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Abstract—The driving speed of pure electric vehicles changes 
frequently under complex driving conditions, and there is no 
mathematical law to follow. Poor working conditions will lead to 
varying driving motor parameters. Traditional motor control PI 
regulator parameters are fixed and cannot be adjusted in real 
time following the vehicle driving state. The dynamic 
performance of the drive system decreases due to the increase of 
AC/DC coupling in the high-speed field weakening region of the 
interior permanent magnet synchronous motor (IPMSM). To 
solve the above problems, an IPMSM fuzzy single-current field 
weakening control algorithm for pure electric vehicles was 
proposed, and the parameters of the PI regulator were adjusted 
in real time through fuzzy control to enhance the response 
characteristics and anti-interference characteristics of the drive 
system. The optimized single-current field weakening control 
method was adopted, and the a-axis and d-axis voltage was 
adjusted in real time based on the vehicle speed and the output 
torque, which enhanced the control performance of the vehicle in 
the high-speed field weakening region. The feasibility and 
effectiveness of the proposed control algorithm were verified 
through a simulation comparison with the traditional PI-adjusted 
single-current field weakening control algorithm. 

Keywords—Pure Electric Vehicle, IPMSM, Field Weakening, 
Single Current 

 

I. INTRODUCTION 
nterior Permanent Magnet Synchronous Motor 

(IPMSM) is characterized by high power density and 
excellent torque-speed characteristics, so it shows 

significant advantages in reliability, high torque density, as 
well as the realization of field weakening control[1]. Due to 
abundant rare earth resources in China, IPMSM has been 
widely applied in the field of pure electric vehicle drive[2,3]. 
Limited by the inverter DC terminal voltage, the inverter 
voltage saturation cannot continue to increase the speed when 
reaching the base speed, so IPMSM should adopt field 
weakening control technology to increase the speed regulation 
range of IPMSM without changing the motor structure and 
inverter capacity[4], which can conform to the high-speed 
performance requirements of pure electric vehicles. 
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Extensive studies have been conducted to solve the 
following problems: the parameters of the traditional PI current 
regulator are fixed and cannot be adjusted under real-time 
traffic conditions; both the rapidity and stability of the system 
cannot be considered in the determination of proportional and 
integral gain to give attention; the enhancement of the a-axis 
and d-axis current coupling of the IPMSM in the high-speed 
field weakening region results in a reduced dynamic 
performance of the drive system. Literature [5,6] presented a 
differential feedback control strategy to increase the response 
speed and the consistent overshoot ability of the system. 
Literature [7] proposed a PI parameter design rule to achieve 
the fast control of current without overshooting and enhance 
the performance of the current loop. In Literature [8], the 
prediction model of adjacent periods was adopted to eliminate 
the constant term, thus avoiding over-harmonic oscillation in 
PI control. In Literature [9], the fuzzy adaptive method was 
employed to dynamically adjust the approach rate parameters, 
which increased the response speed of the system compared 
with the traditional PI. In Literature [10], a field weakening 
control system of a single-current regulator based on virtual 
resistance was built for efficiency optimization while ensuring 
dynamic speed regulation performance and carrying capacity. 

In this paper, an IPMSM fuzzy single-current field 
weakening control algorithm for pure electric vehicles was 
proposed, and the parameters of the PI regulator were adjusted 
in real time by fuzzy control to enhance the response 
characteristics and anti-interference characteristics of the drive 
system. The optimized single-current field weakening control 
method was adopted to optimize the a-axis and d-axis current 
coupling of the motor in the field weakening region and simply 
the control strategy. The AC axis voltage changed with the 
vehicle speed and the vehicle output torque in real time, which 
made the driving motor stable at its optimal operating point, 
such that the magnetic weakening efficiency and load capacity 
of the motor increased. By combining fuzzy control with the 
optimized single current regulator field weakening control 
strategy, the driving motor of pure electric vehicles can fully 
exploit the advantages of both and achieve a better control 
effect in the high-speed field weakening region. 

