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Abstract. Brushless DC motor (BLDCM) is a multivariable nonlinear time-varying system, 
which is difficult to control. The discrete sliding mode control method for BLDCM of electric 
vehicle on the basis of particle swarm optimization (PSO) is studied to improve the application of 
BLDCM in electric vehicle. The mathematical model of BLDCM of electric vehicle is established 
using the state formula. Based on the mathematical model of BLDCM, through the analysis of 
electromagnetic torque control of BLDCM, it is clear that controlling the angle between rotor flux 
and stator flux can accurately control the electromagnetic torque of BLDCM. The adaptive 
discrete sliding mode controller (SMC) is set to control the electromagnetic torque of BLDCM of 
electric vehicle, and the PSO algorithm is adopted to obtain the optimal parameters of the adaptive 
discrete SMC to realize the discrete sliding mode control of BLDCM of electric vehicle. 
According to experimental results, the proposed method can achieve the accurate control of torque 
and speed of BLDCM of electric vehicle, and increase the application of BLDCM in electric 
vehicle. 
Keywords: PSO, electric vehicle, BLDCM, discrete, sliding mode control method, 
electromagnetic torque. 

1. Introduction 

Nowadays, under the dual pressure of energy shortage and environmental degradation, 
vigorously developing electric vehicles and promoting the sustainable development of automobile 
industry has become the common goal of the development of automobile industry all over the 
world. Major automobile enterprises and colleges and universities are actively studying and 
developing electric vehicles and related technologies. Wide application of BLDCM of electric 
vehicle has been achieved in household appliances, automobile and other industries because of its 
small size and good reliability [1]. Compared with other motors, the speed regulation control 
system of BLDCM of electric vehicle is a multivariable and strongly coupled complex system. It 
is difficult for the classical PID controller to set the parameters in the speed regulation control 
process of BLDCM of electric vehicle [2], and it is also difficult to achieve the ideal results. 
Driving motor is the heart of electric vehicle, so driving motor control technology is also 
particularly important for electric vehicle. The principle of electric vehicle motor control 
technology is to efficiently transform the electric energy of power battery into the mechanical 
energy, overcome various resistance in the operation of electric vehicle [3], transform the kinetic 
energy into the electric energy and recover it to the energy storage system in the case of electric 
vehicle braking to realize the mutual conversion of energy. The control efficiency of the drive 
system directly affects the power performance and economic performance of electric vehicles [4], 
so the research of drive motor control technology is of great significance. In daily life, electric 
vehicles often encounter driving conditions such as frequent starting, acceleration and 
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deceleration, climbing and braking. Therefore, the driving motor is different from the general 
motor. The particularity of electric vehicle operation requires that it can meet various complex 
working conditions encountered by the vehicle during driving [5].Generally speaking, the driving 
motor of electric vehicle should meet the following requirements: large starting torque, good 
starting performance and fast torque response; In the low-speed constant torque area, there should 
be a large torque, while in the high-speed constant power area, it is necessary to maintain a high 
speed; High impact resistance and reliability, able to work for a long time in harsh environment; 
The volume and mass should not be too large to relieve the weight of electric vehicle and improve 
the power performance of the vehicle. The structure of DC motor is simple, the control method 
has been very mature, and has good speed regulation performance [6], which can basically meet 
the performance requirements of vehicles. Therefore, when electric vehicles were just developed, 
most of the driving motors of electric vehicles were DC motors. However, the brush and 
commutator in the DC motor may cause commutation sparks during motor operation, resulting in 
rotor heating, electromagnetic interference and impact on other electrical appliances in the vehicle. 
Due to the mechanical structure of DC motor, if it works for a long time, the internal structure of 
the motor is easy to be lost, which will increase the maintenance cost, limit the instantaneous 
overload capacity and motor speed. Besides, it will also be difficult to meet the requirements of 
modern electric vehicles [7]. Therefore, DC motor is rarely used as the driving motor of electric 
vehicles at present. Permanent magnet BLDCM is improved and developed from ordinary DC 
motor. Electronic commutation device is used instead of mechanical commutation, so there is no 
commutation spark and it is easy to dissipate heat. Permanent magnet BLDCM has simple 
mechanical structure, large starting torque, small scale, high-level efficiency and convenient 
maintenance [8]. Due to the high power and density of the electric motor, it can reduce the electric 
motor’s size and density effectively. SMC is a control strategy of variable structure control system 
[9]. The control characteristic has nothing to do with the parameters and disturbance input of the 
system. It can make the system have good robustness and is widely used. 

