimum at the split ratio equal to 0.6. The av-
erage torque decreases slightly, and the torque ripple increases
slightly at the split ratio of 0.59. In Fig. 7(b), the highest effi-
ciency and the lowest iron loss is at the split ratio equal to 0.59,
and the efficiency decreases slightly at the split ratio of 0.6. In
Fig. 7(c) the point of the highest utilization of permanent mag-
nets is at the split ratio equal to 0.59, and it starts to decrease
sharply at the split ratio equal to 0.6. To sum up, the optimum
value of the splitting ratio is 0.59.

3.4.2. Optimization of Important Rotor Parameters

The main parameters of the motor rotor optimization are shown
in Fig. 5(¢), where W, and W},.; are the width of the magnetic
barrier and the width of the magnetic bridge. The variation of
average torque, torque ripple, core loss and efficiency with ro-
tor structural parameters W,,.., W,; is obtained by using finite
element analysis as shown in Fig. 8, where (a) and (b) show that
in VLF-DSPM, with the increase of W,,.;, the average torque
increases significantly while the torque ripple is not significant,
and the increase of A does not affect the average torque signif-
icantly but makes the torque ripple larger. In Figs. 8(c) and (d),
it can be clearly seen that the changes of Wy,.; and W,,.. affect
the core loss and efficiency of the motor at the same time. When
W, increases, the core loss of the motor increases, and effi-
ciency does not change much. When W,,,.. increases, the core
loss of the motor decreases significantly, but the reduced effi-
ciency shows a tendency of increasing first and then decreasing.

In summary, the torque ripple in this motor is insensitive to
the variation of the parameters of W,,.. and Wy,.;, and a higher
average torque of larger torque, smaller losses, and higher effi-
ciency can be obtained when the value of W,,.; is between 0.6
and 1.0, and the value of W, is between 3 and 5. Setting up
magnetic bridges and barriers with appropriate widths can im-
prove the situation of magnetic flux imbalance, which is con-
ducive to increasing the torque while reducing the torque ripple,
reducing the core losses, and improving the motor efficiency.

4. ELECTROMAGNETIC CHARACTERISTIC

Aiming to verify that the VLF-DSPM has good performance
and to further analyze the advantages of this segmented Delta-
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FIGURE 9. Rotor structure of the machine. (a) Conventional DS-IPM. (b) VLF-DSPM. (c¢) Removing the bar-shaped permanent magnet ¢ of VLF-

DSPM.

TABLE 1. Main dimensions and parameters of VLF-DSPM and DS-
IPM.

Items VLF-DSPM DS-1IPM
Rated output power (kW) 4 4
Current (A) 10 10
Air-gap length (mm) 0.7 0.7
Rated speed (rpm) 1500 1500
PM material N42SH N42SH
Stator and rotor core materials ~ DW310 35 DW310 35
Out diameter of the stator (mm) 155 155
Out diameter of the rotor (mm) 89.2 89.2
Slots/Poles 12/10 12/10
PM volume (mm?) 696.4 667.6
Turns 20 20

shaped rotor permanent magnet, a conventional Delta-shaped
interior permanent magnet synchronous motor (DS-IPM) with
identical stator structure, pole-slot ratios, and almost equal
number of permanent magnets is selected for comparison in this
paper. The rotor structure of DS-IPM is shown in Fig. 9(a), and
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that of the VLF-DSPM motor is shown in Fig. 9(b). The struc-
ture in the main parameters and material configurations of VLF-
DSPM and DS-IPM are shown in Table 1. They have the same
stator structure parameters, and the permanent magnet volume
of the optimized VLF-DSPM is slightly larger than that of the
DS-IPM motor, which makes it fair to carry out the analysis of
electromagnetic characteristics. Fig. 9(b) shows the rotor struc-
ture, and the structure after removing the bar permanent magnet
¢ is shown in Fig. 9(c).

The electromagnetic characteristics of the two machines are
analyzed under no load and load using finite element analysis
to verify the good characteristics of the motor proposed in this
paper, to prove the validity of the motor design, to analyze the
advantages and disadvantages, and also to analyze the feasibil-
ity of the motor.

