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Abstract— This paper proposes a novel sliding
mode controller (NSMC) and applies it to control
the speed of a permanent magnet synchronous
motor (PMSM) for the possession of a faster
dynamic response, stronger anti-disturbance
ability, and high stability of input. The proposed
integral sliding surface is based on the traditional
linear sliding surface, in which the nonlinear term
includes the integral of the power of the state
variable. Lyapunov function is used to verify the
stability of the system. Finally, a simulation is
used to prove the validity of the proposed sliding
mode speed controller. The results show that the
motor control system based on the proposed
method has less overshoot and faster
convergence speed than the TSMC controller.
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I.  INTRODUCTION

Recently, countries all over the world have put
forward a timetable for electric vehicles to replace
fossil-fuel based vehicles. Electric vehicles use
electricity to generate power, which leads to reduced
carbon dioxide emissions, energy conservation, and
protection of the environment. Permanent magnet
synchronous motor (PMSM) is widely used in electric
vehicles because of its simple structure, small volume,
light weight, high efficiency, lack of rotor heating
problems, good overload performance and small
moment of inertia and torque ripple. In order to realize
high-performance control of PMSM, two-current
controllers are adopted in a field-oriented control
mechanism. Therefore, a PMSM can realize torque
control performance similar to that of a separately
excited DC motor, in which torque and flux can be
controlled separately [1]. In recent decades, there
have been several studies on the control of PMSMs.
Generally, these control methods can be divided into
vector control [2], direct torque control [3], and
adaptive control [4]. In practical industrial applications,
external interference is inevitable. Therefore, it is
difficult to establish an accurate PMSM model and
corresponding motor parameters in a servo system,
and it is restricted to obtain accurate steady-state
control and a fast dynamic response current loop.

The existing speed control methods can be divided
into two categories. The first is the traditional linear

control method, such as a proportional-integral-
derivative (PID) [5]. PI regulator is simple and has high
reliability. According to the reference value and the
actual output value, control deviation is formed. The
proportion and integral of the deviation form the control
quantity through a linear combination to realize the
controlled speed. However, the three-phase PMSM is
a nonlinear, multivariable and strong coupling system.
If the control system is affected by the external
disturbance or the change of internal motor
parameters, the traditional Pl control method cannot
eliminate the unmolded factors.

The other category is nonlinear control theories,
for example: neural network control [6], auto
disturbance rejection control [7], fuzzy control [8],
predictive control [9], sliding-mode control (SMC) [10].
Among these control theories, SMC has become a
research hotspot because of its low dependence on
the model and strong robustness to various
disturbances so that it has been successfully applied
to PMSM speed control [11]. Under traditional SMC
(TSMC), the speed controller has better dynamic
performance; however, the overshoot is large, and the
anti-interference ability needs to be strengthened. To
be applied for the real system, it is necessary to
propose a modified sliding mode control method to
optimize the controller. New sliding mode control
method was designed and applied to the PMSM
system. Li [12] proposed terminal sliding mode surface
controller and Liu [13] suggested a non-singular
terminal sliding mode control method to improve the
control performance. Its dynamic speed response is
faster and the anti-interference ability is good.

In this paper, we propose a new integral sliding
surface to further improve the dynamic performance of
the PMSM speed regulation system. On the basis of
the TSMC, the system state variable integral and
exponential term are introduced in the novel sliding
surface. This paper is organized as follows. Section Il
introduces a mathematical model of the PMSM. A
speed controllers based on a reaching law are
designed in Section Ill and Section IV simulates these
control algorithms. Related conclusions are given in
Section V.

1.  PMSM MODEL

In this paper, the system model is for a three-phase
PMSM, and the rotor has a permanent magnet
structure. The mathematical model of a surface
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mounted PMSM motor in the d-q axes rotational
reference frame is written as,
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where i, iq represent the d-q axes stator current,

and Uy, U, are the voltages of the d and g axes,
respectively. R is the resistance and v, is the flux
linkage of the permanent magnet; p, is the number of
pole pairs; J, T, and B are the moment of inertia, load

torque and damping coefficient, respectively. The
actual speed of the PMSM is expressed as @ .
Equation (1) can be rewritten by setting d axis

reference current as id =0 to guarantee a constant

flux operating condition. Then the model can be
expressed as,

di 1 )
d_szr(—qu—pnwy/f +U,),
) 2
d_a)_i -T, +§ i
dt - J L 2 pnl//f q |

The state variables of the PMSM system are defined
as follows,

Rl 3)

where @,; denotes the reference speed. According to

(2) and (3), the PMSM speed regulation model can be
rewritten in the state equation,

MR M

where U is a differential of the q axis referent current

i, and D is setas 3py, /2] .

I1l. SPEED CONTROLLER DESIGN

Sliding mode controller can use a different reaching
law and sliding surface to guarantee the reachability to
the equilibrium point within a finite time. There are
three kinds of common reaching laws. The exponential
reaching law (RL 1) can be chosen as

$, = —&sgn(s) - gs, (5)

where & and ( are positive constants and exponential
term —Qs can guarantee that the state of the system

approaches to the sliding mode with the value of s and
usually the convergence speed is faster than the

traditional reaching law of $=-¢€Sgn(s) .

