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ABSTRACT A terminal sliding mode control (SMC) method based on nonlinear disturbance observer is
investigated to realize the speed and the current tracking control for the permanent magnet synchronous
motor (PMSM) drive system in this paper. The proposed method adopts the speed-current single-loop control
structure instead of the traditional cascade control in the vector control of the PMSM. First, considering the
nonlinear and the coupling characteristic, a single-loop terminal sliding mode controller is designed for
PMSM drive system through feedback linearization technology. This method can make the motor speed and
current reach the reference value in finite time, which can realize the fast transient response. Although the
SMC is less sensitive to parameter uncertainties and external disturbance, it may produce a large switching
gain, which may cause the undesired chattering. Meanwhile, the SMC cannot keep the property of invariance
in the presence of unmatched uncertainties. Then, a nonlinear disturbance observer is proposed to the
estimate the lump disturbance, which is used in the feed-forward compensation control. Thus, a composite
control scheme is developed for the PMSM drive system. The results show that the motor control system
based on the proposed method has good speed and current tracking performance and strong robustness.

INDEX TERMS PMSM drive, terminal sliding mode control, feedback linearization, nonlinear disturbance

observer.

I. INTRODUCTION

Due to the inherent advantages of low rotor inertia, high
efficiency, and high power density, permanent magnet syn-
chronous motor (PMSM) has received much attention in
various industrial applications, such as electric vehicle, wind
power system, robot [1]. The field-orientation mechanism is
usually employed in the control system of PMSM, which
results in a cascade control structure with an inner current
loop and an outer speed loop. This technology makes the
PMSM achieve similar torque control performance as a DC
motor, and the proportional plus integral(PI) control is used in
the speed or current loop, but the dynamic performance will
be affected by the accuracy of the motor parameters.

In addition, owing to the nonlinear, strong coupling and
vibration characteristics of the motor [2], [3], the traditional
cascade control structure cannot deal well with the nonlin-
ear problems in the mechanical and electrical aspect. These
factors will certainly affect the transient response of the

control system [4], [5], and it may not satisfy the special
requirement in some areas. Meanwhile, although both inner
loop and outer loop controllers are designed for their closed-
loop systems to be stable, respectively, there is no stability
guarantee for the entire closed-loop system combining the
inner loop and out loop control systems. This is also a lim-
itation of the cascade control strategy [6]. In recent years,
various new control approaches with the single-loop control
structure and the modern control technology have been put
forward for the PMSM drive system, such as adaptive back-
stepping control [7], passivity control [8], model predictive
control [9], sliding mode control [10], neural control [11],
which improves the performance of PMSM in different
aspects.

Among these methods, sliding mode control(SMC) has
been shown to be a potentially useful approach in PMSM
because it exhibits advantages such as quick response, strong
robustness and simple implementation [12]-[14]. In [15],
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a sliding mode control method based on a novel reaching
law is proposed for the speed-loop control of PMSM, and
the chattering is reduced, meanwhile, a sliding mode observer
is designed to estimate the disturbance, which improves the
robustness. In [16], the sliding mode control is used in the
current-loop control of PMSM to realize the precise current
tracking performance. In [17], a sliding mode observer is
designed to estimate the parameter variations and model
uncertainties for the current control of PMSM. It is well
known that the chatting is the main drawback of the SMC.
To reduce the phenomenon, the boundary layer integral slid-
ing mode control technique is adopted for the speed con-
trol of PMSM [18]. With the development of sliding mode
control theory, a terminal sliding mode speed controller is
proposed for PMSM [19], and a nonlinear term is introduced
to the sliding mode control through choosing the reaching
law, which is effective to reduce the chatting and improve
the convergence rate. In addition, by applying the fractional
calculus, the fractional sliding mode speed controller [20] is
designed for PMSM, and the chattering is also reduced. But
the designed motor controllers above all adopt the cascade
control structure, where the outer speed-loop has a relatively
slow transient response in comparison with the inner current-
loop to guarantee a stable control [21].

