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ABSTRACT. Aiming at the problem that the control accuracy of permanent magnet syn-
chronous motor (PMSM) servo system is easily affected by parameter uncertainty, an
adaptive backstepping nonlinear nonsingular terminal sliding mode control (ABNNTS-
MC) method is proposed in this paper. Based on the existing fast nonsingular terminal
sliding mode, a new piecewise nonlinear nonsingular terminal sliding mode is proposed to
improve the convergence speed and ensure the steady-state accuracy. At the same time,
a new reaching law with attenuation term is proposed to reduce the vibration gradually.
Finally, the adaptive law is used to estimate the moment of inertia and viscous friction
coefficient of the system to improve the robustness of the system. Simulation results show
that ABNNTSMC has higher steady-state accuracy and smaller vibration compared with
several existing results.

Keywords: Servo system, Sliding mode control, Backstepping control, Adaptive con-
trol, Reaching law

1. Introduction. Permanent magnet synchronous motor has the advantages of high-
power density, high efficiency, high positioning accuracy, fast response speed, strong anti-
interference ability and so on. Therefore, PMSM is widely used in electro-hydraulic servo
system [1-3], industrial robot [4], military equipment [5], aerospace [6], computerized
numerical control machine tools, XY axis platform and other high-precision automation
equipment. However, at the same time, due to the influence of load disturbance, parameter
changes, friction [7,8] and other uncertain factors, the control accuracy and tracking
performance of PMSM will decline. Therefore, it is necessary to design a strong robust
controller to effectively suppress the uncertainty, so as to improve the control performance
of the servo system.

Sliding mode control has the advantages of good transient performance, insensitivity to
parameter changes and strong robustness to disturbances. Therefore, it is widely used in
real life, such as high-precision industrial production and processing, and electric vehicle
[9]. The common sliding surfaces are linear sliding surface [10], integral sliding surface
[11], fractional sliding surface [12] and terminal sliding surface. Among them, the biggest
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advantage of the terminal sliding surface is that it can strictly prove the convergence time
of the sliding surface, which provides a mathematical guarantee for the parameter tuning
of the sliding surface. Then, with the continuous improvement of many scholars, the
singular point problem of terminal sliding surface after derivation is solved, and further
developed to fast nonsingular terminal sliding surface [13-15].

Besides the improvement of sliding surface, reaching law is also an important part of
sliding mode control design. The design of reaching law not only determines the speed
of the servo system converging to the sliding surface, but also affects the chattering. [6]
showed that a new reaching law combines exponential reaching law and power reaching
law, but the reaching speed of these reaching laws is only related to the value ‘s’ of
sliding mode, so that the amplitude of buffeting does not decrease with the decrease of
state error. Therefore, the reaching law with attenuation term has become an important
research direction in recent years. [16] showed that an improved adaptive variable rating
exponential reaching law is proposed, which can shorten the time to reach the equilibrium
point and reduce the chattering at the same time.

The advantage of backstepping control is that it can effectively deal with the nonlinear
control problem of the system, adjust fewer parameters, and is easy to realize in engi-
neering, so it has been widely valued by academia [17,18]. Finally, sliding mode control is
combined with backstepping control in much literature. [1,2] showed that adaptive sliding
mode backstepping control is introduced to electro-hydraulic servo system, which over-
comes the nonlinear problem in complex system. [19] showed that adaptive radial basis
function network based on sliding mode backstepping controller is introduced, which can
overcome the uncertainty of the system.

Among the uncertainties of the system, the moment of inertia and viscous friction coef-
ficient are the key factors to determine the control performance of the system. Among the
traditional parameter identification methods, the common ones are sine signal integration
method [20,21], steady-state direct method [22,23], least square method with forgetting
factor [24], but they need to have specific conditions for speed and load torque. However,
it is impossible for the system to keep in a specific motion condition all the time, so the
adaptive identification algorithm will have more advantages [25-27].

The contribution of this paper is that based on the traditional nonsingular terminal
sliding mode, a nonsingular terminal sliding mode with nonlinear switching term is pro-
posed. When the error of the response curve is large, the starting speed of the sliding
mode is faster. When the response curve approaches the given signal, the sliding mode
can ensure higher steady-state accuracy. Then a reaching law with attenuation term is
designed. When the error and the derivative of the error are large, the reaching speed
can be accelerated. When the error is small, the attenuation term in the reaching law
can further reduce the Buffeting. Finally, this paper combines sliding mode control with
backstepping control, and introduces an adaptive identification algorithm of inertia mo-
ment and viscous friction coefficient to enhance the robustness of the control system and
overcome the influence of parameter uncertainty on the system response.

