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A B S T R A C T 

In order to improve the driving performance of electric vehicles (EV), a permanent magnet synchronous 

motor with double V-shaped magnet structure (DVMPMSM) and its driving system are studied in this paper. 

A 150kW DVMPMSM for EV is designed firstly, and the design parameters of the motor are determined. 

In order to overcome the drawbacks of the finite element analysis (FEA), especially the issue on calculating 

time, a dynamic equivalent magnetic network (EMN) model of the DVMPMSM is constructed, by which 

the air gap flux density, back electromotive force, electromagnetic torque and winding inductance 

parameters of the motor can be solved. Compared with the FEA, the dynamic EMN model constructed in 

this paper greatly increases the calculation speed while the calculation accuracy is maintained well. This 

paper also introduces the stator winding switching method to replace the field-weakening control method. 

Then, a vector control method of DVMPMSM based on dynamic EMN model and stator winding switching 

is proposed. The demands brought forward by EV for high torque output under low speed and high upper 

limit of speed can be well satisfied. Finally, the accuracy of the dynamic EMN model and the effectiveness 

of the proposed control method is validated through prototype experiments. 

1. Introduction

Compared with the traditional fuel automotive, electrical vehicle (EV) 

abandons the complicated technology of internal combustion engines to 

simplify the manufacturing of automotive. In addition, EV also combines  

the advantages of high efficiency and cleanliness, so it is regarded as an 

ideal substitute for fuel automotive [1]. Typically, an EV is mainly 

composed of a battery, a drive motor and a supplementary drive system. 

The motor and its drive system are the core components of EV [2-4]. The 

motors commonly used in EV mainly include switched reluctance motor, 

induction motor, and permanent magnet synchronous motor (PMSM) [5-

8]. Especially, PMSM has received extensive attention for its ultra-high 

efficiency and torque density [9-10]. Toyota Pruis has currently launched 

the fourth generation of PMSM for EV. The first generation of Pruis motor 

uses a I-shaped magnet structure on the rotor. The second and third 

generations of Pruis motors use a single V-shaped magnet structure on the 

rotor which enhances the flux concentrating effect and is conducive to 
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improving the torque density. The fourth-generation Pruis motor launched 

in 2017 adopts a V-I-shaped double-layer magnet structure on the rotor, 

which increases the reluctance torque. Germany's BMW company launched 

an insert-type PMSM of which the rotor adopts a double-I shaped magnet 

structure in 2013. Compared with the single I-shaped rotor magnet 

structure, it is beneficial to further increase the torque density of the motor. 

The permanent magnet synchronous motor with a double V-shaped magnet 

structure (DVMPMSM) which is rarely used and researched in the field of 

EV so far combines the characteristics of the V-shaped magnet structure 

and the double-layer magnet structure, thus its torque density is expected to 

reach even higher.  

The equivalent magnetic network (EMN) method is seemed as a more 

efficient analytical method for the magnetic field in the motors that 

combines the higher calculation accuracy than the equivalent magnetic 

circuit method (EMC) [11] and faster calculation speed than the finite 

element method (FEM). W. Shi, et al. studied the EMN of a PMSM with a 

V-shaped magnet structure, which can accurately calculate the magnetic 

field distribution and simulate the anti-demagnetization ability of the motor 

[12]. J. Zhang et al. proposed a double-layer magnet structure permanent 

magnet synchronous reluctance motor and established its EMN model 

which can accurately calculate the air gap flux density distribution of the 

motor and be used in the design and optimization of the rotor structure [13]. 

Nevertheless, the EMN model in [12] and [13] is not available for the 

calculation of the winding flux, electromotive force (EMF) and torque 

waveforms along with the rotation of the rotor. Then, the dynamic EMN 

model in which the connection of the EMNs between the stator and rotor is 

modified according to the rotor position is introduced to deal with this 

question. H. Kwon et al. researched and established the dynamic EMN 

model of a PMSM with a surface-inset magnet structure, which can obtain 

similar magnetic field calculation results as FEM [14]. G. Liu, et al. studied 

the dynamic EMN model of a PMSM with a single-layer V-shaped magnet 

structure. Its correctness was validated by FEM and experiments [15]. In 

[16], a dynamic EMN model is used for the multiobjective optimization of 

a surface-mounted PMSM which is beneficial for the fast design of the 

motor. However, there are no related researches about the dynamic EMN 

model for the proposed DVMPMSM which is investigated in this paper. 