At present, there are many researches on the discrete SMC of BLDCM of electric vehicle. 
Curiel-Olivares et al. studied the active disturbance rejection controller (ADRC) for the balance 
problem of electric vehicle [10]. This method can effectively improve the balance problem of 
electric vehicle, but there is a defect that the calculation process is too complex; Aiming at the 
dynamic performance of BLDCM driver, Ebadpour et al. researched fast fault-tolerant control 
(FFTC) to improve the control performance of BLDCM. This method can achieve the control of 
BLDCM, but the control performance is not ideal [11]; Zheng et al. proposed the improved DC 
link series IGBT chopper strategy for BLDCM drive [12], realized the driving performance of 
BLDCM, and used this method to control BLDCM, which has chattering. Aiming at the defects 
of the above control methods, the discrete SMC method of BLDCM of electric vehicle on the 
basis of PSO is proposed in this study. The mathematical model of Brushless DC motor of electric 
vehicle is established by using state equation. On the basis of the mathematical model of Brushless 
DC motor, through the analysis of the electromagnetic torque control of Brushless DC motor, it is 
shown that the electromagnetic torque of Brushless DC motor can be accurately controlled by 
controlling the angle between the rotor flux and the stator flux. The adaptive discrete sliding mode 
controller (SMC) is used to control the electromagnetic torque of the brushless DC motor of 
electric vehicles, and the particle swarm optimization algorithm is used to obtain the optimal 
parameters of the adaptive discrete sliding mode controller, so as to achieve efficient control of 
the brushless DC motor of electric vehicles. The experimental results show that the method applied 
to the BLDCM of electric vehicle can achieve the effective control of BLDCM of electric vehicle, 
and the control performance is superior. 

It can be seen that in the research of related fields, more research focuses on the dynamic 
performance and control effectiveness of brushless DC motor. However, this study focuses on the 
dynamic and static control performance of the control strategy, and at the same time focuses on 
the design of the anti-interference of the system, so that the model can achieve more stable control 
effect that is less susceptible to interference on the basis of dynamic and static efficient control, 



DISCRETE SLIDING MODE CONTROL METHOD FOR PARTICLE SWARM OPTIMIZATION-BASED BRUSHLESS DC MOTOR OF ELECTRIC VEHICLE.  
FEI WANG, QIONGZHEN MEI, XIAOLEI XIN 

 JOURNAL OF VIBROENGINEERING. AUGUST 2023, VOLUME 25, ISSUE 5 1027 

and provide technical support for practical applications in complex environments. 

2. Materials and methods 

2.1. Mathematical model of BLDCM of electric vehicle 

The composition structure of BLDCM includes motor body, electronic switch circuit and 
position sensor connected with rotor shaft. The motor body includes rotor and stator. The AW 
(AW) which is installed on the stator is generally made into polyphase. The windings can be 
connected in star or triangle, which are respectively connected with each power tube of the 
electronic switching circuit. The rotor is made of permanent magnet material, which can be made 
into multiple pairs of magnetic poles [13]. The mathematical model of electric vehicle’s BLDCM 
is established using the state formula. The three-phase voltage formula of BLDCM of electric 
vehicle is shown in Eq. (1): 

൥𝑢஺𝑢஻𝑢஼൩ = ൥𝑍 0 00 𝑍 00 0 𝑍൩ ൥𝑖஺𝑖஻𝑖஼൩ + ൥𝑍 0 00 𝑍 00 0 𝑍൩ 𝑑𝑑𝑡 ൥𝑖஺𝑖஻𝑖஼൩ + 𝑑𝑑𝑡 ൥𝑒஺𝑒஻𝑒஼൩, (1)

where, 𝑍 the stator phase winding; 𝑍 = 𝐿 −𝑀, 𝐿 is the self-inductance of stator, 𝑀 is the mutual 
inductance of stator phase winding; 𝑖஺, 𝑖஻, 𝑖஼ is the current of phase 𝐴, 𝐵 and 𝐶 respectively; 𝑒஺, 𝑒஻, 𝑒஼ is the reverse electromotive force of phase 𝐴, 𝐵 and 𝐶 respectively. 

The calculation formula for the opposite electromotive force of BLDCM of electric vehicle is 
shown below: 

𝑒஺ = 𝑘஺ሺ𝜃௘ሻ𝜔௘ , (2)

where 𝜔௘ is the angular velocity of rotor; 𝜃௘ is the angle of rotor; 𝑘஺ is the back EMF shape 
function of phase 𝐴. 

With the dynamic change of 𝜃௘, 𝑘஻ and 𝑘஼ are the back EMF shape functions of phase 𝐵 and 𝐶 respectively. The shape of the three-phase back EMF shape function is mainly the same, and 
the difference of phase is 120° electrical angle. The specific values of the three shape functions 
depend on the actual motor back EMF. 