The paper is organized in 5 sections including the introduction. Section 2 presents the
design of sliding controller for PMSM. Section 3 presents the design of adaptive back-
stepping controller. Simulation is included to illustrate the results in Section 4. Section 5
summarizes this paper.

2. Design of Sliding Mode Controller for PMSM. The derivation of sliding mode
control algorithm is based on the mathematical model of permanent magnet synchro-
nous motor [27]. The d-¢ models of motor in synchronous rotating coordinate system are
expressed as follows.
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where 6 is the rotation angle, w is the rotation speed, P, is the pole pair number, ®; is
the permanent magnetic flux, J is the moment of inertia, B is the coefficient of viscosity,
R is the stator resistance, L is the stator inductance, %4, i, is the d-q axis stator current,
and ug, u, is d-q axis stator voltage.

Based on the above mathematical model, the step input signal is defined as 6, firstly,
and then the tracking error e and the differential of tracking error é are defined as follows:

e=0,—10 (2)
é=0,—0=—w (3)

[15] defined a nonsingular terminal sliding mode as follows:
51 = e+ kyle|*sgn(e) + ka|é|’sgn(é) (4)

where k;, ko are positive constants, 1 < 5 < 2, a > (3, sgn(-) is the signum function.

This sliding mode has high convergence rate and can guarantee the convergence in finite
time. However, when the system state is close to the equilibrium state, the convergence
rate will decrease and the convergence accuracy is insufficient. In this paper, the sliding
mode is improved as follows:

59 = ce + ¢+ kyle|*sgn(e) + kq|é[’sgn(é) (5)

where c is the coefficient of linear part of sliding mode, ¢ > 0.
The comparison of the response curves of the two sliding modes is shown in Figure 1.
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Ficure 1. Comparison of two sliding modes

It can be seen from Figure 1 that the rising speed of s; is faster than that of s9, but the
convergence accuracy of s, is higher than that of s;. Therefore, a new nonlinear switching
sliding mode is proposed by combining the two sliding modes. When the error is large
and the system state is far away from the equilibrium state, the s; is adopted; when the

error is small and the system state is close to the equilibrium state, s, is adopted.
e+ kuile|*sgn(e) + kai ¢ sgn(é), le] >0 (©)
S =
ce + € + kisle|*sgn(e) + ko|é|Psgn(é), |e| <6

where ¢ is the error threshold of sliding mode switching.
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After the sliding mode is designed, a new reaching law is improved based on the reaching
law in [15] as follows,

S ks — [(s) [elé]s + nsat(s) )
f(s) = (—1 - 1) ®)

where £k > 0, £ > 0, n > 0, a > 0. In the reaching law, —ks can accelerate the reaching
speed when the system state is far away from the sliding mode, and reduce the reaching
speed when the system state is close to the sliding mode. When the system is in the
start-up phase, |é| is larger. When the system response is close to the given signal, the
errors e and |é| are smaller. Therefore, the £|é|s can ensure that the system has a larger
reaching speed when it starts up. And when the system is close to the given signal, the
€|éls can quickly reduce the reaching speed, so as to reduce the vibration. In order to
further reduce the vibration caused by £|é|s and nsat(s) after the system state reaches
the sliding mode, a nonlinear function f(s) is multiplied before the two terms. When the
system state is far away from the sliding mode, f(s) approaches to 1. When the system
state reaches the sliding mode, f(s) approaches to 0, so vibration can be reduced.

After the reaching law is designed, the derivative of s is obtained and the saturation
function sat(-) is used to replace sgn(-). According to Equation (6), the actual derivative
of s is as follows,

] e+ knéa‘da_l + kzléﬂ|é|’8_1, |€‘ >0 9
S =
{ ce+é—+ k12é06|€|a_1 + k22é5|é"8_1, |€‘ § ) ( )

In order to make the derivative of s meet the reaching law in Equation (7), Equation
(9) can be made to be equal to Equation (7), and then the ideal second-order derivative
of error é is shown as follows:

—ks — f(s) [£|é]s + nsat(s)] — é — kyéale]*?

ko1 Beff—1 , el >0¢
" (10)
—ks — f(s) [€]é]s + nsat(s)] — cé — kipéale|*™? s
1+ koo Sle]P—1 »olel s

According to Equation (1), Equation (3), the relationship between w and é, and ideal
current of g-axis ¢; can be concluded as follows,

. 3P.®; B )

W=— g Fw=—¢ (11)
2J 2B

. ) 19

T T3R8, 30,8, (12)

According to the design of sliding mode controller in this chapter, the ideal g-axis
current is obtained. In order to design a reasonable voltage value so that the actual
current can accurately track the ideal current and overcome the influence of parameter
uncertainty, an adaptive backstepping controller will be designed in Chapter 3.