For EV, the maximal driving speed mainly depends on the speed range 

of the motor which is limited by the DC bus voltage [17]. In order to extend 

the speed-range of the motor, field-weakening control (FW) is generally 

used [8] [18-20]. However, there are some inevitable problems when using 

FW to increase the speed maximum of the motor. Firstly, the output 

electromagnetic torque will rapidly decrease as the speed increases. In 

addition, it will increase the loss of the motor drive system, and even cause 

local irreversible demagnetization of permanent magnets while using FW 

[21]. The winding switching operation is to change the connection mode 

and number of the parallel branches through the switching components. Its 

purpose is to solve the contradiction between the large torque and high 

speed, and effectively overcome the defects of the speed extension using 

FW method [22]. The related academic researches on winding switching 

mainly focus on the changes in motor performance before and after 

switching, and the dynamic process during switching [23-24]. In [25], a 

novel winding reconfiguration circuit topology for a V-shape interior 

permanent magnet synchronous motor is proposed. The operating range can 

be extended effectively through changing the connections of winding and 

the surge voltage can be prevented using the proposed circuit topology. In 

[26], the winding switching technology is applied to extend the speed-range 

of an in-wheel PMSM with high efficiency. In [27], the winding switching 

characteristics on the driving permanent magnet brushless direct current 

motor (BDCM) are studied. Based on the above researches, it can be 

concluded that the EV’s acceleration ability under high speed can be 

improved and the maximal torque under low-speed or the maximal velocity 

of EV can be enhanced largely through the adoption of winding switching. 

In this paper, a 150kW DVMPMSM is designed according to the 

application requirements of commercial trucks first of all. In order to 

shorten the analysis and calculation process of DVMPMSM while ensuring 

the accuracy of calculation, this paper establishes a dynamic EMN model 

for DVMPMSM. In addition, a vector control method for DVMPMSM 

based on dynamic parameters database and stator winding switching is 

proposed to satisfy the requirement of EV for low-speed, high-torque and 

large speed-range. Finally, a 150kW prototype is manufactured and the no-

load as well as load experiments are both conducted. 

2. Design of DVMPMSM

Fig. 1.  Two-dimensional structure diagram of the 150kW DVMPMSM. 

Compared with other rotor magnet structures such as single V-shaped 

and double I-shaped, the double V-shaped rotor magnet structure enjoys 

better flux-concentrating ability. Thus, higher torque density and overload 

capacity can be achieved for DVMPMSM which is beneficial to promote 

its application in EV and other fields. Based on the application background 

of a small commercial truck, a DVMPMSM with a rated power of 150kW 

is designed. 

Fig. 1 shows the two-dimensional structure diagram of the 150kW 

DVMPMSM. A combination of 72-slot 8-pole is adopted. The main design 

parameters of the motor are shown in TABLE. 1. 

Table 1   

The main design parameters of DVMPMSM. 

Parameter Value 

Rated power 150kW 

Rated speed 3000r/min 

Rated voltage 380V 

Outer diameter of stator 400mm 

Inner diameter of stator 285mm 



Axial length 193mm 

Width of slot open 3.8mm 

Winding type Double layer lap winding 

Length of air gap 1.6mm 

Outer diameter of rotor 281.8mm 

Inner diameter of stator 130mm 

3. Dynamic EMN Model of DVMPMSM

3.1. Construction of Dynamic EMN model 

The magnetic circuit of the PMSM can be divided into three parts, 

namely the stator magnetic circuit, the rotor magnetic circuit and the air gap 

magnetic circuit, respectively. Therefore, the EMN models of these three 

parts are constructed firstly. 