The expression of electromagnetic torque of BLDCM of electric vehicle is shown below: 𝑇௘ = 𝑍𝑛௣𝑘஺𝑖஺ + 𝑍𝑛௣𝑘஻𝑖஻ + 𝑍𝑛௣𝑘஼𝑖஼ . (3)

where, 𝑃௘ is electromagnetic power; 𝑛௣ is the motor’s poles; 𝑇௘ is electromagnetic torque. 
To form a complete mathematical model of BLDCM of electric vehicle, the motion formula 

of BLDCM of electric vehicle is introduced here, and the expression is shown below: 

𝑇௘ − 𝑇௅ = 𝐽𝐵௠𝑑𝑍𝜔௘𝑑𝑡 + 𝐵௠𝜔௘ , (4)

where, 𝑇௅ is the torque of load; 𝐽 is the inertia moment; 𝐵௠ is the coefficient of friction. 
In modern control theory, the research of the control system motion state is mainly realized by 

its state formula. The state formula of BLDCM of electric vehicle can be obtained by algebraic 
transformation of differential formula mathematical model [14]. In this paper, the angular velocity 
and three-phase current are selected as state variables to obtain the fourth-order state formula, 
which is expressed as: 𝑥 = 𝐴𝑥 + 𝐵𝑢, (5)
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where: 

𝐵 = ൦𝐼 𝑍ሺ𝐿 −𝑀ሻ⁄ 0 0 00 𝐼 𝑍ሺ𝐿 − 𝑀ሻ⁄ 0 00 0 𝐼 𝑍ሺ𝐿 − 𝑀ሻ⁄ 00 0 0 𝐼 𝑍ሺ𝐿 − 𝑀ሻ⁄ ൪, 
𝐴 = ൦𝑎ଵଵ 0 0 𝑎ଵସ0 𝑎ଶଶ 0 𝑎ଶସ0 0 𝑎ଷଷ 𝑎ଷସ𝑎ସଵ 𝑎ସଶ 𝑎ସଷ 𝑎ସସ൪, 
and 𝜓௠ is the maximum value of permanent magnet flux distribution of turn chain of each phase 
winding; 𝑢 = ሾ𝑢஺   𝑢஻   𝑢஼    𝑇௅ሿ். 

The controllability of linear system is the basis of optimal control and optimal estimation. For 
the state formula of BLDCM of electric vehicle, it is necessary to test its controllability [15]. The 
controllability matrix expression of BLDCM of electric vehicle is shown below: 𝑀 = ሾ𝑀଴   𝑀ଵ   𝑀ଶ   𝑀ଷሿ, (6)

where, 𝑀଴ = 𝐵, 𝑀௜ሺ𝑡ሻ = 𝐴௜𝐵, 𝑖 = 1, 2, 3. 
It can be seen from the above formula that the controllable matrix satisfies 𝑟𝑎𝑛𝑘𝑀 = 4 at any 

time. According to the rank criterion of linear time-varying system, the mathematical model of 
BLDCM of electric vehicle represented by Eq. (6) is completely controllable. 

2.2. Control of electromagnetic torque of BLDCM 

According to the unified theory of BLDCM of electric vehicle, the expression of 
electromagnetic torque of motor is shown below: 𝑇௘ = 𝑘௠|Ψ௥||Ψ௦|sin𝜃, (7)

where: 𝑘௠ is the torque coefficient; |Ψ௥| and |Ψ௦| are rotor flux amplitude and stator flux 
amplitude respectively; 𝜃 is the included angle between rotor flux and stator flux. 

Suppose that the inner circle radius of the hexagonal flux path of the BLDCM of the electric 
vehicle is 𝑅, the motion speed is 𝑣, the rotor flux rotates counterclockwise, the stator flux is 
located in the sector, and the initial position is at point 𝐴. 

The amplitude expression of stator flux linkage (SFL) is shown below: 

|Ψ௦| = ඨ𝑣𝑅ଶ + ቆන 𝑣𝑑𝑡௧
଴ ቇଶ, (8)

where, 𝑣 = ±|𝑢௦| = ±𝑈ௗ௖ √3⁄ . 
In the case that SFL moves to point 𝐵, the absolute value of the amplitude change rate of the 

SFL is the largest. From Eq. (8), it can obtain: max||Ψ௦|ᇱ| = 𝑣 𝑈ௗ௖ ൫3√5൯⁄ . (9)

The sine value of the included angle between rotor flux and stator flux is: 

sin = sinቆ𝑣𝜃଴ + න 𝜔௦𝑑𝑡 − 𝜔௥𝑡௧
଴ ቇ, (10)
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where: 𝜃଴ is the initial value of the angle between rotor flux and stator flux; 𝜔௦ and 𝜔௥ are the 
rotation speed of rotor flux and stator flux respectively. 

The angle of SFL is shown below: 

𝜃௦ = arctanቆන 𝑣𝜔௥𝑑𝑡 𝑅⁄௧
଴ ቇ. (11)

When the SFL moves to point 𝐵, the absolute value of 𝜃௦ᇱ is the smallest. From Eq. (11): min|𝜔௦| = √4𝑈ௗ௖𝜃௦ ሺ5𝑅ሻൗ . (12)

Ignoring that 𝜔௥ and cos ቀ𝜃଴ + ׬ 𝜔௦𝑑𝑡 − 𝜔௥𝑡௧଴ ቁ are close to 1, we can get from Eq. (12): 

sinᇱ𝜃 = ሺ𝜔௦ − 𝜔௥ሻcosቆ𝜃଴ + min|𝜔௦|න 𝜔௦𝑑𝑡 − 𝜔௥𝑡௧
଴ ቇ. (13)

Generally, if √4𝑈ௗ௖ 5𝑅⁄ ≫ 𝑈ௗ௖ ൫3√5൯⁄ , |sin′𝜃| ≫ ||Ψ௦|ᇱ| can be obtained. 
The above analysis shows that the change of electromagnetic torque mainly depends on the 

included angle between rotor flux and stator flux. Controlling the angle between rotor flux and 
stator flux can control the electromagnetic torque of BLDCM. 