Besides, PMSM drive system faces inevitable parameter
variations and external disturbance, and it is difficult to
derive the exact motor model and parameters in the practi-
cal system. The traditional PI control method can suppress
the disturbance, but it usually works in a relatively slow
speed [22]. Although the sliding mode control is less sensitive
to parameter uncertainties and external disturbance, the upper
bound of the disturbance is difficult to determine, thus its
robustness is normally obtained by a large switching gain,
which will cause the undesired chattering phenomenon [23].
To alleviate above drawbacks, combining the SMC with other
approaches which estimate the disturbance is an attractive
proposition. The disturbance observer technology may be a
candidate solution for this problem. It can estimate the lump
disturbance of the system, including the parameter variations
and external disturbance, and corresponding compensation
is generated by making use of the estimate [24], [25]. This
technology has a different but complementary mechanism
to widely used robust control and adaptive control [26]. Up
to now, various disturbance observer methods have been
used in the speed or current control of PMSM drive sys-
tem [27], [28]. But the designed observers above are only
applicable for the matched uncertainties, which means that
the uncertainties exist in the same channel as that of the
control input [29]. In fact, the mismatched uncertainties are
existed when the single-loop controller is designed in the
PMSM control. Meanwhile, the sliding mode control loses
the property of invariance in the presence of unmatched
uncertainties [23], [30]. Thus, these methods cannot deal with
the lump disturbance in the system. Recently, the nonlinear
disturbance observer control methods for mismatched uncer-
tainties [31], [32] have been thoroughly studied, which show
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that the mismatched disturbance can be eliminated from the
output by designing the observer for the feed-forward com-
pensation, and the system performance will not be affected
simultaneously. In [33]-[35], this approach has been prac-
tically tested on the robotics, the converters and the motor
drives, which reveal that the good robustness performance can
be achieved.

In this paper, a novel terminal sliding mode controller
based on feedback linearization theory is proposed for the
speed and current control of PMSM drive system, instead of
the traditional cascade control, which considers the nonlinear
and coupling relationship of PMSM, and it could improve
the transient response effectively. Then, considering the lump
disturbance, such as parameter variations and external dis-
turbance, a nonlinear disturbance observer is designed to
estimate the disturbance, and it is used as the feed-forward
compensation control to be added to the sliding mode con-
trol part. Meanwhile, it can help to reduce the switching
gain of terminal sliding mode controller. The contributions
of the paper are 1) a speed-current single-loop controller
based on terminal sliding mode control method is designed
for PMSM. 2) the nonlinear disturbance observer is intro-
duced to the terminal sliding control to estimate the lump
disturbance, instead of the traditional load torque observer.
3) The controller has the strong disturbance rejection ability
for all of the uncertain parameters and load torque. In the end,
the simulation is implemented, and the results show that the
motor control system based on the proposed method has good
tracking performance and strong robustness.

This paper is organized as follows. In Section II, the math-
ematical model of PMSM is introduced. The terminal sliding
mode controller based on linearization method is constructed
in Section III. The nonlinear disturbance observer is stud-
ied in Section IV. Simulation is demonstrated to verify the
effectiveness of the proposed method in Section V, which is
followed by conclusion in Section V1.

Il. MATHEMATICAL MODEL OF PMSM

Assume the magnetic circuit is unsaturated, hysteresis and
eddy current loss are ignored, and the three-phase stator
windings are sinusoidal in space. According to field oriented
theory, the mathematical model of the PMSM in the dg-axes
rotor reference frame can be expressed as

dig _ —Rig +npwLyiy 1

dr = T + Eud +fd

diy —Ryiy — npwLgiq — npo® 1

ar L, et @
do  np[(Lq — Lyiaiq + ®ig] — Bo

- = +fw

dt I

where Ly and L, are d-axes and g-axes stator inductances, iy
and i, are stator current, ug and u, are stator input voltage in
dg-axes reference frame, R; is the per-phase stator resistance,
ny, is the number of pole pairs, w is the mechanical angular
speed of the rotor, ® is the rotor flux, J,, is the moment of
inertia, B is the viscous friction coefficient.

29595


Ali-Ranjbar
Highlight


IEEE Access

X. Liu et al.: Combined Speed and Current Terminal SMC With Nonlinear Disturbance Observer

S

de

1
Terminal sliding > d.q —
mode Single-loop u sV

control ay Mg PWM
op

Inverter

Nonlinear
disturbance i

observer i o, B Yo, B
1 5 — Y%
A -

Proposed controller 0

1P
e Y
o
A AL i
T VVVV VY

d,q* a,b,d

@ Speed/position ————————————({PMS

FIGURE 1. Block diagram of PMSM control system.