The pole-slot combination of DVMPMSM is 72-slot 8-pole. In order 

to reduce the calculation time, only a pair of magnetic poles, namely the 

18-slot 2-pole EMN model is established according to the symmetry of the 

total magnetic circuit. 

It can be considered that the flux density of stator tooth is constant 

along radial direction when constructing the EMN model of the stator. 

Thus, each stator tooth can be equivalent to one reluctance of which value 

is determined by (1). The schematic diagram of the stator yoke between two 

adjacent stator teeth is shown in Fig. 2. The length between the two dotted 

arcs shown in Fig. 2 is dx, and the permeance of this part can be calculated 

using (2). Finally, the permeance of the stator yoke can be obtained by 

integrating (2), and the calculation result is shown as (3). 

Fig. 2.  The schematic diagram of the stator yoke. 
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where seu  is the permeability of the stator yoke, efl  is the axial length of 

the stator. 

The distribution diagram of the three-phase armature windings under 

a pair of magnet poles is shown in Fig. 3. The phases are represented by a, 

b, and c, respectively. Under load conditions, the current is input to 

armature coils and flows into each conductor. The direction of the current 

is represented by × and · as shown in Fig. 3 where × indicates the current 

flows into vertically and · indicates the current flows out vertically. In 

order to consider the influence of the armature current on the magnetic field 

of air gap, the stator armature current is equivalent to the source of 

magnetomotive force located on the stator yoke, according to the Ampere 

Loop Theorem. The stator yoke part between two adjacent stator teeth is 

equivalent to a magnetic flux tube and a source of magnetomotive force in 

series. The equivalent source of magnetomotive force located on each yoke 

can be obtained by (4). 

Fig. 3.  The distribution of the three-phase armature winding. 
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where senf  is the magnetomotive source of thn  stator yoke part. 

The air gap reluctances of different regions are non-uniform because 

of the existence of the stator cogging, resulting in the distortion of the air 

gap flux density waveform. The slot open area is equivalent to two slot open 

reluctances serially. The reluctance of each one is obtained by (5), where 

gsl  represents half of the slot width, and gss  is the product of the slot height 

and the axial length efl . 
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Finally, an EMN model of the stator as shown in Fig. 4 can be 

obtained, including 18 stator slot reluctances, 18 stator yoke reluctances, 18 

equivalent magnetomotive sources and 36 slot open reluctances. 
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Fig. 4.  EMN model of stator. 

In order to consider the influence of the slot open on the air-gap flux 

density waveform, this paper modeled the air-gap reluctances 

corresponding to the stator teeth and slots respectively. Assuming that the 

cross-section area of the magnetic circuit of the air gap along the radial 

direction is equal to the area corresponding to the average air gap, the air 

gap reluctance corresponding to the stator tooth gtR  and the air gap 

reluctance corresponding to the stator slot ggR  are calculated by the 

following equations: 
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where gl  indicates the length of air gap which can be calculated by (8). 

ggs  and gts  indicate the cross-section area of the magnetic circuit 

corresponding to the tooth and the slot open respectively. ggs  and gts  are 

calculated via equations (9)-(10). 
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where gb  and tb  indicate the width of the slot open and the tooth 

respectively.  

( )= 144g dn zw efs D D l /  , (11) 

where dnD  is the inner diameter of the stator, zwD  is the outer diameter of 

the rotor. 

For the double V-shaped magnet, the upper magnet is divided into four 

parts, downer magnet is divided into six parts. The magnetic flux barriers 

are designed located at the terminal of the magnet. The EMN model of the 

rotor part is shown in Fig. 5. The rotor magnets are described as the source 

of magnet flux. The flux and reluctances of EMN model can be calculated 

according to (12)-(13).  

Fig. 5.  The EMN model of rotor magnets and magnet flux barriers. 
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where 0rB  is the remanence of the permanent magnet, s  is the surface 

area of magnet, r  is the relative permeability of permanent magnet and 

mh  is the thickness of the magnet. 