After combining the given torque of the BLDCM with the given torque vector comparator, the 
output of the BLDCM is directly controlled by the difference value of the given torque vector 
comparator [16]. During low-speed commutation, the attenuation of closed commutation current 
is slower than that of open commutation current. At this time, the direct torque control can chop 
the open commutation current by selecting the corresponding voltage space vector (VSV) to keep 
the non-commutation current constant and suppress the electromagnetic torque ripple of current 
commutation. At high speed, the attenuation of closed commutation current is faster than that of 
open commutation current. At this time, direct torque control loses the ability to suppress current 
commutation electromagnetic torque ripple. 

2.3. Discrete SMC 

Through the above analysis, it can be seen that controlling the angle between rotor flux and 
stator flux can achieve the control of electromagnetic torque of BLDCM. The discrete SMC is set 
to control the electromagnetic torque of BLDCM of electric vehicle. The switching function 
expression of adaptive discrete SMC is shown below: 𝑠ሺ𝑘ሻ = 𝑐𝑥ଵሺ𝑘ሻ + 𝑥ଶሺ𝑘ሻ, (14)

where, 𝑐 represents the adjustment function, 𝑥ଵሺ𝑘ሻ and 𝑥ଶሺ𝑘ሻ represent the stator flux signal and 
rotor flux signal respectively. 

Using exponential reaching law control, we can get: 𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻ𝑇 = −𝜀 ⋅ sgnሾ𝑐𝑠ሺ𝑘ሻ − 𝐾𝑠ሺ𝑘ሻሿ, (15)

where, 𝜀 represents the rate of approaching the switching surface; 𝑇 represents the calculation 
step; 𝐾 represents the switching function. 

Under the condition of exponential approach rate, the control voltage 𝑢ሺ𝑘ሻ expression of 
BLDCM of electric vehicle is shown below: 



DISCRETE SLIDING MODE CONTROL METHOD FOR PARTICLE SWARM OPTIMIZATION-BASED BRUSHLESS DC MOTOR OF ELECTRIC VEHICLE.  
FEI WANG, QIONGZHEN MEI, XIAOLEI XIN 

1030 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460  

𝑢ሺ𝑘ሻ = 𝑐ିଵൣሺ1 − 𝑘𝑇ሻ𝑠ሺ𝑘ሻ − 𝑐𝐴𝑥ሺ𝑘ሻ − 𝜀𝑇sgn൫𝑠ሺ𝑘ሻ൯൧. (16)

The following is the stability proof, and the Lyapunov function is selected: 

𝑉ሺ𝑘ሻ = 𝑠ሺ𝑘ሻଶ2 . (17)

If the BLDCM of electric vehicle is required to be stable, it shall meet  Δ𝑉ሺ𝑘ሻ = ଵଶ ൫𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻ൯ଶ < 0, and the stability condition of discrete sliding mode is 
equivalent to: 

ቊሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ < 0,ሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ > 0. (18)

It can get: 

ቊሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ = −𝜀𝑇 − 𝐾𝑇|𝑠ሺ𝑘ሻ| < 0,ሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ = ሺ2 − 𝐾𝑇ሻ|𝑠ሺ𝑘ሻ| − 𝜀𝑇 > 0. (19)

It can be seen from Eq. (19) that when exponential reaching law is adopted. To meet the stable 
operation of BLDCM of electric vehicle, it is necessary to meet: |𝑠ሺ𝑘ሻ| > 2 − 𝜀𝑇𝐾𝑇 . (20)

In sliding mode control, due to the influence of input control switching, it is difficult for the 
system to reach the equilibrium state after reaching the sliding mode surface, so it often forms the 
phenomenon of repeatedly crossing the sliding mode surface, forming chattering. This study has 
optimized this phenomenon. According to Eq. (20), when the value of 𝜀 is large, the sign of 𝑠ሺ𝑘ሻ 
changes continuously near 𝑠ሺ𝑘ሻ = 0, resulting in strong chattering of the system; When the value 
of 𝜀 is small, 𝑠ሺ𝑘ሻ changes slowly and the arrival time will be prolonged. Therefore, in the initial 
stage, the value of 𝜀 should be large and quickly reach near the sliding surface [17], and then it 
should be gradually reduced to weaken the chattering phenomenon of the system, taking: 𝜀 = 𝑎𝐾|𝑠ሺ𝑘ሻ|, (21)

where 𝑎 is a constant value. By changing the size of 𝑎, the speed of the system approaching the 
sliding mode surface can be adjusted. In the discrete SMC, the selection of exponential approach 
rate needs to meet the conditions required by Eq. (20). Therefore, whether the discrete SMC is 
stable depends on the influence of 𝜀 [18], 𝑘 and 𝑇. By introducing Eq. (21) into Eq. (20), it can be 
deduced that the stability of discrete SMC needs to meet: 𝑎 < 2 − 𝐾𝑇 . (22)