 

II. IPMSM MATHEMATICAL MODEL 
IPMSM is a multi-variable, close-coupling, and nonlinear 

time-varying complex system. Under certain constraints, its 
mathematical model can be simplified for research and 
analysis[11]. Before the mathematical model is built, the 
following model assumptions are proposed[12]:  
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Under the assumed conditions, the voltage equation of the 
IPMSM in steady-state operation in the d-q synchronous 
rotation coordinate system is expressed as: 
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The stator flux equation is written as: 
 

 d d d f

q q q

L i
L i

ψ ψ
ψ

= +  
=  

 (2) 

 
In Eqs. (1) and (2), ud and uq denote the components of the 

stator voltage on axes d and q; id and iq represent the 
components of the stator current on axes d and axis q, 
respectively. Ld and Lq represent the inductance of axis d and 
axis q, respectively. ψd and ψq expresses the components of the 
stator flux along axis d and axis q, respectively. Rs denotes the 
stator resistance of the motor; ψf is the permanent magnet flux; 
ωe is the electric angular velocity of the rotor. 

When IPMSM runs at high speeds, if the effect of its stator 
resistance Rs is ignored, the steady-state voltage equation of 
the motor in the d-q synchronous rotation coordinate system 
can be expressed as: 
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The electromagnetic torque equation of the motor is written 

as: 
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Where Te denotes the electromagnetic torque; pn represents the 
polar logarithm of the motor. 

The direct axis inductance of the IPMSM is smaller than the 
cross-axis inductance, and its electromagnetic torque Te 
comprises the permanent magnet torque Tr generated by the 
interaction between the rotor permanent magnet and the stator 
air gap magnetic field and the reluctance torque Tm generated 
by the convex pole effect, which is expressed as follows: 
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III. OPERATION CONSTRAINTS OF IPMSM AND FIELD 
WEAKENING CONTROL PRINCIPLE 

A. Operation constraints of IPMSM 
The inverter transforms the DC current of the power battery 

into the AC current of the driving motor. IPMSM is limited by 

the output capacity of the inverter and the capacity of the motor 
during operation. Besides, there are voltage and current 
constraints, i.e., the stator current vector of the motor should 
meet the voltage limit equation and current limit equation. 
Voltage constraints  

In steady-state operation, the input voltage of IPMSM is 
limited by the DC side voltage of the inverter and the insulation 
level of the motor. If the stator voltage is extremely high, the 
insulation layer will be broken down, and the motor will be 
damaged [13]. The limit value usmax of the voltage resultant 
vector us of the stator end of the driving motor is correlated 
with the DC side voltage udc of the inverter and the PWM 
modulation algorithm. In this paper, the SVPWM modulation 
algorithm with higher voltage utilization rate was adopted, 
usmax= dc / 3u , and the voltage limiting equation is expressed 
as: 

 
 2 2 2 2

d q s smaxu u u u+ = ≤  (6) 

 
Substituting Eq. (3) into Eq. (6), the voltage limit equation 

is defined as: 
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In the id-iq coordinate system, the voltage limit equation 

curve is a family of ellipses with a center of  , termed the 
voltage limit ellipse. With the increase of the speed, the ellipse 
contracts, as presented in Fig. 1. 
Current constraints  

The amplitude of the stator current resultant vector is of the 
IPMSM should not exceed the upper limit of the current of the 
power device ismax. The current limiting equation is written as: 

 
 2 2 2 2

d q s smaxi i i i+ = ≤  (8) 

 
The motor stator current limit equation curve is a circular 

track with a center point of (0,0) in the id-iq coordinate system, 
which is termed the current limit circle, as presented in Fig. 1. 

 
Fig. 1. Field magnetic control voltage and current vector trajectory of IPMSM 
 

B. Principle of field weakening speed expansion of 
IPMSM 
By substituting stator flux 2 2

s q d+ψ ψ ψ= into Eq. (7), the 

correlation between stator flux, electric angular velocity, and  
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voltage limit value of IPMSM is expressed as: 
 

 s e smaxuψ ω⋅ ≤  (9) 

 ( ) ( )22
s d d f q q+L i L iψ ψ= +  (10) 