Divide the rest of the rotor and the EMN model of the rotor can be 

obtained shown in Fig. 6. The blue reluctances shown in Fig. 6 are 

corresponding to the surface of the rotor. 

Fig. 6.  EMN model of the rotor. 

Fig. 7.  Static EMN model of DVMPMSM. 

The total static EMN model can be constructed by combining EMN 

models of both stator and rotor. The total EMN model of DVMPMSM is 

shown in Fig. 7. During the rotation of the rotor, the relative position 

between stator and rotor will be renewed continuously. Thus, all the nodes 

connected to the air gap reluctance branch and the rotor reluctance branch 

in the static EMN model of DVMPMSM are deleted firstly while the rotor 

position is changed. Then the rotor reluctance branch and the air gap 

reluctance branch will be reconnected to establish an EMN model for new 

rotor position. The above procedures must be repeated after the rotor rotates 

to a new position to establish a dynamic EMN model of DVMPMSM. 



3.2. Construction and Solution of Nonlinear Equations of EMN 

model 

When the rotor rotates to a certain position, there will be a static EMN 

model corresponding to it. It can be seen from Fig. 7 that the entire static 

EMN model contains 138 nodes. One of the nodes is selected as the 

reference node and then the nonlinear equations based on the magnetic 

potential of the node are established which consists of 137 independent 

equations. 

The equations contain lots of ferromagnetic reluctance terms, the value 

of which is uncertain and related to its permeability. In order to solve these 

nonlinear equations, the secant method characterized by excellent ability on 

iterative calculation is used in this paper. 

The secant method is described in Fig. 8. Assuming that the magnetic 

field intensity obtained from the kth iteration is Hk and the magnetic flux 

density is k

caB . Then k

r  can be calculated by (14), which corresponds to 

point A shown in Fig. 8. It can be seen that point A deviates greatly from 

the magnetization curve and the accuracy of the solution can not be 

satisfied. Thus the next iteration needs to be performed. According to the 

magnetization curve of the ferromagnetic material, the interpolation result 

at Hk is k

itB , which corresponds to point B shown in Fig. 8. And then the 

permeability 1k

r
+  required for the (k+1)th iteration is calculated using (15). 

Normally, the calculation result can be considered as convergent in the k+1 

iteration calculation if the permeability of all ferromagnetic reluctances in 

the EMN model satisfy (16). 

0

=
k

k ca
r k

B

H



, (14) 

1

0

=
k

k it
r k

B

H




+ , (15) 

1k

r r

k

r

 




+ −
 , (16) 

Fig. 8.  Diagram of secant method. 

The modeling and solution process of the dynamic EMN model is 

shown in Fig. 9. While the rotor reaches a new position, the initial value of 

the permeability of each reluctance is re-assigned, and the initial 

permeability matrix of the nodal magnetic potential equations is obtained 

according to the EMN model re-constructed. Then the magnetic potential 

of each node is calculated iteratively by the secant method shown in Fig. 8. 

The flux density flowing into each reluctance is calculated by Ohm's law of 

the magnetic circuit. Finally, the magnetic field distribution inside the 

motor and the electromagnetic performances of the motor are calculated. 
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Fig. 9.  The modeling and solution process of the dynamic EMN model. 

3.3. Validation of Dynamic EMN Model 

Under no-load condition, the EMN method and the finite element 

method are both used to calculate the air gap magnetic density waveform 

as shown in Fig. 10. It can be seen that the no-load air gap flux density 

waveform is approximately flat-top, and it is distorted by the stator slot 

leakage reluctances increasing its harmonic content. The amplitude of the 

air gap flux density calculated by the FEM is 1.133T, while the result 

calculated by the EMN method is 1.093T. It can be seen that the result 

calculated by EMN method is consistent well with the result obtained by 

FEM. The accuracy of the EMN method is validated. 

Fig. 10.  The comparison of air gap flux density obtained by EMN method 

and FEM under no load condition. 