By introducing Eq. (22) into Eq. (16), we can get: 𝑢ሺ𝑘ሻ = 𝐶ିଵሾሺ1 − 𝑘𝑇 − 𝑎𝑇ሻ𝑠ሺ𝑘ሻ − 𝐶𝐴𝑥ሺ𝑘ሻሿ. (23)

Whether the discrete SMC is stable is analyzed. Based on the above formula, it can see that: 
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ቊሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ = −ሺ𝑘 + 𝑎𝑇ሻ|𝑠ሺ𝑘ሻ| < 0,ሾ𝑠ሺ𝑘 + 1ሻ − 𝑠ሺ𝑘ሻሿsgn൫𝑠ሺ𝑘ሻ൯ = ሺ2 − 𝐾 − 𝑎ሻ𝑇|𝑠ሺ𝑘ሻ| > 0. (24)

Therefore, under the condition of satisfying Eq. (22), the system is stable. At this time, 𝑎 is in 
the range of (0, 0.2]. Under the condition of satisfying Eq. (22), the value of 𝑎 is not the smaller 
the better. Due to the existence of nonlinear friction, appropriately increasing the value of 𝑎 can 
keep the system in small amplitude chattering, which improves the rapidity of the system and 
weakens the impact of low-speed area caused by friction, but 𝑎 should not be too large, which will 
enhance the chattering of the system. 

2.4. PSO algorithm 

PSO algorithm is a smart optimization algorithm on the basis of group cooperation. It is a 
random search algorithm developed from the simulation of birds’ foraging behavior. PSO 
algorithm has the strengths including evolutionary computing and swarm intelligence. The global 
search is carried out by the cooperation and competition of PSO. The reason why PSO algorithm 
is selected as the main optimization algorithm in this study is that compared with genetic algorithm 
and simulated annealing algorithm, PSO algorithm is more efficient in improving step wave 
response ability. In the environment of brushless DC motor, PSO algorithm has greater advantages 
in speed control, overshoot control, etc. Firstly, a group of initial particles are randomly generated. 
Each particle in flight is a feasible solution, and the basis of judgment is determined by the fitness 
function. Each particle has a velocity in solution space, which determines its flying direction and 
distance. Particles generally follow the track of the present best particle and obtain the best 
solution through generation based on generation search. In all generations of particle swarm, 
particles will be subject to two extreme values. One is the optimum solution sought by the particle 
itself from the beginning to the end, and the other is the overall best solution sought by the whole 
particle swarm from the beginning to the end [19]. 

In an 𝑁-dimensional space, the population number is 𝑚, 𝑣௜ሺ𝑑ሻ is the speed of the 𝑖-th particle 
at the 𝑑-th iteration update, 𝑥௜ሺ𝑑ሻ is the position vector of the 𝑖-th particle at the 𝑑-th iteration 
update, and 𝑃௜ሺ𝑑ሻ is the optimal position of the particle in the 𝑑-th iteration before the 𝑖-th particle, 
namely, the position of the individual extreme value. 𝑄௜ሺ𝑑ሻ is the optimal position of the whole 
particle swarm in the first 𝑑-th iterations, that is, the position of the extreme value of the 
population. The particle swarm, at the beginning, is initialized as a group of random particles, and 
then looks for and follows the current best particle in the solution space. Each particle updates 
itself in the iteration by following the best solution value of the present particle itself and the best 
solution value experienced by the whole group. The formula of position and particle velocity in 
solution space is shown below:𝑣௜ሺ𝑑 + 1ሻ = 𝑣௜ሺ𝑑ሻ + 𝑐ଵ𝑟ଵ൫𝑃௜ሺ𝑑ሻ − 𝑥௜ሺ𝑑ሻ൯ + 𝑐ଶ𝑟ଶ൫𝑄௜ሺ𝑑ሻ −𝑥௜ሺ𝑑ሻ൯; 𝑥௜ሺ𝑑 + 1ሻ = 𝑣௜ሺ𝑑 + 1ሻ + 𝑥௜ሺ𝑑ሻ. 

