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ABSTRACT An IPMSM with I2V type rotor topology structure is proposed, its loss, efficiency and torque
are analyzed and compared with V and IV type. Firstly, the optimized rotor topology structures are used to
analyze the no-load air-gap flux density waveform and harmonic contents of the IPMSM. The results show
that the THD of the no-load air-gap flux density with the I2V type is the smallest and the sinusoidal degree
of the waveform is the highest. Secondly, the loss of the IPMSM with optimized rotor topology structures
are analyzed and compared. Compared with the other two rotors, the results show that the iron loss of the
IPMSMwith the I2V type is the smallest. The iron loss of the IPMSMwith I2V type is significantly less than
that of the other two rotors especially under the deep flux weakening conditions. The output torque of the
IPMSM under different current angles, current densities and speed are analyzed and compared. The results
show that the torque performance of the IPMSM with I2V type is better than the other two rotors. this paper
proposes a simple and effective method to optimize the position and diameter of the magnetic isolation holes
by establishing a parameterized model. The results show that the torque ripple and cogging torque with the
further optimized I2V type rotor topology structure are greatly reduced, the iron loss and magnet loss are
also effectively reduced. Finally, the von Mises stress and the total displacement of the rotor deformation
of the IPMSM with the further optimized I2V type under different working conditions are verified by finite
element analysis. The results show that the rotor will not rupture, the displacement is small enough to avoid
the touch between stator and rotor.

INDEX TERMS Interior permanent magnet synchronous motor (IPMSM), torque, iron loss, efficiency,
magnetic isolation hole.

I. INTRODUCTION
With the global energy crisis and environmental pollution
becoming increasingly prominent, energy saving and green
electric vehicle (EV) have received more and more attention.
As the driving motor is the core technology of the EV, the
requirements for relevant technologies of the motor for the
EV application are constantly increasing, and the motor for
EV application is gradually developing in the direction of
high power density, high efficiency, constant power wide
speed range and energy saving [1]. Compared with the sur-
face mounted permanent magnet synchronous motor, the
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IPMSM has higher mechanical strength, high power density,
smaller volume and lighter mass, so it has attracted more
and more attention from domestic and foreign scholars [2].
Improving torque density and rated speed is an effective
method to design the IPMSMwith high power density, at this
time the current density and the heat load have reached
maximum limit that the material of the motor can bear. The
greater the unit volume loss of the motor, the more serious
the heating phenomenon and the higher the temperature rise,
which not only can affect the performance of the IPMSM,
such as torque density and efficiency, and cause the decline
of the permanent magnet performance and even cause the risk
of irreversible demagnetization of the permanent magnet, but
also may put forward higher requirements on the insulation
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level of the winding. Therefore, it is very important to have
the precise calculation of the losses of the IPMSM, collab-
orative optimization of electromagnetic and thermal design,
avoid the temperature distribution in the IPMSM exceeding
the maximum temperature required by the permanent magnet
and winding insulation. Under the premise of ensuring the
safe and reliable operation of the IPMSM, it is necessary
to optimize and design the IPMSM in order to meet the
requirements of fully tapping the potential of the IPMSM
and making the performance of the IPMSM to the extreme
[3], [4], [5].

Maintaining constant power and high efficiency in a
wide speed range are the main performance requirements of
IPMSM for electric vehicles. When the IPMSM runs with
high speed, that is, under the deep flux weakening condition,
the frequency increases with the increment of the speed, and
the iron loss has the greatest impact on the total efficiency.
Eddy loss is dominant in the iron loss of the IPMSM including
eddy loss and hysteresis loss. In this case, the amplitude of
the fundamental air-gap flux density becomes smaller, and the
eddy loss of the stator is mainly determined by the rotor mag-
netomotive force (MMF) harmonics caused by the rotor flux
barrier. therefore, the stator iron loss of the IPMSM is greatly
affected by the rotor topology structure [6], [7], [8], [9].
The stator harmonic loss is mainly caused by the harmonic
generated by the rotor permanent magnet. The stator core loss
can be effectively reduced by optimizing the angle and type
of the flux barrier of the double-layer permanent magnet [10].
By optimizing the type and position of the flux bridge and
the flux barrier, the torque density and the ability of flux
weakening speed regulation are greatly improved [11].

The IPMSM with V type rotor topology structure is
designed and the pole arc angle of the V type permanent
magnet is optimized. The results show that the iron loss can
be effectively reduced [12]. The IPMSM with IV type rotor
topology structure is optimized, the results show that the iron
loss is significantly reduced after the optimization, while the
average torque is only slightly reduced [13]. The iron losses
of the IPMSM with V type, 2V type, 3V type and 4V type
rotor topology structures under the condition of deep flux
weakening are compared and analyzed, the results show that
the iron losses decrease with the increment of the number of
permanent magnet layers [14]. It is found that the higher the
running speed, the greater the eddy loss of the permanent
magnet, and the more serious the heating of the perma-
nent magnet, which will lead to irreversible demagnetization,
which is also one of the main problems of the IPMSM [15].
The torque ripple and iron loss of the IPMSM are studied,
the results show that the iron loss is significantly reduced
by optimizing the IPMSM, but the torque ripple is greatly
increased, it is difficult to reduce the torque ripple and iron
loss at the same time [16], [17].

In this paper, an IPMSM with I2V type rotor topol-
ogy structure is proposed, which can achieve high torque
density, low torque ripple and low iron loss at the same
time.