The comparison of the no load winding flux-linkage waveforms 

calculated by the EMN method and FEM are shown in Fig. 11 while the 

number of parallel branches is set to 4. It can be seen that the waveforms of 

the flux linkage calculated by these two methods are approximately 

sinusoidal and almost coincide. The amplitude of the no-load flux-linkage 

calculated by the EMN method is 0.2562Wb, and it is 0.2669Wb for 



calculated by FEM. The result of the EMN method is 4.0% lower than that 

of the FEM. 

Fig. 11.  The comparison of flux-linkage waveforms obtained by EMN 

method and FEM under no load condition. 

The electromotive force (EMF) of windings can be calculated by using 

(17). The comparison of one phase EMF waveforms calculated by the EMN 

method and the FEM are shown in Fig. 12 while the motor speed is set to 

3000r/min and the number of parallel branches is set to 4. It can be seen 

that the result obtained by EMN agrees well with that of FEM. 
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2
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where h indicates the time difference between two adjacent rotor positions. 

Fig. 12.  The comparison of EMF waveforms. 

Fig. 13.  The electromagnetic torque waveforms calculated by the EMN 

method and FEM. 

The number of parallel branches of the motor is set to 4, and the given 

load current is set to id=-50.5A and iq=305A. The electromagnetic torque 

waveforms calculated by the EMN method and FEM are shown in Fig. 13. 

The average value of electromagnetic torque is 465.3Nm while using the 

EMN method and it is 483.7Nm while using FEM. It can be calculated that 

the relative error between the two results is 3.8%. 

4. Vector Control Method based on Dynamic Parameters

Database and Stator Winding Switching Method 

4.1. Operation under Stator Winding Switching 

In general, the electromagnetic torque will rapidly decrease as the 

speed increases, in addition, the speed range will be limited while FW is 

used to extend speed range. Besides, the loss of the drive system will rise 

and then the permanent magnets will appear locally irreversible 

demagnetization. In this paper, the stator winding switching method is used 

to improve the electromagnetic torque of DVMPMSM under low speed and 

to expend its speed range. The speed range of DVMPMSM is assigned to 3 

gears as given in Table 2. 

Table 2   

The three gears assigned to DVMPMSM. 

Gear 1 2 3 

Range of speed (RPM) 0-1500 1500-3000 3000-6000 

Number of parallel branches 2 4 8 

The speed-torque diagrams of both winding switching method and FW 

method are shown in Fig. 14 while a constant input current is guaranteed. 

It can be seen that these two speed-torque curves are overlapped while the 

speed is lower than 1500 RPM. While the speed is increased furtherly, the 

torque decreases rapidly in FW method, and the extension of speed is 

limited. In winding switching method, the speed range of motor is doubled 

and the output torque is halved as the number of parallel winding branches 

is doubled. 

Fig. 14.  Torque-speed diagram. 

4.2. Establishment of Dynamic Parameters Database 

In order to shorten the simulation process and save computing 

resources, the method of offline calculation is adopted in this paper. The 

permanent magnet flux linkage, quad-axis and direct-axis synchronous 

inductance under different winding connections and different loads are 

calculated by the dynamic EMN model to establish a database of motor 

dynamic parameters. As a result, the motor parameters under different 

operating conditions can be selected in the database to modify the 

DVMPMSM model in real-time. 



The permanent magnet flux linkage of DVMPMSM will change after 

completing once winding switching. The three-phase winding flux linkage 

can be calculated by the dynamic EMN model, and then the permanent 

magnet flux linkage can be calculated according to (18). The permanent 

magnet flux linkage waveforms of DVMPMSM with 2, 4, and 8 parallel 

branches are shown in Fig. 15. 

( ) ( )( )
2

cos + cos 2 3 + cos 4 3
3

f a b c /        =   −  − , 

(18) 

where   is the position angle of the rotor. 

Fig. 15.  Torque-speed diagram. 
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Fig. 16.  The procedures of the calculation of the quad- and direct- axis 

synchronous inductances. 