Among it, 𝑐ଵ and 𝑐ଶ are learning factors, and 𝑟 is the random number in [0, 1]. 
The basic PSO algorithm is relatively plain and easy to realize. It has strengths including strong 

local search ability and fast calculation speed, and it also has less parameters. Nevertheless, during 
operation, PSO has strong local convergence. Thus, all things will be ignored and it is easy to fall 
into local best solution. Aiming at the deficiency of basic PSO algorithm, inertia weight 𝑤 is added 
to the speed term. Inertia weight indicates the particle update speed ability, which has a great 
influence on whole algorithm’s accuracy and convergence. The velocity and position formula of 
particle swarm with inertia weight is shown below: 𝑣௜ሺ𝑑 + 1ሻ = 𝑤𝑣௜ሺ𝑑ሻ + 𝑐ଵ𝑟ଵ൫𝑃௜ሺ𝑑ሻ − 𝑥௜ሺ𝑑ሻ൯ + 𝑐ଶ𝑟ଶ൫𝑄௜ሺ𝑑ሻ − 𝑥௜ሺ𝑑ሻ൯. (25)

The larger value of 𝑤 can enhance the algorithm’s global search ability. However, a smaller 𝑤 can enhance the algorithm’s local search ability. Therefore, in the iterative process, 𝑤 value 
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should be reduced to make the particles achieve a balance between their convergence speed and 
search ability. 𝑤 value is determined according to the following formula: 𝑤 = ൬𝑤୫ୟ୶ − 𝑤୫ୟ୶ − 𝑤୫୧୬𝑘୫ୟ୶ ൰ 𝑘, (26)

where, 𝑤୫ୟ୶ indicates the initial weight, 𝑤୫୧୬ indicates the final weight, 𝑘 indicates the current 
number of iterations of the particle, and 𝑘୫ୟ୶ indicates the maximum number of iterations of the 
particle. 

Under sliding mode control, the neural synovial control law under PSO control is shown in 
Eq. (27): 𝑢ሺ𝑘ሻ = 𝑢௘௤ሺ𝑘ሻ + 𝑢ே௓ሺ𝑘ሻ ⋅ 𝜂 ⋅ sgn൫𝛿ሺ𝑘ሻ൯, (27)

where, 𝜇ே௓ሺ𝑘ሻ represents the output value of BP neural network, which is taken as the switching 
coefficient of control input. When 𝑢ሺ𝑘ሻ is used, the control law is the traditional equivalent sliding 
mode control rate. When 𝜇ே௓ሺ𝑘ሻ ≠ 1 is used, the chattering phenomenon can be controlled by 
using the output of BP neural network. When 𝜂 does not use fixed constants, but uses variable 
constants, when the absolute value of error is not less than 0.03, a larger parameter setting value 
can effectively reduce the transition time and improve the reaction speed. When 𝜂 is about to reach 
the sliding surface, a small parameter setting can effectively reduce the buffeting phenomenon. 
The parameter setting value can be confirmed by Eq. (28): 

𝜂 = ቊ0.1,     abs൫𝑒ሺ𝑘ሻ൯ ≥ 0.03,0.01,     abs൫𝑒ሺ𝑘ሻ൯ < 0.03. (28)

The BP neural network process used in the study is: 
1) Initialize the threshold value and weight value. 
2) Given input and target output. 
3) Calculate the actual output and calculate the error output layer error. 
4) The threshold and weight are corrected according to the error back propagation. 
5) Output the results when the error accuracy and cycle number requirements are met, 

otherwise return to step (3). 
Discrete SMC of PSO algorithm 
Let 𝑇 be the calculation step; 𝑁 refers to the number of calculated points. Discrete SMC of 

BLDCM of electric vehicle on the basis of PSO algorithm is shown below: 

𝐽 = න |𝑒ሺ𝑡ሻ|𝑑𝑡ஶ
଴ . (29)

Eq. (7) is discretized to obtain the difference formula as follows: 

𝐽 = ෍|𝑒ሺ𝑘𝑇ሻ|ே
௞ୀ଴ 𝑘𝑇. (30)

Let the total number of particles be 𝑚. For each particle 𝑖, its corresponding objective function 
value can be defined as 𝐽௜ and recorded as: Δ𝐽௜௝ = 𝐽௜ − 𝐽௝ . (31)

It can be seen from Eq. (31) that during optimization, the particles are scattered on the division 
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points according to the random principle, and the particles with the best evaluation function value 
are recorded [20]. In the search process, the neighborhood search mechanism is embedded, that 
is, when Δ𝐽௜௝ > 0, particle 𝑖 moves from its neighborhood to particle's neighborhood according to 
probability 𝑃௜௝; When Δ𝐽௜௝ < 0, particle 𝑖 searches its own neighborhood to find a better solution. 

3. Results 

To verify the effectiveness of discrete SMC method for BLDCM of electric vehicle on the 
basis of PSO to control BLDCM of electric vehicle, an experimental model of BLDCM control of 
electric vehicle is built in Simulink software. The parameters of Brushless DC motor of electric 
vehicle are set as follows: rated power: 1.5 kW, rated voltage: 190 V, rated current: 50 A, rated 
speed: 2800 R/min, stator resistance: 0.785 Ω, stator inductance: 1.5 MH, voltage constant: 
0.1455 v/(r.min-1), torque constant: 1.4 N.M, moment of inertia: 0.009 kg. M2, resistance factor: 
0.002, number of poles of Brushless DC motor: 5. The step signal of BLDCM of electric vehicle 
is set as 1. The discrete SMC control system model of Brushless DC motor for electric vehicles is 
shown in Figure 1. 