The power reaching law (RL 2) can be chosen as,
s, =—¢|s|” sgn(s). (6)

Using small control gain can ensure to reduce the
overshoot by adjusting the value of when the state is
far away from the sliding mode. Combining (5) and (6),
we can obtain the modified power reaching law (RL 3)
as,

$; = —¢[s|" sgn(s) - gs, (7

which guarantees the faster convergence speed by the
exponential term and reduces the overshoot. With the
modified reaching law, a new integral sliding surface is
proposed. The conventional sliding surface [14] can be
written as,

S=CX +X,. (8)

Due to the conventional sliding surface, the
asymptotic stability of the sliding mode is guaranteed
by choosing the proper value of c. However, the
controller of the PMSM makes the conventional sliding
surface to be susceptible to external interference or
disturbance. In order to achieve more robustness and
fast convergence, a new integral sliding surface is
proposed as,

s=q&+%ﬁﬁﬂa 9)

where ¢,C, and f are positive constants and the

integral term can improve the robustness of controller.
In order to design a new controller based on the
integral sliding surface, by combining (5) and (9), we
can obtain the PMSM speed controller of g-axis
reference current described as,

i, =%J‘;(z—jxf+flsgn(s)+%%dr- (10)

By defining k =c,/c, k,=¢/c, k,;=g/c;, (10) can be
rewritten as,

i, :%I;[;ixlﬁ+ésgn(s)+%str. (11)

The Lyapunov function candidate can be used to
prove control system stability, i.e., the system state of
this sliding mode control can reach the sliding surface
from any initial state in finite time, and it is defined as,

1
V=§§. (12)

By combining (5) and (12) and taking the derivative of
(12), we have

V =s$=s[-esgn(s)—qgs]=—¢ls|—qs* <0.  (13)

As ¢ and q are positive constants in (5), it means

V<0 . Therefore, according to Lyapunov theory, the
speed error for (3) can converge to zero in finite time by
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Fig 1. Three-phase PMSM simulation block diagram.

designing the sliding surface of (5) and sliding mode
control law of (11).

If a different reaching law of a sliding surface is used,
the performance of the controller is different. Next, the
dynamic performance of the proposed controller is
verified by comparing the controller composed of a
traditional sliding mode surface with the proposed
controller. Three reaching laws (RL 1 through RL 3) for
the same control parameters are selected and applied
to the proposed speed control law for PMSM, and the
simulation has verified the influence of different
reaching laws on the performance of the controller.

IV. SIMULATION

In this section, to demonstrate the effectiveness of
the NSMC based on the novel sliding mode surface,
simulations of TSMC and NSMC in one PMSM system
were conducted. The block diagram of the PMSM
speed-regulation system is shown in Fig. 1. Relative
tolerance of the system was set to 0.0001 and the

sampling cycle time was set to T,=10 us . The
external load torque is applied during 0.075 and 0.125
seconds with the value of 10 N -m. MATLAB/Simulink
is used to build the simulation environment.

Fig. 2 and 3 show that the convergence speed of a
system based on the exponential reaching law with a
traditional sliding surface is slower than that with the
proposed sliding surface. As shown in Fig. 3 (a) and
(b), when the external disturbance is added at 0.075
sec. and removed at 0.125 sec., the speed and
electrical magnetic torque fluctuations can happen.

1400 ——MNew SMC speed 1
rES = = =Traditional SMC speed
A
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Fig 2. Simulation results based on the exponential reaching law.

TABLE I. PMSM PARAMETERS
Inverter Parameter Value Unit
R, 2.875 [©]
L, 8.5 [mH]
s 0.175 Wh]
) J 0.0003 [kg-m* ]
@ B 0.0008 [N-m-sec/rad]
n, 4
o 1000 [rad /min]

The PMSM parameters used in the simulation are
given in table 1, and the PI parameters of both current

loops are the same as k, =17k =575 On the

L [0
contrary, as shown in Fig. 3 (c) and (d), when the
NSMC is applied, the system shows better dynamic
performance. Table 2 is used for all simulation
parameters of PMSM controller as follows

TABLE II. SIMULATION PARAMETERS OF THE PROPOSED
CONTROLLER
Parameter Value

Sliding surface gain,c =c, 60
Sliding surface gain, ¢, 40
Reaching law gain, & 200
Reaching law gain, g 300

Gain of the controller, g 9/8

Power reaching law gain, o 0.5

Moreover, the anti-disturbance ability for the proposed
sliding surface case shows better performance. The
controller of the proposed sliding surface with
exponential reaching law also has better dynamic
performance. For the same reaching law, the proposed
sliding surface controller obtains a faster convergence
rate and stronger interference anti-disturbance
robustness.
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Fig 3. Simulation results of dynamic response under the TSMC
controller: (a) electro torque and (b)three-phase current. Under the
NSMC controller: (c) electro torque. (d)three-phase current.
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Fig 4. Simulation results based on new integral sliding surface.

Next, the proposed controller is simulated with a
different reaching law with the same parameters
values in table 2. Fig. 4 shows a comparison of
different speed responses based on the new integral
sliding surface incorporated into the reaching law. The
PMSM controller of convergence speed in RL 1 and
RL 3 are faster than RL 2 in same control parameters,
but the responses exist overshoot and chattering. The
speed response based in RL 2 shows no overshoot,
but convergence time is prolonged.

V. CONCLUSTION

This paper proposed a speed controller based on a
new integral sliding surface for PMSM in terms of
improving speed tracking and reducing anti-
disturbance properties compared with the TSMC.
Through simulation, it was verified that the proposed
novel sliding surface control not only achieves the high
dynamic performance, but also ensures strong anti-
disturbance robustness and suppresses unexpected
torque. In this paper, different reaching law methods
based on the new integral sliding surface were applied
to compare the dynamic response, and an optimal
reaching law was obtained. For the same sliding mode
surface, it was also proved that different reaching laws
affect controller performance.
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