 
Based on Eq. (9), as the motor speed increases, the amplitude 

of the stator voltage constantly increases, and the output 
voltage of the inverter reaches the maximum when it reaches 
the base speed. Eq. (10) suggests that the speed can only be 
continuously increased by adjusting id and iq. In the motor 
driving process, the motor stator current is in the second 
quadrant, as shown in Fig. 1. As depicted in this figure, id is 
negative and iq is positive. The basic principle of field 
weakening control is appropriately adjusting the distribution 
relationship between id and iq in the stator-voltage restricted 
state[14]. Below the base speed, pure electric vehicles 
generally use the Max Torque Per Ampere (MTPA) control 
algorithm to make the drive motor run in the constant-torque 
region. Accordingly, under the given load torque, the stator 
current of the motor is minimal, the energy loss is reduced, and 
the vehicle range increases[15]. Fig. 1 illustrates the MTPA 
curve. Above the base speed, the motor runs in the field 
weakening region, and the stator current is on the AB and BC 
curves in Fig. 1 or in the shaded area. The MTPV (Max Torque 
Per Voltage) curve in Fig. 1 represents the current track 
corresponding to the maximum electromagnetic torque that the 
motor can output at different speeds, which ensures that the 
vehicle possesses the capability of outputting a large torque at 
high speeds. In the field weakening region, the numerical size 
and change direction of id and iq are allocated by the control 
algorithm to weaken the air gap magnetic field and increase the 
motor speed range. 

 

IV. OPTIMIZED SINGLE-CURRENT REGULATOR 
An optimized single-current regulator field weakening 

control algorithm was adopted in this paper to solve the a-axis 
and d-axis current coupling problem caused by the field 
weakening control mode of the traditional IPMSM dual-current 
regulator. In the vehicle driving process, the vehicle output 
torque from the vehicle driving system was calculated by the 
VCU to obtain the electromagnetic torque Te of the motor at the 
moment. With the given current iq*, the given current id* can 
be calculated by Eq. (4). The a-axis and d-axis voltage 
instruction of the driving motor can be adjusted in real time 
with the change in the speed and the output torque of the 
vehicle. Fig. 2 depicts the block diagram of field weakening 
control based on MTPA and optimized single current regulator. 
the proposed field weakening control strategy is characterized 
by a simple structure and easy implementation, fast dynamic 
response, and good robustness as compared with the traditional 
field weakening control strategy based on a double current 
regulator. 

 
Fig. 2. Block diagram of MTPA and optimized single-current field weakening 
control 

 
The voltage of the power battery of pure electric vehicles 

will decrease with the loss of energy. With voltage saturation 
as the switching condition of the control strategy, the motor 
will enter the field weakening area in advance, and the speed 
regulation range will decrease[16,17]. In this paper, the 
correlation between motor speed and base speed value served 
as the switching condition of the control mode, as presented in 
Fig. 3. 

 

 
Fig. 3. Control mode switching conditions 
 

V. DESIGN OF FUZZY-PI 
IPMSM is characterized by nonlinear, strong coupling, and 

parameter change in high-speed operation, and the motor 
parameters may change when the vehicle is driven under bad 
road conditions. The traditional PI regulator with constant 
gains is designed following the exact mathematical model of 
the motor and is still within the range of linear control, thus 
resulting in a situation where neither the dynamic response 
characteristic nor the anti-interference characteristic can reach 
the ideal state [18,19]. When applying the fuzzy control theory 
to the traditional PI regulator, the motor drive system can adjust 
the parameters of the PI regulator in real time to achieve the 
desired control effect by exploiting its strong system 
adaptability, robustness, and fault tolerance. 

The deviation e and the deviation change rate ec of the 
expected value and the feedback value of the motor speed are 
taken as the inputs of the fuzzy controller. Based on the fuzzy 
knowledge base (control rules and membership function), 
fuzzy reasoning and anti-fuzzy are conducted to determine the 
online adjustment changes ∆Kp and ∆Ki of the PI regulator 
parameters Kp and Ki. The synchronous change values Kp* and 
Ki* are obtained after correction from Eq. (11), which are 
introduced to the calculation of the control system. The fuzzy 
PI control block diagram of the IPMSM drive system is 
illustrated in Fig. 4. The online correction relationship of 
Ki*and Ki is defined as follows: 
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Fig. 4. Fuzzy PI block diagram 

 
After the fuzzification of the speed deviation e and its rate 

change ec, the corresponding fuzzy variables are E and Ec, 
which are the input of the controller. The fuzzy quantity Up and 
Ui corresponding to ∆Kp and ∆Ki are the output of the 
controller. Their fuzzy subset is set as {NB, NM, NS, ZO, PS, 
PM, PB}; The domain interval of the input and output variables 
is set as [-3, 3]. The triangular membership function with less 
computation, saving storage space, and high sensitivity serves 
as the membership function of the input-output fuzzy quantity. 