3. Design of Adaptive Backstepping Controller. Backstepping controller is de-
signed by introducing virtual state and virtual control function to ensure that the ac-
tual control quantity of each subsystem can approach the ideal control quantity, so as to
achieve the purpose of system stability. According to Equation (12), the current errors of
d-q axis are defined as follows,

Cq=if—ig €a=15—1ig (13)
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The Lyapunov function V; and the derivative of V; are defined as follows,

1 1 1
‘/1 = 582 -+ 562 —+ 563 (14)
Vlzsé+éqeq+éded:s$—k2 5—k§efl<0 (15)

where kg, k4 are positive constants.
According to Equation (1) and Equation (12), u, and u,4 can be concluded as follows,

2L . 2L . : ,
U= 5pg J-¢ +3Pn<1>f Bw + Rig + PawLig + P, ®pw + k2 Le, (16)

Uqg = RZd - inLiq + kﬁLed

In practical application, the uncertainty of system parameters will have an important
impact on the control effect. In particular, the moment of inertia and friction viscosity
coefficient will inevitably change in the long-term work. Therefore, this paper uses the
adaptive algorithm to estimate the moment of inertia and viscous friction coefficient, and
estimates J and B with J and B , to provide accurate parameters for the control variables.
At this time, the control quantity u, is as follows,

_ 2 g
Y= 730,730,

Bé + Riy + PywLig + P,®sw + k2Le, (17)

Errors of the estimated .J and B are defined as follows,
J=J—-J, B=B-B (18)

Adaptive laws of J and B are defined as follows,

2 2#1
J=—
30,0,
(19)
é = 212 we
3P,®;
where j11, po are positive constants.
The Lyapunov function V5 is defined as follows,
Vo= Vi P+ LB (20)
i 241 2412

Then, the result of the derivative of V5 is as follows,

: 2 A 2 A 1 2~ 1 2=~
o . 2 2 2 9 .
Vo =8 =k q—kded—meeq <J—J> +3an)fweq (B—B) _ZJJ_EBB
. 2 1\ = 2 1 2\ -
o . 2 2 2 2 .
‘/Q—Ss—kq q—kded—(meeq—kaJ)J—l—(mweq—EB)
Vo = 85— kle2 — kjei < 0 (21)

According to Lyapunov stability theorem, the estimated value of system parameters
will converge asymptotically, and the state of the system will converge to sliding surface.
That is, even if the motor parameters are uncertain due to long-term operation, the state
of the system can still ensure stable convergence and has strong robustness.
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4. Simulations. The simulation model in this paper borrows the parameter data in [27].
As can be seen from Figure 2, there is a very close intersection between sliding surfaces s;
and so. The principle to select § is to be near the intersection and ensure that the overall
sliding surface cannot have large speed change after switching and maintain smooth and
continuous, so 0 is 0.12. According to the analysis, among the sliding surface parameters,
the larger ki, and kyo are, the faster the starting speed is; the smaller ky; and koo are,
the faster the speed is, but they are prone to overshoot; the larger a and [ are, the
slower the start-up speed is; the larger c is, the faster the start-up speed is. Among the
reaching law parameters, the larger k, £ and 7 are, the faster the approaching speed is;
the larger a is, the smaller the attenuation range of the attenuation term is, and the
faster the attenuation speed of the approach law is. Therefore, under the condition of no
overshooting vibration, the appropriate selection of parameters can meet the requirements
of fast and stable response curve, as shown in Table 1.

According to the parameters in Table 1, the simulation model is built, as shown in
Figure 2.

TABLE 1. Model parameters and controller parameters

Parameters Value
Inertia (kgm?) J =0.001
Viscosity coefficient (Ns/rad) B = 0.0001
Stator resistance (£2) R=2
Stator inductance (mH) L=6
Pole pair P,=4
Permanent magnetic flux (Wb) O =08
Parameter of sliding surface k11 = 500
Parameter of sliding surface ko1 = 0.05
Parameter of sliding surface a=2
Parameter of sliding surface g =5/3
Parameter of sliding surface ¢ =500
Parameter of sliding surface k12 = 10
Parameter of sliding surface kos = 0.1
Parameter of reaching law k =200
Parameter of reaching law £E=10
Parameter of reaching law n=0.1
Parameter of reaching law a =10
Error threshold of sliding mode switching 0=0.12
Parameter of backstepping controller kq = kq = 100
Parameter of adaptive controller 1 = po = 100

In Figure 2 k1_1, k2_1, k1_2 and k2_2 mean kyq, ko1, k12 and koo respectively. de means
the derivative of é, d2e and d2el all mean second-order derivative of error €. did and diq
mean the derivative of iq and 44, respectively.