Note that it is difficult to always know the exact values of
the electrical and mechanical parameters, because these val-
ues would vary as the operating conditions are changed [4].
Moreover, the load torque varies frequently according to the
actual operation. Thus, fy, f; and f,, are defined to represent
the disturbance caused by the parameter variation and exter-
nal load torque, and they are given by

1 ) ) diy

fi= __(ARM = ALgnpoig + ALg—5)
dig

fy= _—(ARSlq + ALampoia + APmpo + ALy —)

‘]

[
fio = —J—(A.Ima) + ABw + 11 — np(ALg — ALy)igiy

m

—np Adiy)
()

where 77 is the load torque, ARy = Ry —Rs, ALy = Ly — Ly,
AL; = Ly — Ly, AD = & — &, Ady = Ty — I,
AB = B; — B, in which Ry, Ly, Ly, ®, J, B denote the
nominal parameter values. Ry, Ly, Ly, ®;, Jyuy, By are the
actual parameter values.

In practical PMSM system, the parameters of the motor are
mainly influenced by the temperature. Therefore, the devia-
tions of the internal parameters are ranged in a finite scale.
The load torque is also limited by its nominal value. Hence,
the lumped disturbance fy, f; and f,, and their derivatives are
all bounded.

The general PMSM drive system structure investigated in
this work is shown in Fig.1. The control system includes an
interior mounted PMSM, an inverter, a pulse width modula-
tion (PWM) module, two coordinate transformation modules
and the speed-current single loop controller. The d-axes refer-
ence current i; is usually set to zero to ensure a constant flux
operating condition [36]. w* is the reference speed. The main
work in this paper is to design the speed-current single-loop
controller to realize the speed and current tracking control by
the terminal sliding mode method and nonlinear disturbance
observer.
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IIl. CONTROL SCHEMES FOR PMSM CONSIDERED

This section introduces the main steps of the proposed
method for PMSM drive. Different from sliding mode con-
trol methods with the cascade control structure in the litera-
ture [16], where the sliding mode controllers are designed in
the speed or current loop, in this paper, the speed and current
controller are integrated design by terminal sliding mode
control based on linearization technology. The variables to
be controlled are the components of the output speed and
current. The objective of the controller is to find the input
action to realize the speed and current tracking control.

A. LINEARIZATION OF PMSM MODEL
The motor model (1) can be considered as a nonlinear system
with the state variable [10] x = (x1 x2 x3)T = (ig iq )T,
the input variable u = (ug uy )T and the output variable
(y1 2)'=(ig w)T. Meanwhile, the system has the

disturbance d = (fy f; fw)! .

Because iy = 0 is used in PMSM, from the equation (1),
the mechanical equation can be described as

dw . ny®iy — Bw

dr I
According to the principle of feedback linearization,
the repeated differentiation of the output variable up to the

appearance of the input variable with respect to time can be
derived as

+ fo- 3

dyi —Ryiq + npowlyiy 1

E = T + Eud ‘|‘fa’
dy, npy®iy — Bw
P74 T
dt Jm Ju
d’y, n
e JpL (—Ryig — npwLgiy — npw® + ugy + Lyfy)
B n,®i, — Bw .
_J_(J— +fw) +fw
m m
“)
Then, by define A; = ‘R%;“’L’q + fao A =
T2 (—Ryig = npLaia —po®+Lofy)— L (2B 4 p )1

fW’ Bll = L_d’Blz = By = Oand By = 7~ oI ,the equation
(4) can be rewritten as
dy;
dl = A1 + Bi1ug + Brauy
iy, 5)
pra A + Baiug + By
Next, define the intermediate variables v = % and

2
vy = dd%,then
vi | | A1 Uy
HRME ©

Bi1 B
B = .
[321 Bzz}

where,
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By transformation of above equation, the controller with
the feedback linearization can be derived as

ug 1l V1— Al
=B
)= ] 2
The controller laws calculated in the equation (7) are the
reference voltage in the PMSM control system based on feed-
back linearization, which is used in the PWM module. How-
ever, the intermediate variables are included in the equation,

meanwhile, the feedback linearization controller is sensitive
to the motor parameters.

B. DESIGN OF TERMINAL SLIDING MODE

CONTROLLER FOR PMSM

To eliminate the intermediate variables in the controller, a ter-
minal sliding mode control is proposed. First, the sliding
mode controller for the d-axes current is designed, and define
eq = i’y — iy. In order to achieve good performance, such as
fast convergence and better tracking precision [19], a non-
singular terminal sliding mode manifold is designed as

si=ea+p fe‘;‘/q' @®)
where 81 > 0, p1, q1 are positive odd integers,
I <pi/q1 <2.