Firstly, the waveforms of no-load air-gap flux density of
the IPMSM with three different optimized rotor topology
structures are analyzed and compared. The output average
torque of the IPMSM with I2V type proposed in this paper
versus current angle, current density and speed under differ-
ent working conditions are analyzed and compared with the
V and IV type rotor topology structures. The results show
that the torque performance of the IPMSM with I2V type
rotor topology structure is better than that of the other two
rotors under different working conditions. Then, the iron loss
of the IPMSM with three different optimized rotor topology
structures under different working conditions are analyzed
and compared. Compared with the other two rotors, the iron
loss of the IPMSM with the I2V type is the smallest, the
iron loss of the IPMSM with I2V type is significantly less
than that of the other two rotors especially under the deep
flux weakening conditions. To overcome the problem that
the IPMSM with I2V type rotor topology structure proposed
in this paper achieves the optimization goal of high speed
with low iron loss while the torque ripple and cogging torque
greatly increase, this paper proposes a simple and effective
method to add a set of circular magnetic isolation holes
between the second layer and the third layer of permanent
magnets, and optimize and adjust the position and diameter
of this set of circular magnetic isolation holes by establish-
ing a parameterized model of magnetic isolation holes. The
results show that the torque ripple and cogging torque of the
IPMSM with the further optimized I2V type rotor topology
structure are greatly reduced, which has great significance
to reduce vibration and noise of the IPMSM. the iron loss
and magnet loss of the IPMSM with the I2V type are also
effectively reduced after the further optimization, which can
further increase the proportion of high efficiency area of
motor. Finally, the vonMises stress and the total displacement
of the rotor deformation of the IPMSM with optimized I2V
type rotor topology structure under different working condi-
tions are verified by finite element analysis. The results show
that the optimized I2V type rotor topology structure of the
IPMSM will not rupture under different working conditions.
The displacement of the rotor deformation under different
working conditions is small enough to avoid the phenomenon
of the touch between stator and rotor caused by excessive
displacement.

II. ANALYSIS OF ELECTROMAGNETIC TORQUE AND IRON
LOSS
A. ANALYSIS OF ELECTROMAGNETIC TORQUE
The vector diagram of the IPMSM in d-q coordinate system
is shown in Figure 1. As shown in Figure 1, the angle between
the stator current space vector is and the q-axis is the current
angle α. The current angle is a very important variable for
the IPMSM. Taking the q axis as the starting coordinate axis,
the current angle with counterclockwise rotation is positive,
and the current angle with clockwise rotation is negative.
The positive and negative of the current angle determines the
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FIGURE 1. Phasor diagram of the IPMSM in d, q coordinate system.

working condition of the IPMSM. When the current angle is
negative, the IPMSMworks in the state of magnetization, and
the reluctance torque is negative. When the current angle is
positive, the IPMSM works in the condition of flux weak-
ening speed regulation, and the reluctance torque is positive.
In order to make effective use of reluctance torque, improve
the constant power speed range and operation efficiency of
the IPMSM, the current angle is positive, the value range is
0-90◦.

The flux linkage equations of the IPMSM in d, q coordinate
systems can be expressed as{

ψd = Ld id + ψm

ψq = Lqiq
(1)

The voltage equations of the IPMSM in d, q coordinate
systems can be expressed asud =

dψd
dt − ωmψq + R1id

uq =
dψq
dt + ωmψd + R1iq

(2)

The electromagnetic torque equations of the IPMSM in d,
q coordinate systems can be expressed as

Te =
3
2
p

[
ψmiq + (Ld − Lq)id iq

]
(3){

id = −is sinα
iq = is cosα

(4)

Based on Equations 3 and 4, the electromagnetic torque
equation is further expressed as

Tmag = 1.5p ∗ ψmis cosα (5)

Trel = 0.75p ∗ (Lq − Ld )i2s sin 2α (6)

Te = Tu = Tmag + Trel (7)

where ud,uq are respectively the winding voltage of d and
q axis; And id , iq are respectively the winding current of d
and q axis, ωm is the electrical angular velocity, Ld , Lq is
the equivalent inductance of d, q axis. R1 is the stator phase

FIGURE 2. Magnet torque, reluctance torque and total torque versus
current angle.

resistance, ψm is the synthetic flux linkage generated by the
permanent magnet on the d axis and p is the pole numbers.
According to Equation 5-7, the total torque Tu mainly

includes magnet torque Tmag and reluctance torque Trel.
according to Equation5-7. The total torque, magnet torque,
reluctance torque versus current angle is shown in Figure 2.
As shown in Figure 2, it can be found that the magnet torque
takes the maximum value when the current angle is 0◦, the
reluctance torque takes the maximum value when the current
angle is 45◦, and the total torque takes the maximum value
when the current angle is about 30◦.
It can be further obtained from Figure 1 that the limit value

of the voltage and the current are expressed as
(Lqiq) + (Ld id + ψm)2 = ( ulim

ωm
)2

i2d + i2q ≤ i2lim

Ulim ≥

√
u2d + u2q

(8)

When the DC bus voltage of the inverter isUDC , the effective
value of the maximum fundamental phase voltage can be
given as

Ulim =
UDC
√
6

(9)

The rotor magnetic field of the IPMSM is generated by the
permanent magnet, and the permanent magnet flux linkage
is basically kept constant. According to Equations 8 and 9,
as the angular velocity gradually increases, it is necessary
to increase the amplitude and current angle to weaken the
air-gap magnetic field of the IPMSM, and avoid the value
of the phase voltage exceeding the limit voltage value that
the inverter can provide and achieve constant power flux
weakening speed regulation.

B. ANALYSIS OF IRON LOSS
The iron loss mainly includes hysteresis loss and eddy
loss, and the hysteresis loss is the loss caused by repeated
magnetization of core materials in the process of alternating
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magnetic field. The conductor in the alternating magnetic
field will generate internal induced current, namely eddy
current, the higher the frequency of alternating magnetic
field, the larger the eddy current. The induced eddy current
energy can make the core heat and cause loss, that is, eddy
loss. Additional losses are all losses except hysteresis loss and
eddy current loss.

When the flux density varies sinusoidally, the Bertotti loss
separation calculation model [18] is adopted, and the total
loss per unit mass of core (W/kg) is expressed as

Pt = Ph + Pe + Pexc
Pt = KhfBδm + Kef 2B2m + Kexcf 1.5B1.5m (10)

where, Ph is the hysteresis loss; Pe is the eddy loss; Pexc is
the additional loss; Kh, δ is the hysteresis loss coefficient;
Ke is the eddy loss coefficient; Kexc is the additional loss
coefficient; Bm is the peak value of flux density.
The flux density waveform of the IPMSM is generally non-

sinusoidal, under a combination of alternating and rotating
magnetic fields, contains a lot of harmonics [19], the iron loss
can be expressed as

Pt = KchKhfBδm +
Ke
2π2 (

dB
dt

)2rms +
Kexc

(2π2)3/4
(
dB
dt

)1.5rms

Kch = 1 +
c
Bm

N∑
i=1

1Bi (11)

where, Kch is the hysteresis loss correction coefficient con-
sidering the influence of hysteresis loop. c is a constant with
a value of 0.6∼0.7, N is the number of changes in local flux
density within a period, 1Bi is the offset value of the com-
ponent of the flux density waveform. ( dBdt )rms is an effective
value of the rate of change of flux density with respect to time
within a period.