External 
interferenc e

 
Fig. 1. Discrete SMC control system model of Brushless DC motor of electric vehicle 

The state change curve of BLDCM of electric vehicle controlled by the proposed method is 
shown in Fig. 2. 

 
Fig. 2. System state change curve 

According to the experimental results in Fig. 1, when the number of iterations is 40, the PSO 
algorithm can stabilize the discrete SMC of BLDCM of electric vehicle in a fixed control range. 
The experimental results in Fig. 2 verify that the proposed method has ideal discrete SMC 
performance of BLDCM of electric vehicle, and can quickly stabilize the BLDCM of electric 
vehicle to the ideal control range with less iterations. 
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In this paper, PSO algorithm is used to realize the discrete SMC of BLDCM of electric vehicle. 
The evolution curve of evaluation function of PSO algorithm is shown in Fig. 3. 

 
Fig. 3. Evaluation function evolution curve 

According to experimental results in Fig. 2, with the increase of the number of iterations of the 
PSO algorithm, the evaluation function value of the PSO algorithm continues to decrease until the 
number of iterations is 40, and the evaluation function value of the PSO algorithm is stable at 185. 
At this time, the evaluation function value is the final evaluation function value of the BLDCM of 
electric vehicle controlled by the PSO algorithm in this method. The experimental results in Fig. 3 
verify that the PSO algorithm adopted in this method can achieve the effective control of BLDCM 
of electric vehicle. 

The discrete SMC of BLDCM of electric vehicle is realized using the proposed method, and 
the sinusoidal signal is applied to the discrete SMC. The output result of the control signal is 
shown in Fig. 4. 

 
Fig. 4. Sine signal control effect 

According to the experimental results in Fig. 4, the sinusoidal signal frequency set for the 
BLDCM of electric vehicle is high, and the signal of BLDCM of electric vehicle changes rapidly, 
which improves the difficulty of discrete SMC of electric vehicle’s BLDCM of. The proposed 
method can still track the sinusoidal signal of discrete SMC of electric vehicle’s BLDCM of 
smoothly, with good control performance, without jitter and vibration. At the same time, the 
tracking waveform of BLDCM of electric vehicle controlled by this method has no distortion, 
which verifies that this method has good control performance. 

According to the statistics, the proposed method is adopted to control the BLDCM of electric 
vehicle, start the BLDCM of electric vehicle without load, give the initial speed of 1600 r/min, 
adjust the speed to 1900 r/min after 100 ms after the speed is stable, and obtain the corresponding 
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speed and torque response curve of BLDCM of electric vehicle, as shown in Fig. 5. 

 
a) Speed curve 

 
b) Torque curve 

Fig. 5. Response curve of speed and torque of BLDCM of electric vehicle 

By comprehensively analyzing the experimental results in Fig. 5 and Fig. 6 and observing the 
speed response curve in Fig. 5(a), the no-load starting response curve of BLDCM of electric 
vehicle quickly rises to the reference speed and stabilizes quickly, and the response time is less 
than 50 ms. When the operation time of BLDCM of electric vehicle is 150 ms, it can adjust the 
speed of BLDCM of electric vehicle to 1900 r/min, and the BLDCM of electric vehicle rises to 
the given speed in a very short time. This method controls the BLDCM of electric vehicle with 
short rise time and basically no overshoot. Therefore, it can be seen that the system can operate 
stably when the speed demand changes, the steady-state error is controlled within 0.1 %, and the 
adjustment time is short. The speed regulation effect is good. The motor only needs to overcome 
friction during no-load starting, so the torque response curve has a torque of about 1.5 nm at the 
starting point of the motor, and then quickly drops to 0. At this time, the motor starts to operate 
stably. When the time is 150 ms, adjust the speed, the torque increases rapidly, and then quickly 
recover to the original state. The BLDCM of electric vehicle also operates stably at the new speed. 
The current waveform shows the current fluctuation of BLDCM of electric vehicle at the 
beginning of starting and at the moment of speed change. The discrete SMC has simple algorithm 
and strong parameter robustness. It is suitable for computer control. It can provide electromagnetic 
torque feedback for direct torque control system of BLDCM and realize BLDCM’s direct torque 
control. This method is simple and can effectively suppress non ideal back EMF and low-speed 
commutation torque ripple. In the estimation of electromagnetic torque, low-pass filter is adopted 
to filter the high-frequency (HF) signal, and the phase lag of back EMF will affect the estimation 
accuracy of electromagnetic torque. 

To verify the proposed method’s control performance on the BLDCM of electric vehicle, this 
method and the methods in Reference [11] and Reference [12] are compared. The initial speed of 
BLDCM of electric vehicle is set as 1200 r/min and increased by 200 r/min every 2 s. Set the 
period of the sinusoidal curve of the position as 1.6 s, the amplitude as 10°, and the simulation 
time as 5S. The response results of the three methods are shown in Fig. 6. 