Then, v; can be designed as v; = ,Blezl/ql + g15gn(sy),
where, €1 > 0. And the terminal sliding mode controller of
the d-axes current can be derived as
Rsig — ny,wL,i
=

Ly

=Ly(B1€) " +e15gn(s1)+Ryia —npwlyiy — Lafy  (9)

ug = Ld(ﬂlezl/ql + e1sgn(si) +

Proof: Choose Lyapunov function V; = %s%, and taking
the derivative of V, yields

Vi = 5151 = s1(eq +ﬂ]€§l/ql) = s1(—v +,81€Z|/ql)
= s1(=p1e)} " —ersgn(s1)+Prel ) = —siersgn(si)
(10)

Then, it has Vd < 0, the existence and arrival condition of
sliding mode control can be satisfied, and the d-axes current
error ey can converge to zero in a limited time.

Define the speed tracking error ¢, = " — w, then
é» = ®* — o, and according to the equation (6), €, can be
derived as

*

b =0 —Vv) =" — Ay — Buy. (11)

To achieve the good speed tracking performance, a second-
order non-singular terminal sliding mode manifold is
designed as

1
5= ep+ Eé’(j}/‘n (12)

where, B, >
1< [72/92 < 2.

0, p2, g» are positive odd integers,
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TABLE 1. Parameters of PMSM.

Description Value Unit
rated speed 3000  r/min
rated torque 2.3 N-m
stator resistance 4.8 Q
d-axes inductance 19.5 mH
g-axes inductance 27.5 mH
rotor flux 0.15 Wb

moment of inertia  0.001  kg-m

Then, the second-order terminal sliding mode controller
can be designed as

1

Uy = — (6" — Ay + P2 ?éijqu + e25gn(s2)
2

By
Jqu . npcb . .
= np_QJ(w* _ Tnls (—Ryig — npwLyiy — npw® + Lyfy)
B n,®i, — Bw . . o
R et BN S SR N PR Y
I Im P2
+ e25gn(s2))
JmLyq ... . .
= ——&" + Ryig +npwLyiy + npo® — Lyf,
n,®
BL, n,®i, — Bw Iuly
npd>( I +fw) ny (fw
— B B /e — grsen(s))) (13)
p2

where g, > 0.
Proof: Choosing Lyapunov function V, = %s%, and the
derivative of it can be calculated as

. 1
Vg = §2857 = so(ew + —&éz)zmz_léa))
B2 q2

1
= S2_I£é1;)2/qz—1(§w + ﬁ2?é3)—pz/qz)
2

B2 q2
1

— SzE%'fyz/qz—l(&)* — Ay — Boug + ﬂzlqj_iéi—m/qz)
1

- szE%égz/qz—l(—szsgnm)) (14)

where pj, g are positive odd integers and 1 < pa2/qr < 2,
thus &2/~ > 0. Then V, < 0 can be proved.

Although the sliding mode controller has some robustness
for the system disturbance, the mismatched uncertainties are
existed when the single-loop terminal sliding mode controller
is applied in the PMSM control, and the sliding mode control
will lose the property of invariance for these uncertainties.
The control performance will be influenced when the sys-
tem suffers the strong disturbance, such as the load torque,
the severe parameters uncertainties. From the equations (9)
and (13), the lump disturbance fy, f; and f, are included in
the controller, thus it is necessary to derive the disturbance to
further improve the robustness of the system.
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FIGURE 2. The motor response waveforms of the proposed method:
(a) motor speed (b) dq-axes current (c) phase current.

C. DESIGN OF NONLINEAR DISTURBANCE

OBSERVER FOR PMSM

In practical PMSM control system, the disturbance is
unavoidable and undetectable. To strengthen the robust per-
formance, a nonlinear disturbance observer [31] is designed
to estimate the lump disturbance, which includes the
matched and mismatched disturbance, and then used for
the feed-forward compensation of the terminal sliding mode
controller.
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FIGURE 3. The speed waveforms of three methods: (a) the speed when
the motor starts (b) the speed with load disturbance.