The control rule table of the fuzzy controller is established, 
as shown in Tables 1 and 2. 

 
TABLE I 

TABLE OF ∆KP FUZZY CONTROL RULES 

∆Kp 
ec 
 NB NM NS ZO PS PM PB 

e 

NB PB PB PM PM PS PS ZO 
NM PB PM PM PS PS ZO NS 
NS PM PS PS PS ZO NS NM 
ZO PB PM PS ZO PS PM PB 
PS NM NS ZO PS PS PS PM 
PM NS ZO PS PS PM PM PB 
PB ZO PS PS PM PM PB PB 

TABLE Ⅱ 
TABLE OF ∆KI FUZZY CONTROL RULES 

∆Kp 
ec 
 NB NM NS ZO PS PM PB 

e 

NB PB PB PM PM NS NM NB 
NM PB PB PM PM PS NS NM 
NS PB PB PM PS ZO NS NM 
ZO PB PM PS ZO PS PM PB 
PS NM NS ZO PS PM PB PB 
PM NM NS PS PM PM PB PB 
PB NB NB NS PM PM PB PB 

 
After the tables of control rules are established, the Mamdani 

fuzzy reasoning method is used for reasoning, and the 
reasoning process is illustrated in Fig. 5. 

The data obtained by employing the Mamdani reasoning 
method should be defuzzied to obtain the exact output variables. 
Due to the limitation of accuracy, the center of gravity method 
is adopted to solve the fuzzy problem, which is formulated in 
the following function form: 

 

 0 i i i
1 1

( ) / ( )
n n

i i
z C z z C zµ µ

= =

 = ⋅ 


′


′∑ ∑  (12) 

 
Where z0 denotes the exact value of the output control 

quantity after solving the fuzzy problem, zi represents the 
output fuzzy variable, and  is the membership function of zi. 

In brief, the block diagram of the fuzzy single-current field 
weakening control system of IPMSM for pure electric vehicles 
is presented in Fig. 6. 
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Fig. 5. Mamdani reasoning process 

 
Fig. 6. Block diagram of the IPMSM fuzzy single-current field weakening control system for pure electric vehicles 
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VI. SIMULATED ANALYSIS 
The simulation model based on Fig. 6 was built in 

Matlab/Simulink, and then the results were compared and 
analyzed with the traditional PI-adjusted single-current field 
weakening control algorithm under the same simulation 
parameters and operating conditions. The simulation 
parameters of the IPMSM are listed in Table 3. 

 
TABLE Ⅲ 

SIMULATION PARAMETERS 
Parameter Value 
Stator resistance R/Ω 0.24 
d-axis inductance Ld/mH 18 
q-axis inductance Lq/mH 36 
Permanent magnet flux linkage ψf/Wb 0.009 
Polar logarithm Pn per unit 6 
Rotational inertia J/(kg∙m2) 0.00015 
dc-side voltage Vdc/V 75 
Motor base speed value n/（r/min） 4000 

 
The simulation duration was 0.3s, and three working 

conditions (constant speed, speed step, and load disturbance) 
were selected for the simulation test. Moreover, the motor 
speed curve, a-axis and d-axis current curve, and 
electromagnetic torque curve were observed and analyzed in a 
Simulink Date Inspector. 

Figs. 7(a) and 7(b) depict the speed curves of the IPMSM 
fuzzy single-current field weakening control algorithm (the 
proposed control algorithm) and the traditional PI-adjusted 
single-current field weakening control algorithm (the 
traditional control algorithm) under the condition that the 
motor was no-load and there was a given constant input target 
speed of 3000rpm. both can quickly respond to the target speed 
value of 3000rpm without overshooting. 
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(a)The proposed control algorithm 
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(b) Traditional control algorithm 

Fig. 7. Simulation curve of rotation speed 

The motor was provided with a speed input signal of 
4000rpm to 8500rpm in 0.1s step. 
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(a)Overall diagram of speed simulation curve of the proposed control algorithm 
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(b) Overall diagram of speed simulation curve of the traditional control 
algorithm 
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Fig. 8. Overall simulation curve of speed and local enlarged drawing 
 
A and B represent partial enlarged drawings of the speed 

curve, represented by Figs. (c) and (e), respectively.C and D 
are partial enlarged drawings of the speed curve, represented 
by (d) and (f). 