Experimental results in Fig. 6 show that the three methods can achieve the speed regulation of 
BLDCM of electric vehicle, and the performance of BLDCM of electric vehicle controlled by the 
method in Reference [11] is smaller than that in Reference [12]. But the best effect is the control 
performance of the proposed method. This method has the strengths including small error and fast 
response, and it also has no overshoot. Under the condition of sudden load, the speed drop of this 
method is smaller and has stronger ability to suppress disturbance. In the process of load operation, 
the proposed method can quickly adjust the speed to the given speed after receiving the signal of 
speed increase, and the speed fluctuation is small. The control effect of the method in Reference 
[12] is poor, the steady-state error is large, and the speed decreases significantly under load 
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operation, with large deviation and severe fluctuation. Therefore, the ability of the proposed 
method to control BLDCM of electric vehicle is obviously better than that of the other two 
methods. It is verified that this method has good dynamic and static performance. 

 
Fig. 6. Response results of different methods to control BLDC motor 

The application performance of BLDCM of electric vehicle controlled by the proposed method 
and other motors in electric vehicle is counted. The statistical results are presented in Table 1. 

Table 1. Performance comparison of electric vehicle drive motors 

Parameter name The method of this paper Induction motor Permanent magnet  
synchronous motor 

Size Small High Middle 
Quality Light Middle Middle 

Power density High Middle Middle 
Peak efficiency 0.98 0.95 0.95 
Load efficiency 0.98 0.93 0.92 

Cost Medium High High 

Through the comparison of Table 1, in general, the BLDCM controlled by the proposed 
method as the driving motor meets the requirements of electric vehicles. Compared with induction 
motor, the BLDCM controlled by this method has higher efficiency, smaller quality and size, and 
the control is relatively simple; Compared with permanent magnet synchronous motor (PMSM), 
the BLDCM controlled by this method has higher torque and energy density, and the control is 
relatively simple, which can reduce the cost; Compared with switched reluctance motor, the 
BLDCM controlled by this method has higher efficiency, less noise and vibration. The overall 
performance of BLDCM is good, and the cost of permanent magnet materials will decrease with 
the progress of technology, which has a broad prospect. Through the above comparative analysis, 
the BLDCM controlled by the proposed method is highly applicable as the driving motor of 
electric vehicle. 

4. Discussion 

The discrete SMC of BLDCM of electric vehicle is realized by PSO algorithm. According to 
experimental results, the proposed method has high control performance. Due to motor current 
commutation and its own design characteristics, BLDCM of electric vehicle generally has the 
problem of torque ripple, which restricts its application to a certain extent. There are three main 
factors affecting the torque ripple of BLDCM of electric vehicle: 

(1) Influence of current commutation. 
When the BLDCM operates, the power switches are turned on and off in order. Because of the 

existence of internal resistance and inductance of each winding, the instantaneous change of 
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current is affected, and torque pulsation occurs when the current in the AW is reversed. The torque 
ripple generated by this commutation is the largest one of the torque ripple generated by the motor. 

(2) Electromagnetic influence. 
If the BLDCM works in the ideal state, the current waveform should be square and the back 

EMF waveform should be trapezoidal. However, in fact, due to the mechanical manufacturing 
level and material properties, the back EMF waveform may not be standard, and the crest width 
may not be 120° electrical angle; When the accuracy of the control system is not high, the 
electromotive force waveform and current cannot be synchronized, and the current waveform is 
distorted. This torque ripple is called electromagnetic torque ripple. 

(3) Alveolar effect. 
There are stator teeth in BLDCM, which leads to the change of inner pole reluctance in 

magnetic state and produces cogging torque. Especially when the BLDCM runs at low speed, the 
cogging torque is particularly prominent, which produces vibration and noise, which affects the 
performance and control accuracy of the motor. Such torque ripple is also known as reluctance 
torque ripple. At present, different solutions are adopted for different reasons caused by torque 
ripple of BLDCM. 

The torque ripple generated by the characteristics of the motor can be reduced by improving 
the motor design and manufacturing technology; The torque ripple generated by current 
commutation can be improved by adding advanced control methods to the motor control. In this 
study, PSO algorithm is adopted to achieve the discrete SMC of BLDCM of electric vehicle to 
improve the control performance of BLDCM of electric vehicle and make the application of 
BLDCM in electric vehicle more widely. 

5. Conclusions 

In this paper, a discrete SMC on the basis of PSO algorithm is constructed for BLDCM of 
electric vehicle. Using PSO algorithm to get the optimal parameters of discrete SMC can 
effectively weaken the chattering of discrete SMC. Using PSO algorithm can effectively improve 
the control performance of discrete SMC for BLDCM of electric vehicle. According to 
experimental simulation results, the control method can track various signals better, and has the 
strengths including fast response speed, high control accuracy and strong anti-interference ability. 
Through the discrete SMC of BLDCM of electric vehicle, and comparing the position control 
error and control voltage of BLDCM of electric vehicle, it is verified that the discrete SMC 
optimized by PSO can effectively weaken the flat top and chattering phenomenon of BLDCM of 
electric vehicle. This method has small amount of calculation and obvious effect, and is easy to 
control the BLDCM of electric vehicle. 
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