When themotor is rotating, part of the core is in the rotating
magnetic field. Generally, the loss caused by the rotating
magnetic field can be studied by dividing the rotating mag-
netic field into two orthogonal alternating magnetic fields.
For the elliptic rotatingmagnetic field of k harmonic, it can be
decomposed into two orthogonal alternating magnetic fields
with long-axis magnetic flux density Bkmax and short-axis
magnetic flux density Bkmin. Therefore, hysteresis loss, eddy
current loss and additional loss of stator core can be expressed
as 

Ph =

N∑
k=1

Khkf (Bαk max + Bαk min)

Pe = Ke
N∑
i=1

Kek2f 2(B2k max + B2k min)

Pexc = Kexc 1T
∫ T
0

∣∣∣∣∣∣∣ dBr (t)dt

∣∣∣2 +

∣∣∣ dBt (t)dt

∣∣∣2∣∣∣∣2 dt
(12)

where, Br and Bt are respectively radial and tangential flux
densities in the iron core. On this basis, the flux density
waveform of each subdivision element in the stator core is
obtained by time-step finite element method, and the iron

FIGURE 3. The IPMSM with different rotor topology structures.

loss of the corresponding part can be obtained according to
equation (10-12), and the total iron loss can be obtained by
the summation.

It can be found from the above analysis that the iron loss is
mainly determined by the frequency (speed), and then related
to the amplitude and harmonic contents of the flux density,
and the variation of local flux density in one period. Under the
condition that the frequency of the motor is fixed, increasing
the sinusoidal degree of the waveform of the air-gap flux
density is an effective method to reduce the iron loss.

III. THE CHARACTERISTICS AND ROTOR TOPOLOGY
STRUCTURE OPTIMIZATION OF THE IPMSM
A. THE CHARACTERISTICS OF THE IPMSM
Three different rotor topology structures of the IPMSM with
the I2V type proposed in this paper and the V type, IV type
are shown in Figure 3. As shown in Figure 3, it can be found
that the rotor structure is mainly composed of rotor core,
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TABLE 1. Motor characteristics.

flux barrier, flux bridge, ribs between permanent magnets,
and permanent magnets at each layer. The total mass of
rotor permanent magnets of the three kinds of rotor topology
structures are basically the same, while the consumption of
permanent magnets of the I2V type rotor topology structures
is slightly reduced, and the same stator is adopted. For rotor
topology structure of one pole, V type has two permanent
magnets, IV type has three permanent magnets, and I2V type
has five permanent magnets.

The characteristics of the investigated IPMSM is shown in
Table 1. The number of rotor poles, stator slots is matched
with 8 poles and 48 slots with the distributed windings
aiming to reduce the 5th and 7th harmonics. The amplitude
of continuous phase current is 300 A, and its current den-
sity is 9.6A/mm2, the amplitude of maximum phase current
is 500 A, and its current density is 16.0 A/mm2. The IPMSM
are fluid cooled.

B. THE OPTIMIZATION OF ROTOR TOPOLOGY
STRUC-TURE OF THE IPMSM
Since the flux density at the flux bridge is highly saturated,
the harmonic contents of the air-gap flux density are mainly
determined by the rotor topology structure. If the rotor topol-
ogy structure is not optimized, the harmonic contents of the
air-gap flux density will be increased. When the IPMSM is
running at high speed, the frequency of the fluctuation of the
flux density amplitude of these harmonics in the stator core
becomes larger, leading to a rapid increase in iron loss and a
significant reduction in efficiency [20]. It can be concluded
that increasing the layer number of permanent magnet can
effectively improve the sinusoidal degree of the waveform
of the air-gap flux density and no load back EMF, and
reduce the harmonic contents [14], [21], which can greatly
reduce the iron loss and improve the efficiency and control
accuracy of the IPMSM.

The air-gap flux density and the harmonic contents of no-
load back EMF waveform are mainly determined by the rotor

FIGURE 4. The Schematic of rotor topology parameters.

topology structure. As shown in Figure 4, so it is necessary to
optimize the rotor topology structure of the IPMSM. There-
fore, it is significant to optimize and analyze the mechanical
opening angle and the pole-arc electric angle of each layer
permanent magnet to improve the sinusoidal degree of the
waveform of the air gap flux density and no-load back EMF,
reduce harmonic contents and iron loss, and improve opera-
tion efficiency and control accuracy of the IPMSM. The pole
arc angle of the first layer permanent magnet (The PM1 pole-
arc Angle) has the greatest influence on the performance of
the IPMSM, so this paper mainly analyzes and optimizes the
parameter of the PM1 pole-arc Angle.

The influence of the PM1 pole-arc Angle on the perfor-
mance of the IPMSM with three different rotor topology
structures is shown in Figure 5. As shown in Figure 5(a),
it can be found that when the PM1 pole-arc Angle of the
IPMSMwith three different rotor topology structures is set to
130◦, the harmonic distortion of no-load back EMF can reach
the minimum value. The smaller the harmonic distortion of
no-load back EMF, the higher the control accuracy and the
smaller the iron loss caused by harmonic.

Under rated working conditions with speed of 6000rpm,
current amplitude of 300A and current angle of 30◦, the
output average torque of the IPMSM with three different
rotor topology structures versus the PM1 pole-arc Angle is
shown in Figure 5(b). As shown in Figure 5(b), the output
average torque gradually decreases with the increment of the
PM1 pole-arc Angle αp1 and the output average torque of the
IPMSM with I2V type rotor topology structure proposed in
this paper decreases relatively slowly. Under deep flux weak-
ening conditions with speed of 16000rpm, current amplitude
of 500A and current angle of 80◦, the iron loss of the IPMSM
versus the PM1 pole-arc Angle is shown in Figure 5(c).
As shown in Figure 5(c), it can be found that the iron loss
of the IPMSM gradually decreases with the increment of the
PM1 pole-arcAngle, and the iron loss of the IPMSMwith I2V
type rotor topology structure proposed in this paper decreases
the fastest. As shown in Figure 5(b) and (c), it can draw the
conclusions that as the PM1 pole-arc Angle is set to 130◦,
the output average torque and the iron loss of the IPMSM

5542 VOLUME 11, 2023



L. Niu, M. Zhang: Loss and Efficiency Analysis and Research of Interior Permanent Magnet Synchronous Motors

FIGURE 5. The Influence on motor performance of the PM1 pole-are
Angle.

can be taken into consideration simultaneously. From what
has been discussed above, the PM1 pole-arc Angle of the

TABLE 2. Optimization parameters with three different rotor topologies.