Figs. 8(a) and 8(b) depict the overall simulation curves of the 
speed of the proposed control algorithm and the traditional 
control algorithm, respectively. The overall curve suggests that 
both can quickly reach the target speed and follow well. Figs. 
(c) and (d) depict the partial enlarged drawings of the speed 
curves of the two control algorithms at the base speed value 
lower than 4000rpm. As revealed by this result, the two control 
algorithms had a fast reaction speed to reach the target speed 
and can be well consistent with the target value. Figs. (e) and 
(f) depict the partial enlarged drawings of the speed curves of 
the two control algorithms close to the time at the base speed 
value higher than 8500rpm. The above comparison revealed 
that in the field weakening region, the proposed control 
algorithm had less overshooting and less fluctuation of the 
speed curve than the traditional method when following the 
target speed. The former reached the target speed stable value 
at 0.130s, while the latter reached the target speed stable value 
at 0.140s. The above result suggested that the proposed control 
algorithm had smaller overshooting, faster response speed, 
smaller fluctuation before reaching the stable value and 
stronger robustness in the field weakening region than the 
traditional control algorithm. 
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(a)The proposed control method 
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(b) Traditional control method 

Fig. 9. A-axis and d-axis current response curves 
 
Figs. 9(a) and 9(b) depict the a-axis and d-axis current 

response curves of the proposed control algorithm and the 
traditional control algorithm under the step changes of speed 
(4000rpm to 8500rpm), respectively. In the field weakening 
region, the current fluctuation based on the traditional control 
algorithm was more significant, and the id pulse value was 
higher. The current curve based on the proposed control 
algorithm was smoother, the id pulse value was smaller, and id 
and iq stabilized faster in the field weakening region. The above 
results suggested that the proposed control algorithm showed 
more advantages in restraining current disturbance and 
reducing current coupling in the high-speed field weakening 
region and possessed strong robustness and adaptability. 

2Nm external load torque was added at 0.1s based on the 
above step change in speed. 

As depicted in Figs. 10(a) and 10(b), when the speed and 
load torque changed simultaneously, the average pulse value of 
id under the proposed control algorithm was smaller. Iq 
fluctuated less, and its curve was smoother. A sudden change 
in motor speed and load torque is conducive to protecting 
electronic power devices, thus indicating that the proposed 
control algorithm has excellent anti-interference characteristics. 
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(a) The proposed control method 
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(b) Traditional control method 

Fig. 10. A-axis and d-axis current response curves 
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Fig. 11. Electromagnetic torque curve 

 
Curve A and curve B are electromagnetic torque curves 

based on this control algorithm and traditional control 
algorithm respectively 

As depicted in Fig. 11, with the use of the proposed control 
algorithm, the electromagnetic torque curve was smoother, and 
the average torque pulse value was smaller when the speed and 
load torque changed suddenly. Under the traditional control 
algorithm, the electromagnetic torque fluctuation was more 
significant, and the average torque pulse value was higher. The 
above result reveals that the pure electric vehicle based on the 
proposed control algorithm has better ride comfort when the 
speed and driving resistance change. 

VII. CONCLUSION 
An IPMSM fuzzy single-current field weakening control 

algorithm for pure electric vehicles was proposed to solve the 
problem that complex road conditions, irregular variation of 
driving speed, and adverse working conditions affect the 
driving motor parameters of pure electric vehicles and 
traditional motor control PI regulator parameters that cannot 
change in real time with vehicle driving requirements. The 
simulation model of the algorithm was built based on 
Matlab/Simulink, and then it was compared with the traditional 
PI-adjusted single-current field weakening control algorithm. 
The results suggested that the proposed control algorithm 
possessed a faster response speed in the field weakening region 
and reduced the a-axis and d-axis current coupling, and the 
system was endowed with strong anti-interference and 
robustness. Furthermore, the feasibility and effectiveness of the 
proposed control algorithm were validated. 
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