4.1. No-Load Characteristics

The magnetic cloud densities of VLF-DSPM and DS-IPM are
obtained by using the method of finite element analysis as
shown in Fig. 10. The variation of air gap flux density and back-
electromotive force (back EMF) of VLF-DSPM and DS-IPM
with the rotor position angle is shown in Fig. 11 and Fig. 12.
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The harmonic analysis of air gap magnetic density and back
electromotive force in Fig. 11 and Fig. 12 are shown in Fig. 13
and Fig. 14, respectively. It can be clearly seen that, simi-
lar to the traditional Delta-shaped IPM, the VLF-DSPM motor
has a 5-pair magnetic field distribution; the air-gap flux den-
sity and magnetic field density in the magnetic bridge under
no-load situation show regular changes; the maximum magni-
tude of the magnetic field in the air-gap flux density is slightly
higher than that in the DS-IPM motor; and the waveforms are
smoother, which means that the weak electromagnetic capabil-
ity has increased. The amplitude of the no-load back electro-
motive force of the VLF-DSPM motor is increased by 3.15V,
which means that the motor output capability and efficiency
are also higher. The results of harmonic analysis of the wave-
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forms in Figs. 11 and 12 are shown in Figs. 13 and 14. It is
revealed that the first harmonic content of the air-gap flux den-
sity and the back electromotive force of the VLF-DSPM motor
are higher than that of the DS-IPM motor, and the THD values
of the air-gap flux density are 10.0% in VLF-DSPM and 23.1%
in DS-IPM, respectively. The THD values of the back elec-
tromotive force are 1.78% in VLF-DSPM and 11% in DS-IPM
respectively, which indicates that the high-frequency harmonic
content of VLF-DSPM motor is greatly reduced, so it has lower
core losses and a stronger output capacity.

4.2. Electromagnetic Torque

From the analysis in Section 3, the d- and g-axis inductance
values of the variable leakage motor are affected by its current
value to varying degrees, and its torque equations in the d and
q rotating coordinate system are (10)—(12)

Tpm = ipnwpmiq (10)
3. 3 ..

Trei = §Pnzdzq(Ld —L,) = §PnLd(1 — p)igig (11)

Te - Tpm +Trel (12)

p = Ly/La (13)

where P, is the number of pole pairs of the motor, 1, the
permanent magnet flux, T}, the permanent magnet torque, p
the saliency ratio, and T,..; the reluctance torque. From (10)—
(12), the synthesized torque of the motor can be divided into
two parts, the permanent magnet torque and reluctance torque.
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FIGURE 15. Variation of permanent magnet torque with current angle in

VLF-DSPM and DS-IPM.

When the reluctance torque is greater than 0, the electromag-
netic torque is increased, and the motor is in the driving or load
state; when the saliency ratio of the motor is equal to 1, all the
torque is converted into the electromagnetic torque, and the re-
luctance torque is 0; when the reluctance torque is negative,
the electromagnetic torque is reduced, and the motor is in the
braking state is 0; when the reluctance torque is negative, the
electromagnetic torque is reduced, and the motor is in the brak-
ing state. Figs. 15 and 16 show the relationship curves between
the electromagnetic torque and reluctance torque for the two
motors at different current angles.

As can be seen from the figure, the VLF-DSPM motor has
a higher electromagnetic torque due to its stronger magnetic
tuning capability, and therefore a higher maximum torque in-
crease of 3.15 Nm than the conventional Delta-shaped motor.
The average value of the reluctance torque of the DS-IPM is
1.03 Nm higher than that of the VLF-DSPM because the former
has a larger positive d-axis current, and the latter has a smaller
negative d-axis current. In addition, as shown in Fig. 17, the
electromagnetic torque of the VLF-DSPM motor is improved
by 2.74 Nm compared to the motor with the permanent mag-
net ¢ with the bar removed, and the reluctance torque content is
higher. The c in the Delta-shaped permanent magnet facilitates
the increase of the reluctance torque and thus the synthesized
torque, which at the same time is in accordance with the previ-
ously mentioned point of view. The maximum content of the
reluctance torque in the DS-IPM indicates that the content of
the permanent magnet torque is low.

Percentage of reluctance torque (%)

8 VLF-DSPM
40 DS-IPM
No"c"

3 . "',',' ................... ""::. 1
20 _~I::..:::.. | ‘ ‘ | | |
* il | i
0

10 20 30 30 40 50 60 70 80 90
Current angle (degree)

)

FIGURE 17. Percentages of reluctance torque in VLF-DSPM, DS-IPM
and No “c” machine.
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FIGURE 16. Variation of reluctance torque with current angle in VLF-
DSPM and DS-IPM.
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4.3. Overload Capacity

Figure 18 shows the change in the relationship between the ratio
of the electromagnetic torque to the rated torque for the VLF-
DSPM and DS-IPM with 1-2 times of the rated load. The ab-
scissa ¢/i indicates the ratio of the load current to the rated
current, and the ordinate T, /T indicates the ratio of the elec-
tromagnetic torque to the rated torque under the correspond-
ing load current. In Fig. 18, when the rated load current is
applied, i/iy = 1, the electromagnetic torque is T = T .
When i/iy = 2 (corresponding to EVs heavy load or climb-
ing), the torque of the VLF-DSPM motor is only 1.817y, while
the torque of the DS-IPM motor reaches 1.967 ), proving that
adding magnetic barriers can make the iron core less suscepti-
ble to saturation, thereby obtaining stronger overload capacity
than the DS-IPM motor.