TABLE 3. Magnet cost of three motors(N38UH).

IPMSMwith different rotor topology structures is determined
to be 130◦.
The optimized rotor parameter values of the IPMSM with

different rotor topology structures are shown in Table 2,
including the opening angle of each layer of permanent mag-
net, the pole-arc angle of each layer of permanent magnet,
the size of each layer of permanent magnet and the total
mass of permanent magnet, Where PMT, PMW and PWV
are the thickness of the permanent magnet, the width of the
permanent magnet, the total mass of the permanent magnet
respectively.

As shown in Table 2, the total volumes of the permanent
magnets (N38UH) in three rotors are almost identical, so the
original material cost is almost equal. The cost of magnet
surface treatment (electroplating) of three kinds of motors
are equal. For one polar, the I2V type has five pieces of
magnets, the IV type has three pieces of magnets the V type
has two pieces of magnets. As the total volumes of permanent
magnet is the same, the more pieces of permanent magnet
are divided, the thinner the permanent magnet is. the thinner
the magnet, the higher its specific cost, therefore, the cost of
magnet of I2V type and IV type is higher 60% and 30% than
the V type due tomanufacturing process is more complicated.
The magnet cost of the IPMSM with different rotor topology
structures are shown in Table 3.
For the design of the IPMSM, the optimization of no-load

air gap flux density waveform is very important. Because the
maximization of the amplitude of the fundamental air-gap
flux density and the minimization of its THD can simulta-
neously achieve high torque density, low torque ripple and
low iron loss of the IPMSM. After the optimization of three
different rotor topology structures, the amplitude of the fun-
damental no-load air-gap flux density of the IPMSM is max-
imally increased and the THD is minimized. The optimized
no-load air-gap flux density and spectral components of the
IPMSM with different rotor topology structures are shown in
Figure 6. As shown in Figure 6(a), it can be found that the
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FIGURE 6. The Optimal no load air gap flux density waveforms.

TABLE 4. The amplitude of the fundamental and THD of no-load air-gap
flux density with three different rotor topologies.

no load air-gap flux density of the IPMSM with the I2V type
rotor topology structure proposed in this paper is closer to the
sinusoidal waveform. As shown in Figure 6(b), the amplitude
of the fundamental no-load air-gap flux density of the IPMSM
with I2V type rotor topology structure proposed in this paper
is the largest. The THD of no-load air-gap flux density of
the IPMSM with different rotor topology structures is shown
in Table 4. As shown in Table 4, it can be found that the
no load air-gap flux density waveform of the IPMSM with
I2V type rotor topology structure proposed in this paper has
the lowest THD and the highest sinusoidal degree, which is
helpful to reduce iron loss and improve operation efficiency
of the IPMSM.

IV. THE ANALYSIS AND COMPARISON OF THE FEA
RESULTS FOR IPMSMS
A. THE ANALYSIS AND COMPARISON OF TORQUE
PERMORMANCE OF THE IPMSMS
According to Equation 5-7, the torque of the IPMSM is
mainly composed of magnet torque and reluctance torque.

FIGURE 7. The difference between the d axis and q axis inductances
versus the current angle.

The reluctance torque is proportional to the difference
between the d axis and q axis inductances. The difference
between the d axis and q axis inductances of the IPMSMwith
different rotor topology structures versus the current angle are
shown in Figure 7.

Under rated working conditions with speed of 6000rpm,
current amplitude of 300A, the output average torque of the
IPMSM with three different rotor topologies versus the cur-
rent angle are shown in Figure 8. As shown in Figure 7, it can
be found that when the current angle changes in the range
of 0◦-45◦ under flux weakening conditions, the inductance
difference between d and q axis of the IPMSMwith IV type is
the largest, as shown in Figure 8(a), at this time, the reluctance
torque of the IPMSM with IV type is the largest. When
the current angle changes in the range of 45◦-90◦, and the
IPMSM is under deep flux weakening condition, the differ-
ence between the inductance of d and q axis of the IPMSM
with I2V type is the largest, as shown in Figure 8(a), at this
time, the reluctance torque of the IPMSMwith I2V type is the
largest, which has more obvious advantages compared with
the IPMSMwith V type. The higher the utilization rate of the
reluctance torque under the deep flux weakening condition,
the greater the high efficiency operating range of the IPMSM.

As shown in Figure 8(b), it can be found that when the
current angle is running in the range of 0◦-60◦ under flux
weakening conditions, the magnet torque of the IPMSMwith
I2V type is the largest, which has more obvious advantages
compared with V type. When the current angle is running in
the range of 60◦-90◦ under deep flux weakening conditions,
the magnet torque of the IPMSM with IV type is the largest,
but compared with the IPMSM with V type the advantages
are not obvious.

As shown in Figure 8(c), it can be found that when the
current angle is running in the range of 0◦-90◦ under flux
weakening conditions, the total torque of the IPMSM with
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FIGURE 8. The comparison of output torque with three different rotors.

I2V type consisting of magnet torque and reluctance torque
is always larger than the other two types, that is to say, the
torque performance of the IPMSM with I2V type proposed

FIGURE 9. The output torque versus current density with different current
angle.

in this paper is better than that of the other two rotor topology
structures under the whole flux weakening speed regulation
conditions.