According to the model of PMSM in (1), define

B —Ryiq + npwLyiy ]
Ly
o ? ! g; | Ry = mpoLia = nod
) Lo
ny [(La — Ly)iaiq + ®ig] — Bw
L Im i
and
1 T
— 0 0
g ="
— 0

Ly
Then, a nonlinear disturbance observer is designed as
2a = —l(x)zg — 1(X)(A(x) + f(x) + g1(x)u)

. 15
d =z + 1) (1>

where d = [fs f, fW]T is the estimated disturbance, z, is
the internal state variable of the observer, A(x) is a nonlinear
function designed for the observer, /(x) is the observer gain,
and
ar(x)
ox

I(x) = (16)
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FIGURE 4. The motor waveforms with the parameter disturbance.
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o
L

current/(A)

Define the disturbance errord = d — d , then

d=—Ix)d+d (17)
Define a new Lyapunov function
V = 551 -+ ESZ -+ Ed (18)

Then the derivative of V can be derived

1 -
V= —slels(gl1(s1)—_vz‘3—2Iﬁéa)’”/‘”_lszsgn(sz)—l(x)d2 <0
(19)

Thus, the asymptotically stability of the entire closed-
loop system can be proved. Combine the equations (9), (13)
and (15), the single-loop controller for the PMSM can be
designed, which can realize the speed and current tracking
control for the motor.

IV. SIMULATION AND ANALYSIS

The proposed control techniques are tested by means of sim-
ulations in MATLAB-Simulink environment. The proposed
terminal sliding mode control law with nonlinear disturbance
observer(TSMC+NDO) is used for the speed and current
controller, which has a single-loop structure. The parameters
of the PMSM are listed in Table 1.
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The reference speed of the motor is given as 10007 /min,
and the motor starts without load torque. At ¢ = 1s, the load
torque is changed to 1N - m. The motor response waveforms
are shown in Fig.2, which includes the speed of PMSM,
dg-axes current, phase current. From the figures, it can be
seen that the proposed method can complete the precise speed
control, and i; = 0 can also be well realized. The results show
that the proposed method has good speed and current control
performance.

To demonstrate the efficient control and superior distur-
bance attenuation of the proposed (TSMC+NDO) controller,
different comparative methods, such as PI control, termi-
nal sliding mode control (TSMC) without nonlinear distur-
bance observer, are applied to the motor, respectively. The
speed response waveforms of these three methods from 0 to
1000r /min are shown in Fig.3(a), and the speed response
waveforms with the abrupt load disturbance are shown
in Fig.3(b).

As shown in Fig.3, compared to the PI control, the pro-
posed method has smaller overshoot and shorter settling time
when the motor starts. The two curves based on sliding mode
control coincide with each other. When the load torque is
changed suddenly, compared to other methods, the designed
composite controller has smaller speed drop, and the speed
can recover to the reference speed quickly. Above results
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verifies the proposed method has better disturbance attenu-
ation performance.

The robustness of the proposed control method is also
tested while the motor parameters have perturbation. Firstly,
the motor starts with 1N - m load torque, then the values of
rotor flux linkage, stator resistance and the dq-axes induc-
tances in the motor are changed to 80%, 200% and 150% of
the normal values at + = 0.5s. The motor waveforms are
shown in Fig.4. It can be seen that the speed and current
waveforms are almost not affected because the nonlinear
disturbance observer can modify the control to cancel the
offset caused by the parameter disturbance. The precise speed
and current control are completed quickly.

To further verify the performance of the proposed method,
finally, this method is compared with the sliding mode single-
loop control method with exponential convergence rate. The
load torque is set as 1N - m, when the motor runs stable,
the contrastive dg-axes current results are shown in Fig.5. The
results show that the proposed terminal sliding mode control
method has smaller current fluctuations, thus according to the
torque expression, this will produce smaller torque ripple for
the PMSM.

V. CONCLUSION

In this paper, a novel control method based on terminal slid-
ing mode control through feedback linearization technology
has been studied for PMSM drive system. The controller
adopts the speed-current single-loop structure, which has the
fast transient response. With the designed terminal sliding
mode controller, the speed and current stabilizing control
is achieved. Then, considering the lump disturbance in the
drive system, a nonlinear disturbance observer is designed to
deal with the mismatched disturbance, and it is used for the
feed-forward compensation, and the robustness is improved
effectively. Simulation results have proved that the controller
has good robust performance and speed tracking performance
under various conditions. But the speed and current control
problems in the flux-weakening control areas are not consid-
ered at present, which will be the future research emphases.
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