2.0 T T T
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FIGURE 18. Electromagnetic torque versus current curve.

4.4. Inductance Characteristic

The changes of d-axis and g-axis inductances with the magni-
tude of current for the two motors can be visualized in Fig. 19.
The VLF-DSPM motors basically satisfy the reverse-salient
characteristic that L4 (d-axis inductance) is larger than L, (g-
axis inductance) at rated operating conditions, and the reverse-
salient characteristic is more obvious. Due to the existence of
the g-axis magnetic barrier, the leakage effect is good, and the
decreasing speed of the d-axis inductance is obviously smaller
than that of the g-axis inductance. However, the change of d-
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FIGURE 19. Variation of d-axis and g-axis inductances with current. (a) DS-IPM. (b) VLF-DSPM.

axis and g-axis inductances of DS-IPM motor is not significant,
and the saliency ratio is close to 1. Obviously, the d-axis induc-
tance of VLF-DSPM is larger, because the motor adopts ferro-
magnetic material to segment the Delta-shaped permanent mag-
nets. The permeability of ferromagnetic material is much larger
than that of permanent magnets, and a part of the magnetic lines
of flux does not pass through the permanent magnets but di-
rectly passes through the ferromagnetic material, which makes
the magnetic flux path of the main magnetic circuit longer and
the magnetoresistance of the main magnetic circuit smaller,
and thus makes the d-axis inductance larger and the range of
constant-power speed regulation broader. Therefore, the pro-
posed motor has a better weak magnetic effect.

4.5. Variable Leakage Flux Characteristic

The effective magnetic flux map of the VLF-DSPM obtained
using the finite element analysis method is shown in Fig. 18.
When the EVs are operated at the high speed and light load
conditions shown in Fig. 20, the effective flux is small due to
the presence of a magnetic barrier on the g-axis and a large
amount of leakage flux near the barrier and around the bridge,
and the effective flux is limited by the voltage-limit ellipse and
the current-limit circle. The effective magnetic flux of the mo-
tor is limited to between 0.03 and 0.06 Wb. The motor can ad-
just the magnetic field through magnetic leakage. Itis also clear
from the magnetic flux line diagram in Fig. 21 that during high-
speed light-load operation, there is more magnetic leakage near
the magnetic barrier, and the motor is operating in the constant
speed region. When the EVs are at low speed and heavy load,

0.1114
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FIGURE 20. Effective flux map of VLF-DSPM motor.
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there is a magnetic leakage saturation region in the motor, with
very little magnetic leakage and an effective magnetic flux be-
tween 0.09 and 0.11 Wb. A large number of magnetic flux lines
pass through the air gap, and the convex pole ratio p < 1 at this
time, so a high torque can be output to meet the demand.

4.6. Constant-Power Speed Range (CPSR)

The CPSR performance of motors is crucial for EVs, and the
torque-speed and power-speed curves of two motors are ob-
tained at rated voltage and rated current as shown in Fig. 22.
Thanks to the design of the g-axis magnetic barrier and seg-
mented magnetic bridge, the flux regulation capability of the
VLF-DSPM motor is increased, and the output torque of the
proposed motor is higher than that of the DS-IPM motor in
the low-speed region. The power of DS-IPM reaches its maxi-
mum value near the rated operating point and starts to decrease
sharply near the speed of 4000 rpm, whereas the VLF-DSPM
motor can maintain a higher output power in the constant power
region until the speed rises to 6000 rpm, and then it reduces to
the rated power, with a constant power speed range of up to
four times of the rated speed. According to Fig. 22, when the
output torque is 6.31 Nm, the maximum speed of DS-IPM mo-
tor is only 4350 rpm, while the maximum speed of VLF-DSPM
motor is up to 6000 rpm, due to the stronger weak magnetic
regulation capability of VLF-DSPM motor.