In order to construct a more complete motor dynamic parameter 

database for the DVMPMSM model that considers the overload operation, 

the direct- and quad- axis synchronous inductance within the range of twice 

the rated current are calculated by the dynamic EMN model. After 

completing winding switching once, its direct- and quad-axis synchronous 

inductance will change. The dynamic EMN model is used to calculate the 

direct- and quad- axis synchronous inductance with different parallel 

branches and under different loads. And then those parameters are stored in 

the dynamic parameter database providing corresponding parameters of 

DVMPMSM under different gears and loads. The procedures of the 

calculation of the quad- and direct- axis synchronous inductances using the 

dynamic EMN model are given in Fig. 16. 

When the branches in parallel is set for 4, the variation of the direct-

axis and quad-axis synchronous inductances with different combinations of 

direct- axis and quad- axis current is shown in Fig. 17. It can be seen that 

the direct-axis synchronous inductance remains almost constant with the 

variation of the load current. The quad-axis synchronous inductance of the 

motor slightly increases with the increase of the direct-axis 

demagnetization current. However, the saturation of the quad-axis magnetic 

circuit of the DVMPMSM greatly increases as increasing quad-axis current. 

(a) Direct-axis 

(b) Quad-axis 

Fig. 17.  The variation of synchronous inductances with the load current 

(2a=4). 

When the number of parallel branches of the stator winding is set to 2 

and 8, the variations of the direct- and quad-axis synchronous inductances 

with the load current are shown in Fig. 18 and Fig. 19, respectively. 

(a) Direct-axis 

(b) Quad-axis 

Fig. 18.  The variations of the synchronous inductances with the load 

current (2a=2). 



(a) Direct-axis 

(b) Quad-axis 

Fig. 19.  The variations of the synchronous inductances with the load 

current (2a=8). 

4.3. The Vector Control Method and its Simulation Results 

The principle of the vector control method based on the dynamic 

parameters database and winding switching (VC-DPD&WS) is shown in 

Fig. 20. The maximum torque per ampere (MTPA) control strategy is 

adopted in the control model. During the simulation, the number of parallel 

branches is adjusted according to the speed of the motor. In addition, the 

parameters of the DVMPMSM are modified using dynamic parameters 

database in real-time, including the permanent magnet flux linkage, 

winding resistance, direct- and quad-axis synchronous inductances. 
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Fig. 20.  The principle of the vector control method based on the dynamic 

EMN model and the stator winding switching. 

The software MATLAB is used to construct a control model for 

DVMPMSM. The total simulation time is set to 1.2s, the load torque is set 

to 100Nm. The given speed waveform and the simulated speed waveform 

are shown in Fig. 21. 

Fig. 21.  The comparison of speed waveforms between given and simulated. 

Fig. 22.  The waveform of electromagnetic torque. 

The electromagnetic torque waveform of DVMPMSM simulated by 

MATLAB is shown in Fig. 22. The corresponding three-phase stator 

current waveform during the simulation is shown in Fig. 23. The steady-

state current amplitude is 32A while the motor speed is set to 1000 r/min. 

While the motor speed is set to 2500 r/min and 4500 r/min, the 

corresponding steady-state current amplitudes are 66A and 134A 

respectively. It can be concluded that the stator current of the motor in the 

third gear is basically twice that in the second gear and 4 times that in the 

first gear under the condition of outputting the same electromagnetic 

torque. 

Fig. 23.  The waveform of three-phase current. 

As shown in Fig. 24, the stepped load torque is given while the speed 

of the motor is set as shown in Fig. 21(a). The three-phase stator current 

waveform of the motor is shown in Fig. 25. It can be seen that the amplitude 

of the three-phase stator current when the motor reaches a steady-state 

under various load torques is almost same. 

Fig. 24.  The waveform of stepping load torque. 



Fig. 25.  The waveform of three-phase stator current. 