The simulation time is set as 0.3 s, and the input signal is step signal. The ABNNTSMC
proposed in this paper is compared with the adaptive nonsingular fast terminal sliding
mode control (ANFTSMC) [15], adaptive linear sliding mode control (ALSMC) [5] and
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FIGURE 2. Structure diagram of simulation model for ABNNTSMC
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global sliding mode control (GSMC) [11].

3-7.

The simulation results are shown in Figures

The comparison of simulation data of various sliding mode control is shown in Table 2.
As can be seen from Figure 3, ABNNTSMC has the strongest tracking performance and
can track the input signal within 0.02 s. Moreover, there is no overshoot at all, because
ABNNTSMC will switch to the sliding surface with small steady-state accuracy when it is
close to the steady-state. However, the tracking performance of the other three methods
is worse than ABNNTSMC. As can be seen from Figure 4(a), the response speed of
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TABLE 2. Comparison table of simulation data

Trackin Maximum Arrival time
. & tracking of sliding Vibration
time
speed surface

ABNNTSMC 0.02s 300 rad/s 0.005 s

The frequency is low and the ampli-
tude decreases rapidly

The frequency is high and the ampli-
tude decreases gradually

High frequency but no decrease in
amplitude

High frequency and large amplitude
variation

ANFTSMC 0.14s 57 rad/s 0.06 s

ALSMC 0.08s 27 rad/s 0.12 s

GSMC 0.07s 55 rad/s 0.002 s

ANFTSMC and GSMC is slower than ABNNTSMC, and ALSMC has obvious overshoot.
As can be seen from Figure 4(b), under the order of 10" rad, GSMC has very small error,
ALSMC has overshoot error and fluctuation change, and ANFTSMC is outside the image
due to too large error. In comparison, ABNNTSMC still maintains high steady-state
accuracy in Figure 4(b), and has the best response effect among the four sliding mode
controls.

As can be seen from Figure 5, ABNNTSMC has the maximum rising speed, which
can reach 300 rad/s. In addition, when ABNNTSMC completes the tracking of the input
signal, the speed can quickly drop to 0 rad/s within 0.02 s, and the state is very stable.
However, the rising speed of the other three methods is too slow, so it takes longer time
to track the input signal, resulting in response lag. This shows that ABNNTSMC can not
only achieve high tracking speed, but also be fast and stable after tracking.

As can be seen from Figure 6, GSMC belongs to the overall sliding surface, so the
system state is on the sliding surface from the beginning. In addition to the other three
sliding mode controls, ABNNTSMC can reach the sliding surface without overshoot in
only 0.005 s. ANFTSMC can also reach the sliding surface in 0.06 s, but the reaching speed
in the later stage is too slow. Although ALSMC reaches fast, it has serious overshoot and
cannot meet the requirements of high precision. This indicates that ABNNTSMC has
fast reaching speed and no overshoot. The reaching law proposed in this paper can meet
higher tracking requirements.

As can be seen from Figure 7(a), the vibration frequency of ABNNTSMC is low, and the
amplitude gradually decreases from 107¢ rad to 1078 rad, and then decreases again. As
can be seen from Figures 7(b)-7(d), the vibration frequencies of ANFTSMC, ALSMC and
GSMC are very large, and the amplitude decreases slightly, but the order of magnitude
is still 1073. This shows that the reaching law proposed by ABNNTSMC has an obvious
effect in restraining vibration.

5. Conclusions. For PMSM servo system, in order to improve the previous sliding mode
control design, an adaptive backstepping nonlinear nonsingular terminal sliding mode
control (ABNNTSMC) is proposed. The sliding mode is designed by switching two sliding
modes. When the error is large, the sliding mode with faster speed is used. When the
system is close to the stable state, the sliding mode with higher steady-state accuracy is
switched. This sliding mode can not only accelerate the convergence speed, but also ensure
higher steady-state accuracy. Then a new reaching law is designed, which can reach the
sliding mode faster and suppress vibration gradually. Finally, the adaptive backstepping
control for moment of inertia and viscous friction coefficient is designed to further enhance
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the robustness in the case of parameter uncertainty. The simulation results show that the
proposed method is feasible and practical.

However, the design of this paper is too complex, and there are some difficulties in the
actual implementation. Moreover, there are fluctuations in the convergence process of pa-
rameter estimation, which has little impact on the overall response curve, but the optimal
parameter estimation should be fast, stable and accurate. Therefore, the future research
direction should be sliding mode controller with better effect and easier implementation,
as well as more efficient parameter estimation.
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