4.7. Efficiency and Power Factor

Efficiency is an important indicator of permanent magnet syn-
chronous motors, and motors used in electric vehicles will re-
ceive greater attention, as efficiency is related to the motor’s en-
ergy conversion rate and cost of use. Under the conditions of a
phase current of 10 A and a DC voltage of 125V, the efficiency
diagrams of the two motors are shown in Fig. 23. From the pic-
ture, the efficiency of the VLF-DSPM motor is about 92% when
it is near the rated operating point, while the efficiency of the
DS-IPM motor is below 90% near the rated operating point. As
the motor speed increases, the efficiency of the two gradually
increases, and the maximum efficiency can reach 96% near the
speed of 2000 rpm, but after the speed is higher than 4000 rpm,
the efficiency of the former decreases slowly, between 92% and
95%, and after the speed is higher than 4000 rpm, the efficiency
of the latter decreases quickly. It will be even lower than 88%.
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FIGURE 24. Power factor maps of VLF-DSPM and DS-IPM. (a) VLF-DSPM. (b) DS-IPM.

This proves that the former is more efficient and more advan-
tageous in low-speed driving and high-speed sailing when the
two have comparable maximum efficiencies.

Power factor is another important index to measure the per-
formance of the motor, which reflects the degree of effective
utilization of electrical energy during operation. The power
factor maps of the VLF-DSPM and DS-IPM motors are shown
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TABLE 2. Comparison results of the two machines.

Model

DS-IPM  Optimized VLF-DSPM

Air-gap density (T)
No load back-EMF (V)

Harmonic THD value of air-gap density (%)

Harmonic THD value of back-EMF (%)

Average torque (Nm)
Reluctance torque (Nm)
Split ratio
Lq/Lq
Efficiency (%)
Power factor
CPSR

0.59 0.56
45.12 48.27
23.1 10.0

11 1.78
22.05 252
9.03 7.58
0.61 0.59
0.88 1.2
95% 96%
0.97 0.99

2.9 4

in Figs. 24(a) and (b), respectively. It can be visualized that
both have power factors lower than 0.76 near the rated operat-
ing point, but after higher than the rated rotational speed, the
power factor of the former soars all the way up to 0.99, which
can be maintained, while that of the latter in the high-speed re-
gion reaches 0.97 in a very small range. This is because the d-
axis inductance of the proposed motor is increased after the op-
timized design of the rotor structure, which can solve the prob-
lem of low power factor of conventional motors in the high-
speed travel domain.

5. CONCLUSION

Due to the insufficient output torque at high speeds of tradi-
tional Delta-shaped motors, their power factor and efficiency
are low. While improving the output torque, it is difficult to
maintain a wide speed regulation range, which cannot fully
meet the reasonable requirements of the internal drive motor of
electric vehicles operating under complex working conditions.
Therefore, after many relevant papers are reviewed, this pa-
per proposes a new segmented permanent magnet synchronous
motor with variable flux leakage reverse salient characteristics
based on the traditional Delta-shaped interior PMSM.

First, a simplified analysis of the magnetic circuit principle
and the cause of the flux leakage of this motor was carried out
through formula derivation.

Second, the stator split ratio of this motor was optimized,
as well as the width parameters of the rotor magnetic barriers
and magnetic bridges. The optimization targets were average
torque, torque ripple, efficiency, core loss, and permanent mag-
net utilization. The optimal split ratio was found to be 0.59,
and the optimal width ranges of the magnetic barriers and mag-
netic bridges were found to be between 3 and 5 mm, and 0.6
and 1 mm, respectively.

Finally, the DS-IPM motor with an identical stator structure
and a similar number of permanent magnets to the motor men-
tioned in this article was compared to study the no-load charac-
teristics, output torque, overload capacity, inductance charac-
teristics, flux regulation characteristics, constant power speed
range, efficiency, and power factor. It was found that the out-
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put torque of the motor mentioned in this article has increased
by 3.15Nm, has better overload capacity, and has the charac-
teristics of a reverse salient at low speeds and heavy loads. The
constant power speed range can reach up to 4 times of the rated
speed, and it has higher efficiency at speeds equal to the rated
speed and above 4000 rpm. The power factor is close to 1.0 at
high speeds.

In conclusion, the designed VLF-DSPM motor is compared
and analyzed with the traditional Delta-type indoor permanent
magnet synchronous motor in this paper, and the results are
shown in Table 2. Under the premise of ensuring the same stator
structure and basically the same number of permanent magnets,
the clever design of the motor rotor structure achieves the effect
of increasing the output torque, improving the motor efficiency
and power factor, and enlarging the range of constant power
speed regulation.
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