The output torque versus current density at different cur-
rent angles is shown in Figure 9. As shown in Figure 9, it can
be found that the total output average torque increases with
the increment of the current density. The output total average
torque of the IPMSM with I2V type proposed in this paper
is larger than the other two rotor topology structures under
different current densities. As shown in Figure 9(a), when
the current angle is 30◦ under the flux weakening condition,
the magnet torque of the IPMSM with I2V type proposed
in this paper is significantly larger than that of the other
two different rotor topology structures under different current
densities. As shown in Figure 9(b), when the current angle is
70◦ under the deep flux weakening condition, the reluctance
torque of the IPMSM with I2V type proposed in this paper is
significantly larger than that of the other two different rotor
topology structures under different current densities, which is
consistent with the previous analysis results.
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The essence of the fluxweakening control is to increase the
amplitude of drive current and current angle of the IPMSM,
Thus, the voltage in the q-axis generated by the d-axis current
component is increased to offset the growing no-load back
EMF in the q-axis generated by the d-axis permanent magnet
flux linkage with the increment of speed, which ensure that
the resultant voltage does not exceed the maximum limit
voltage that the inverter can output, and can expand the
range of constant power speed regulation as far as possible.
The output average torque and power versus speeds with
the flux weakening condition are shown in Figure 10 and
Figure 11. Figure.10 shows the comparison of the average
torque of the IPMSM with three different rotor topology
structures versus speed under the condition of fluxweakening
speed regulation, when the amplitude of current is 260A. The
comparison of output average torque versus speed is shown
in Fig.10(a). As shown in Fig.10(a), it can be found that when
the speed is in the range of 0-8000rpm, the IPMSM with
different rotor topology structures maintain constant output
torque. the output average torque of the IPMSM with I2V
type rotor topology structure is the largest and theV type rotor
topology structure is the smallest. When the speed is higher
than 8000rpm, with the increment of the speed, the back
EMF value of the IPMSM with the I2V type rotor topology
structure is significantly higher than that of the other two rotor
topology structures, so the required demagnetization current
is increasing while the total current is constant. The greater
the demagnetization current, the smaller the current that can
produce the torque, which lead to the output average torque of
the IPMSM with I2V type rotor topology structure decreases
the fastest when the IPMSM is running at high speed.

As shown in Fig.10(b), it can be seen that when the speed is
in the range of 0-8000rpm, the output power of the IPMSM
with different rotor topology structures are all proportional
to the speed. the output average torque of the IPMSM with
the I2V rotor topology structure is the largest, so its output
power is also greater than the other two rotor topology struc-
tures. When the speed is in the range of 8000-10000rpm, the
output power of the IPMSM with different rotor topology
structures can basically maintain constant. When the speed
is higher than 10000rpm, because the amplitude of current is
too small with flux weakening condition, the IPMSM with
different rotor topology structures cannot achieve constant
power speed regulation. The main reasons are as follows:
when the speed is higher than 10000rpm, the amplitude of
the no-load back EMF becomes larger and larger with the
further increment of the speed, it can be found from the
previous analysis that in order to avoid the resultant voltage
exceeding the limit voltage provided by the inverter, the
current angle can only be increased to realize the deep flux
weakening control. Since the torque of the IPMSM with the
I2V rotor topology structure decreases the fastest, the power
also decreases the fastest.

Figure.11 shows the comparison of the average torque and
power of the IPMSM with three different rotor topology
structures versus speed when the amplitude of current is

FIGURE 10. The comparison of average torque, power versus speed with
three different rotor topology structures.

500A. The comparison of output average torque versus speed
is shown in Figure.11(a). As shown in Figure.11(a), it can be
found that the output average torque of the IPMSM with I2V
type rotor topology structure proposed in this paper is greater
than that of the other two shape rotor topology structures in
the whole range of flux weakening speed regulation.

As shown in Figure.11(b), it can be found that when the
speed is in the range of 0-7000rpm, the output power of the
IPMSMwith different topology structures are all proportional
to the speed as the output average torque of the IPMSM
with different rotor topology structures remains constant.
The IPMSM with different rotor topology structures main-
tain constant output power when operating in the range of
8000-16000rpm.The IPMSM with different rotor topology
structures maintain constant output power when operating
in the range of 8000-16000rpm.Since the output torque of
the IPMSM with I2V rotor topology structure is the largest
in the whole flux weakening speed regulation, its output
power is also greater than that of the other two rotor topology
structures in the whole flux weakening speed regulation.

Under rated working conditions with speed of 6000rpm,
current amplitude of 300A and current angle of 30◦, The
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FIGURE 11. The comparison of average torque, power versus speed with
three different rotor topology structures.

output torque waveforms of the IPMSM with three different
rotor topology structures are shown in Figure 12. As shown in
Figure 12, it can be found that the output average torque of the
IPMSM with I2V rotor topology structure is the largest, and
the output average torque of the IPMSM with V type rotor
topology structure is the smallest. The torque ripple of the
IPMSM with IV rotor topology structure is the smallest, and
the torque ripple of the IPMSM with I2V type rotor topology
structure is the largest.

The average torque and torque ripple of the IPMSM with
three different rotor topology structures are shown in Table 5.
Where Tav are the average torque, Trip are the torque ripple.
It can be clearly seen from Table 5 that the output average
torque of the IPMSM with I2V rotor topology structure is
the largest. Compared with the IPMSM with V type rotor
topology structure, the output average torque of the IPMSM
with I2V rotor topology structure is increased by 8.8Nm, with
an increase of 5.11%, while the amount of permanent magnet
is slightly reduced. The torque ripple and the ratio of torque
ripple of the IPMSM with IV rotor topology structure are the
smallest. The torque ripple and the ratio of torque ripple of
the IPMSM with I2V rotor topology structure are the largest.

FIGURE 12. The Comparison of output torque waveforms under rated
conditions.

TABLE 5. The average torque and torque ripple of the IPMSM with three
different rotor topologies.

FIGURE 13. The comparison of the cogging torque waveforms under
rated conditions.

The waveforms of the cogging torque of the IPMSM with
different rotor topology structures under rated conditions are
shown in Figure 13. As shown in Figure 13, it can be found
that the cogging torque of IPMSM with I2V type rotor topol-
ogy structure is the largest while the cogging torque of the
IPMSM with IV type rotor topology structure is the smallest.
The peak-to-peak value of the cogging torque with IV type
rotor topology structure is the smallest, while the peak-to-
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TABLE 6. The Comparison of average iron loss under rated conditions.

peak value of the cogging torque with I2V type rotor topology
structure is the largest.

The above simulation result can find that the torque ripple
and cogging torque of the IPMSM with I2V type rotor topol-
ogy structure proposed in this paper are all the largest, which
will lead to the operating vibration and noise. Therefore, it is
necessary to further optimize the I2V type rotor topology
structure proposed in this paper to reduce the torque ripple
and the cogging torque.