It can be concluded that the DVMPMSM can output large torque under 

low speed by using VC-DPD&WS. In addition, the maximal speed of the 

motor can be multiplied with the rise of gear under the constant DC bus 

voltage. However, it should be considered that the maximal output torque 

of DVMPMSM will decrease exponentially with the rise of gear due to the 

limitation of DC bus current.  

5. Prototype and Experiment

As shown in Fig. 26, an experimental platform is built in order to test 

the prototype DVMPMSM proposed in this paper. The experimental 

platform is mainly composed of a prototype, a dynamometer, a load motor, 

a water-cooling system, a motor controller and a low-voltage DC power 

supply. The motor controller is set up based on Infineon TC1797 which can 

realize vector control and stator winding switching. 

The no-load line back-EMF waveform of the prototype under the 

speed of 1500r/min is shown in Fig. 27(a) under the 1st gear. The no-load 

line back-EMF waveform of the prototype under the speed of 3000r/min is 

shown in Fig. 27(b) under the 2nd gear. The no-load line back-EMF 

waveform of the prototype under the speed of  5500r/min is shown in Fig. 

27(c) under the 3rd gear. It can be seen that the magnitudes of the back-

EMF at the above three given speeds are almost equal. It can be concluded 

that the linear increase of the back-EMF can be effectively inhibited 

through the stator winding switching resulting from the reduction of the 

number of turns per phase in series, and so a higher maximum motor speed 

can be obtained under limited DC bus voltage. 

Fig. 26.  The experimental platform for DVMPMSM. 

(a) 1500 r/min 

(b) 3000 r/min 

(c) 5500 r/min 
Fig. 27.  The no-load line back-EMF of the prototype. 

While the stator winding is set to the 1st gear, the root means square 

(RMS) of the no-load line back-EMF of the prototype is measured by the 

experimental platform and compared with the calculation results of the 

dynamic EMN model as shown in Fig. 28. The relative error between these 

two results is within 5%. The accuracy of the dynamic EMN model is 

verified. 

Fig. 28.  The comparison of RMS of no-load line back-EMF. 



(a) 1st gear 

(b) 2nd gear 

(c) 3rd gear 
Fig. 29.  Load current waveforms of the prototype. 

In order to investigate the load characteristics of DVMPMSM, the load 

torque is set to 180Nm. When the prototype is set to the 1st gear and the 

speed is set to 1000r/min, its stator current is shown in Fig. 29(a) from 

which it can be calculated that the current amplitude is 36.0A. When the 

prototype is set to the 2nd gear and the speed is set to 2500r/min, its load 

current is shown in Fig. 29(b) from which it can be calculated that the 

current amplitude is 96.5A. When the prototype is set to the 3rd gear and 

the speed is set to 4500r/min, its load current is shown in Fig. 29(c) from 

which it can be calculated that the current amplitude is 206.0A. Finally, it 

can be concluded that a highest maximal output torque can be obtained at 

low speed under the same limited DC bus current. 

6. Conclusion

In this paper, a DVMPMSM for EV is designed. The EMN method is 

used to calculate its internal magnetic field distribution. In addition, a 

vector control method based on stator winding switching is proposed 

according to the requirements of EV for power. Through the research in this 

paper, the following conclusions are drawn: 

(1) The air gap flux density is improved by adopting the double V-

shaped magnet structure. Besides, the resistance torque can be improved. 

(2) The dynamic EMN model of the DVMPMSM with 18 slots and 2 

poles is established by which the calculation of the air gap flux density, 

three-phase winding flux linkage, back-EMF, and electromagnetic torque 

is realized. The calculation results of the dynamic EMN model are well 

consistent with the FEA method. The accuracy of the dynamic EMN model 

is validated. The relative error of the no-load back-EMF between calculated 

by dynamic EMN model and experiment is about 5%. 

(3) The output electromagnetic torque at the 1st gear (low-speed gear) 

is twice and four times that at the 2nd (medium-speed gear) and 3rd (high-

speed gear) gears respectively under the same DC bus current by using VC-

DPD&WS. The maximal speed can be doubled with the rise of gear under 

the same DC bus voltage. 
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