B. THE ANALYSIS AND COMPARISON OF THE IRON LOSS
AND EFFICIENCY OF THE IPMSMS
Iron loss is the main component of the loss of the IPMSM
under the condition of flux weakening conditions with high
speed. The iron loss is mainly determined by the frequency
or speed of the IPMSM, and the iron loss is also related to
the amplitude of flux density through the stator and rotor of
the IPMSM, harmonic content and the variation of local flux
density in a period. Figure 14 shows the comparison of loss
of the IPMSM with different rotor topology structures under
rated working conditions. The average eddy lossWeddy, aver-
age hysteresis loss Whyst and total average iron loss Wiron
of the IPMSM with three different rotor topology structures
obtained fromFigure 14 are shown in Table 6. It can be clearly
seen from Table 6 that under rated working conditions, the
total iron loss of the IPMSM with the I2V rotor topology
structure proposed in this paper is the smallest, compared
with IV type rotor topology structure, the average iron loss
of the IPMSM with I2V rotor topology structure proposed in
this paper is reduced by 58.81W, with a reduction of 6.5%.

As shown in Figure 14(d), it can be found that compared
with the other two type rotor topology structures, the magnet
loss of the IPMSM with the I2V rotor topology structure
proposed in this paper is the largest, which is mainly because
as the total volumes of permanent magnet of the three rotors
are almost the same, the more pieces of magnet are divided,
the thinner each piece of permanent magnet is. The thinner
each piece of permanent magnet, the greater the magnet loss.

Under deep flux weakening conditions with speed of
16000rpm, current amplitude of 500A and current angle of
80◦, The loss of the IPMSM with different rotor topology
structures are shown in Figure 15. The average eddy loss
Weddy, average hysteresis loss Whyst and total average iron
loss Wiron of the IPMSM with three different rotor topology
structures obtained from Figure 15 are shown in Table 7.
It can be clearly seen from Table 7 that under the deep flux
weakening condition, compared with the IPMSMwith V type
rotor topology structure, the total average iron loss of the

TABLE 7. The Comparison of the average iron loss under deep flux
weakening conditions.

IPMSM with I2V type rotor topology structure is signifi-
cantly reduced by 3466.5W, with a reduction of 53.9%, which
greatly improves the operation efficiency of the IPMSMwith
high speed.

As shown in Figure 15(d), it can be found that compared
with the other two type rotor topology structures, the magnet
loss of the IPMSMwith the I2V rotor topology structure pro-
posed in this paper is also the largest and the rotor topology
should be further optimized to effectively reduce the magnet
loss of the IPMSM with the I2V rotor topology structure in
the future research.

The iron loss of the IPMSM is mainly determined by the
speed or the frequency, so it is necessary to analyze and
compare the relationship between the iron loss and speed.
When the current amplitude is 260A, the iron loss of the
IPMSM with different rotor topology structures versus speed
under fluxweakening control strategy are shown in Figure 16.

When the current amplitude is 500A, the iron loss of the
IPMSM with different rotor topology structures versus speed
under fluxweakening control strategy are shown in Figure 17.

As shown in Figure 16 and Figure 17, it can be found that
the eddy loss, hysteresis loss and total iron loss of the IPMSM
increase with the increment of the speed. In the range of
low speed with 0-8000rpm, the IPMSM is running under the
control strategy of the maximum torque per ampere (MTPA),
the eddy loss, hysteresis loss and total iron loss of the IPMSM
with three different rotor topology structures are basically
the same. However, in the range of high speed with8000-
16000rpm, the IPMSM runs in deep fluxweakening under the
control strategy of the maximum torque per voltage (MTPV).
With the increment of speed, the eddy loss, hysteresis loss
and total iron loss of the IPMSM with I2V rotor topology
structure is obviously lower than those of the other two rotor
topology structures. The higher the speed, the more obvious
the difference of the iron loss, which make the IPMSM with
the I2V type rotor topology structure proposed in this paper
can maintain high operating efficiency under deep flux weak-
ening condition with high speed.

The operating efficiency versus speed of the IPMSM with
three different rotor topology structures is shown in Figure 18.
According to Figure 18, it can be found that when the speed
is 0-8000rpm, the efficiency of the IPMSM with different
rotor topology structures are all the highest. Compared with
the other two rotor topology structures, the efficiency of the
IPMSM with the I2V type rotor topology structure proposed
in this paper is higher than that of the other two rotor topology
structures when running with low speed, but the difference
of the efficiency is not obvious. Since the iron loss of the
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FIGURE 14. The comparison of iron loss under rated conditions.

IPMSM with I2V type rotor topology structure is signifi-
cantly lower than that of the other two rotor topology structure
when running under deep flux weakening conditions with
high speed. Therefore, when running with high speed, the
efficiency of the IPMSM with the I2V type rotor topology
structure proposed in this paper is significantly higher than
that of the other two rotor topology structures. The higher the
speed, the more obvious difference of the efficiency between
the I2V type rotor topology structure proposed in this paper
and the other two rotor topology structures.

The efficiency contour maps of three IPMSMs are shown
in Figure 19. As shown in Figure 19, it can be found that the
high efficiency operation area of the IPMSM with I2V type
rotor topology structure proposed in this paper is significantly
larger than that of the other two rotor topology structures.
The comparison of proportion of high efficiency areas of the
three IPMSMs are shown in Table 8. As shown in Table 8,
it can be found that the proportion of high efficiency areas
of the IPMSM with the I2V type rotor topology proposed
in this paper is the largest. Compared with the V type rotor

TABLE 8. Comparison of proportion of high efficiency area.

topology structure, the proportion of high efficiency areas
of the IPMSM with the I2V type rotor topology proposed
in this paper greater than 97% increased by 6.32 percentage
points, and the proportion of high efficiency areas of the
IPMSM with the I2V type rotor topology proposed in this
paper greater than 96% increased by 2.95 percentage points.

C. THE FURTHER OPTIMIZATION OF ROTOR TOPOLO- GY
WITH I2V TYPE
When the motor is connected with the transmission equip-
ment to output power, the vibration of the systemwill increase
due to the torque ripple, Therefore, it’s very important to
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FIGURE 15. The comparison of iron loss under deep flux weakening conditions.

reduce the torque ripple of in the design process [22]. The
stator skew is the most common method to reduce torque
ripple [23], this method is simple in principle and has
been proved to be effective in long-term industrial appli-
cation, however, the stator skew increases the difficulty of
embedding and winding wires, in addition, the axial unbal-
anced magnetic tension introduced by the stator skew will
be applied to the bearing and shorten the longevity of the
bearing. The stator or rotor auxiliary slot method [24], the
optimization of pole-arc coefficient [25] and the permanent
magnet combinedwith unequal pole-arc coefficient [26] were
proposed in some literatures, these methods have been proved
to be effective in reducing torque ripple under specific condi-
tions, but they have not been widely used in current electric
vehicles due to factors such as processing cost, technology
maturity, and electro-magnetic performance degradation.

As mentioned above, the torque ripple and cogging torque
of the IPMSM with the I2V type rotor topology structure

proposed in this paper are much larger than those of the
other two rotor topology structures, so the IPMSM with the
I2V type rotor topology structure proposed in this paper
needs to be further optimized. This paper proposes a simple
and effective method to reduce torque ripple and cogging
torque by adding a set of circular flux isolation holes between
the second layer and the third layer of permanent magnets,
and the position and diameter of this set of circular flux
isolation holes are optimized and adjusted by establishing
a parameterized model of circular magnetic isolation holes.
The schematic diagram of the position and structure of the
magnetic isolation hole under one pole of the IPMSM with
the I2V type rotor topology structure proposed in this paper is
shown in Figure 20. Firstly, the position of themagnetic isola-
tion hole was optimized and adjusted. under the condition of
ensuring the mechanical strength and the non-interference of
the rotor topology structure, the distance between the center
of the magnetic isolation hole and the center of the rotor
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FIGURE 16. The iron loss versus speed under flux weakening control
strategy.

was determined to be 69.25mm, and the offset angle of the
magnetic isolation hole was set to be 7◦ after the optimization
and adjustment. then, the diameter of the magnetic isolation
hole is optimized and adjusted. The relationship between the
output average torque, torque ripple, ratio of torque ripple

FIGURE 17. The iron loss versus speed under flux weakening control
strategy.

and the diameter of the magnetic isolation hole is shown in
Table 9. With the increment of the diameter of the magnetic
isolation hole, the torque ripple is greatly reduced. When
the diameter of magnetic isolation hole is 2.0mm, the torque
ripple is the smallest.
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FIGURE 18. The efficiency of the IPMSM versus speed.

TABLE 9. The output average torque and torque ripple versus the
diameter of the magnetic isolation hole.

The comparison of output torquewaveforms of the IPMSM
with I2V type rotor topology structure after the further opti-
mization is shown in Figure 21. As shown in Figure 21, the
torque ripple of the IPMSM with I2V type rotor topology
structure after the further optimization is greatly reduced,
while the output average torque is reduced from 181.1Nm to
180.2Nm, which is reduced by 0.9Nm, and the reduction ratio
is only 0.50%. The torque ripple value is reduced by 16.2Nm,
a decrement of 65.2%. the ratio of torque ripple decreased by
8.94 percentage points from 13.74% to 4.80%, and the effect
of the further optimization of the IPMSMwith I2V type rotor
topology structure is very obvious.

The comparison of cogging torque waveform of the
IPMSM with I2V rotor topology structure after the further
optimization is shown in Figure 22. As shown in Figure 22,
the peak-to-peak value of the cogging torque of the IPMSM
with I2V type rotor topology structure before the further
optimization is 10.2Nm, and after the further optimization the
peak-to-peak value of the cogging torque is 4Nm, the peak-to-
peak value of the cogging torque after the further optimization
is reduced by 6.2Nm, with a decrement of 60.8%. The effect
of the further optimization of the cogging torque is also more
obvious.

In summary, after the further optimization, the torque rip-
ple and cogging torque of the IPMSMwith the I2V type rotor
topology structure are greatly reduced, which can reduce the

FIGURE 19. The efficiency contour maps of the IPMSMs.

vibration and noise of the IPMSM, and improve the ride
comfort of the vehicle.

Figure 23 shows the comparison of losses of the IPMSM
with I2Vtype rotor topology structure after the further opti-
mization under rated working conditions with speed of
6000rpm, current amplitude of 300A and current angle of 30◦,
As shown in Figure 23, it can be found that the eddy loss, hys-
teresis loss, total iron loss andmagnet loss of the IPMSMwith
I2V type rotor topology structure are significantly reduced
after the further optimization.

The comparison of average value of loss after the further
optimization is shown in Table 10. It can be clearly seen from
Table 10 that the eddy loss, hysteresis loss, total iron loss
and magnet loss decrease respectively by 3W, 3.7W, 6.9W
and 5.9W after the further optimization, and the optimization
effect of magnet loss is the most obvious, with a decrement
of 24.7%.
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FIGURE 20. The schematic diagram of the position and structure of the
magnetic isolation hole with one pole.

FIGURE 21. The Comparison of output torque waveforms after
optimization.

TABLE 10. The Comparison of the average value of losses after the
further optimization.

Figure 24 shows the comparison of losses of the IPMSM
after the further optimization under deep flux weakening
working conditions with speed of 16000rpm, current ampli-
tude of 500A and current angle of 80◦, As shown in Figure 24,
it can be found that the hysteresis loss, total iron loss andmag-
net loss of the IPMSMwith I2V type rotor topology structure
are all reduced after the further optimization. The comparison

FIGURE 22. The Comparison of cogging torque waveforms after the
further optimization.

TABLE 11. The Comparison of the average value of losses after the
further optimization.

of average value of losses after the further optimization is
shown in Table 11, it can be found from Table 11 that after
the further optimization, the hysteresis loss, total iron loss and
magnet loss decrease by 66.1W, 63.2W and 6W, respectively,
while the eddy loss increases by 4.5W.

To sum up, this paper proposes a simple and effective
method which not only can greatly reduce the torque ripple
and cogging torque of the IPMSM with I2V type while the
output average torque is only reduced 0.50%, but also can
further reduce the iron loss andmagnet loss. The IPMSMwith
I2V type proposed in this paper can achieve low torque ripple,
low iron loss and high torque density at the same time.

D. THE ANALYSIS AND CHECK OF MECHANICAL STRESS
AND DISPLACEMENT OF THE IPMSM WITH THE FURTHER
OPTIMIZED I2V TYPE ROTOR TOPOLOGY STRUCTURE
The IPMSM for electric vehicles generally has a wide speed
rangewith constant power, and often are required to operate at
high speed. When the IPMSM is operating at high speed, the
rotor topology structure with the I2V type such as the bridges
and center ribs and so on should be carefully designed con-
sidering bothmechanical and electromagnetic characteristics.
It is necessary to analyze and check whether the stress and the
displacement of mechanical deformation of the rotor meet the
requirements when operating with high speed. The material
[27], [28] properties of rotor are shown in Table 12.
The results of finite element analysis (FEA)von Mises

stress of rotor under different working conditions are shown
in Figure 25. Figure 25(a) shows the von Mises stress dis-
tribution diagram of the rotor when the speed is 18000rpm.
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FIGURE 23. The Comparison of the iron loss of the IPMSM under rated conditions after the further optimization.

TABLE 12. The material properties of rotor.

It can be found that the maximum mechanical stress points
of the IPMSM with optimized I2V rotor topology structure
is located on the junctions of rib1. The value of the maxi-
mum mechanical stress strength value is 401.66Mpa, and the
value of the average mechanical stress strength is 67.12Mpa.
Fig 25(b) shows the Von Mises stress distribution diagram of
the rotor when the IPMSM running with the highest speed
of 18000rpm stops suddenly with the braking acceleration
30000rad/s2. It can be found that the maximum mechanical
stress points of the IPMSM with optimized I2V rotor topol-
ogy structure is also located on the junctions of rib1.The
value of the maximum mechanical stress strength value is

396.43Mpa, and the value of the average mechanical stress
strength is 67.12Mpa. Figure 25(c) shows the Von Mises
stress distribution diagram of the rotor when the speed is
18000rpm and the rotor temperature is 130◦.It can be found
that the maximum mechanical stress points of the IPMSM
with optimized I2V rotor topology structure is also located on
the junctions of rib1, the value of the maximum mechanical
stress strength value is 387.13Mpa, and the value of the
average mechanical stress strength is 90.70Mpa. The values
of the maximum mechanical stress of the rotor under the
above three operating conditions do not exceed the maximum
yield strength of the steel. Therefore, the rotor bridges and
ribs will not rupture.

The results of FEA total deformation of the rotor under
different working conditions are shown in Figure 26. Fig-
ure 26(a) shows the distribution diagram of the displace-ment
of mechanical deformation of the rotor at the highest speed
of 18000rpm. It can be found that the largest displacement
point of mechanical deformation is located at the center
of the bridge3, the value of the maximum displacement
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FIGURE 24. The Comparison of the iron loss of the IPMSM under deep
flux weakening conditions after the further optimization.

FIGURE 25. The Comparison of the FEA von Mises stress of rotor under
different working conditions.

of mechanical deformation is 0.04649mm, and the value
of the average displacement of mechanical deformation is
0.01688mm. Figure 26(b) shows the distribu- tion diagram
of mechanical the displacement of mechanical deforma-
tion of the rotor when the IPMSM running at the high-
est speed of 18000rpm stops suddenly with the braking
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FIGURE 26. The Comparison of the FEA total displacement of rotor
deformation under different working conditions.

acceleration 30000 rad/s2. It can be found that the largest
displacement point of mechanical deformation is located at
the center of the bridge3, the value of the maximum displace-
ment of mechanical deformation is 0.04641mm, and the value

of the average displacement of mechanical deformation is
0.01692mm. Figure 26(c) shows the distribu- tion diagram
of the displacement of mechanical deform-ation of the rotor
when the speed is 18000rpm and the rotor temperature is
130◦C. It can be found that the largest displacement point
of mechanical deformation is located at the center of the
bridge3, the value of the maximum displacement of mechan-
ical deformation is 0.11679mm, and the value of the aver-
age displacement of mechanical deformation is 0.07174mm.
In the above operating conditi-ons, when the rotor tempera-
ture is 130◦C, the displacement value of mechanical defor-
mation of the rotor is the largest, However, the displacement
value of mechanical deforma-tion is far less than the length
of the air gap, so the result in touch between stator and rotor
will not occur.

V. CONCLUSION
1) The eddy loss, hysteresis loss and total iron loss of the
IPMSMwith three optimized rotor topology structures under
different working conditions are analyzed and compared.
The results show that the iron loss of the IPMSM with I2V
type rotor topology structure proposed in this paper is the
lowest, especially in the high speed and deep flux weakening
condition. The iron loss of the IPMSM with I2V type rotor
topology structure proposed in this paper is significantly less
than that of the other two rotor topology structures, which
improves the operation range of high efficiency area.

2) The output average torque of the IPMSM with three
different rotor topology structures versus different current
angles, current densities and speeds are compared and ana-
lyzed. The results show that torque performance of the
IPMSM with I2V type rotor topology structure proposed in
this paper are better than that of the other two rotor topologies
under different working conditions. The methods of optimiz-
ing torque ripple proposed in papers [23], [24], [25], [26]
are all relatively complex and costly, however the output
average torque decreases greatly while reducing torque ripple
and these methods can only reduce torque ripple. This paper
proposes a simple and effective method to add a set of circular
flux isolation holes between the second layer and the third
layer of permanent magnets, and the position and diameter
of this set of circular flux isolation holes are optimized and
adjusted by establishing a parameterized model of circular
magnetic isolation holes. The further optimized results show
that the torque ripple and cogging torque of the IPMSM
with I2V type rotor topology structure proposed in this paper
are greatly reduced and at the same time the iron loss and
the magnet loss are also further reduced, which can further
improve the operating range of the high efficiency area of the
motor and reduce the risk of irreversible demagnetization of
the permanent magnet.

3)The von Mises stress and the total displacement of
mechanical deformation of the rotor of the IPMSM with
optimized I2V type under different working conditions are
verified by FEA. The results show that the optimized I2V type
rotor structure of the IPMSM will not rupture under different
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working conditions. The displacement of the rotor deforma-
tion under different working conditions is small enough to
avoid the phenomenon of the touch between stator and rotor
caused by excessive displacement.

4) As the total volumes of permanent magnet of the three
rotors are almost the same, the more pieces of magnet are
divided, the greater the magnet loss is, making the magnet
loss of the IPMSM with I2V type rotor topology structure
proposed in this paper the highest in three rotors.

The I2V type rotor topology should be further optimized
to effectively reduce the magnet loss in the future research.
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