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Abstract

This article presented an improved nonlinear sliding mode control based on disturbance observer for the permanent
magnet synchronous motor servo system. The position transient response performances, such as fast response and
non-overshoot, are enhanced by the introduction of novel nonlinear sliding surface in the design of sliding mode control
law. In order to abolish the analysis necessity of changeable uncertainties and alleviate the system chattering, the non-
linear sliding mode control algorithm is improved by adaptive parameter estimation and saturation function. Since the
improved nonlinear sliding mode control algorithm is sensitive to mismatched uncertainties which are mainly due to the
load disturbance, a disturbance observer is put forward to estimate the mismatched uncertainties and is integrated into
control law design to improve the positioning accuracy. The stability of improved nonlinear sliding mode control based
on disturbance observer is proved based on the Lyapunov approach. The simulation results demonstrate the effective-
ness and robustness of the proposed improved nonlinear sliding mode control based on disturbance observer for per-
manent magnet synchronous motor servo system with stationary and dynamic trajectory tracking.
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Introduction perturbation existed in the PMSM mathematical model
of field-oriented control system since the model is built
in the hypothesis of neglecting the influence of mag-
netic circuit saturation, hysteresis, and eddy current.
Therefore, the traditional proportional-integral (PI)
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controller is unable to satisfy the dynamic response per-
formance of PMSM due to its fixed proportional gain
and integral time constant.>”’ In recent years, many
nonlinear control strategies have been developed for
PMSM servo system to improve the dynamic response
such as neural-based robust control algorithms,’ ™
adaptive control,'®"® H,, control,"* and sliding mode
control (SMC).**

The SMC is employed frequently in the AC servo
control system due to its good performance of fast
response and insensitivity to the matched parameter
perturbation and disturbance. The principle for design-
ing SMC is to construct the sliding surface based on
the system state variables. Zhang and Panda'> pre-
sented the conventional linear sliding surface (LSS)
used in PMSM speed control to make the system con-
vergent within finite settling time. The non-singular ter-
minal sliding mode manifold is proposed in PMSM
speed regulation system to obtain a faster convergent
speed and a better tracking precision.'® Recently, SMC
has been combined with intelligent control method to
achieve better performance of PMSM control.!”'®
However, according to the control law design of tradi-
tional SMC system with mismatched uncertainties, the
states can only be driven to the sliding surface in finite
time rather than the desired equilibrium. This leads to
many researches on the SMC design for uncertain sys-
tems with mismatched uncertainties. The linear matrix
inequality (LMI)-based sliding surface design for SMC
has been proposed to guarantee the asymptotic stability
of full order system with mismatched uncertainties.'® !
The disturbance observer (DOB) is also integrated into
the SMC to counteract the mismatched disturbance.'®
Yet, the transient response performances of the systems
are rarely considered in these researches.

Actually, in the control systems, settling time, rising
time, and overshoot are the main indexes for transient
response. The fast settling and rising time with non-
overshoot are necessary for many systems, such as air-
craft control system, electromechanical control system,
and power converter. However, the settling time and
system stability are in conflict with each other, which
means small settling time for systems will lead to high
overshoot and vice versa. In order to increase the
response speed of closed-loop system and reduce the
overshoot, a composite nonlinecar feedback (CNF)
tracking control law is proposed which has a gradually
increasing damping ratio with small initial value.?* The
principle is that in the initial state the system has a
small damping ratio but fast response and along with
the system output getting close to the desired value, the
damping ratio is getting bigger to avoid the overshoot.
The nonlinear sliding surface on the basis of CNF is

presented to improve the convergence performance of
system based on SMC algorithm.?

However, the research of SMC with nonlinear slid-
ing surface is under two preconditions. One is the prior
knowledge of the matched parameter perturbation and
external disturbance, and the other is that the mis-
matched disturbance of system is neglected. Both pre-
conditions are hardly satisfied in most industrial
applications. Then consequently, the improved non-
linear sliding mode control based on load disturbance
observer (NSMC-DOB) is proposed in this article. In
order to verify the feasibility of the proposed control
law, the PMSM position servo system is used as the
controlled plant. This article is organized as follows.
First, when the mismatched disturbance is neglected
and the prior knowledge of the matched disturbance is
hypothesized as known, the nonlinear sliding mode
control (NSMC) is used for PMSM servo system. This
system has the distinct advantage of good transient
response performance with fast response and non-over-
shoot. The prior knowledge of matched parameter per-
turbation and disturbance is used for determining the
switching gain in SMC and is hard to determine.
Therefore, the adaptive parameter estimation is
designed to establish the switching gain. Meanwhile,
the saturation function is combined to design the
improved NSMC to reduce the system chattering under
the condition of permissible system errors. In the
PMSM servo system, the mismatched uncertainty is
mainly due to the load disturbance. A DOB is designed
to deal with the problem that the improved NSMC is
sensitive to mismatched uncertainty. The new sliding
surface is designed by combining the nonlinear sliding
surface with DOB. The corresponding control law of
realizing the robustness to the mismatched perturba-
tions is also acquired and the stability analysis is
deduced. At last, the effectiveness and robustness of
the proposed improved NSMC-DOB for PMSM servo
system are demonstrated by the simulation results with
stationary and dynamic trajectory tracking.

Mathematical model of PMSM

The proposed control system is based on the surface-
mounted PMSM in which d and ¢ axis stator inductance
can be considered as L; = L, = L,. Considering that the
space magnetic field is distributed as sinusoidal field and
neglecting the influence of magnetic circuit saturation,
hysteresis, and eddy current, the continuous mathemati-
cal model for PMSM in d-¢ frame is as follows

i
ug = Ryig + Lsf — Lyw,i, (1)
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Uy = Ryiy + Ly D 4 Iy + e 2) Improved NSMC-DOB for PMSM servo
dt system
T, =J,%" do, B,w, + T (3) NSMC for PMSM servo system without load
dt disturbance
T, = 3 PPy (4) The novel nonlinear sliding surface is put forward for
27 controlled system with matched uncertainties by Bijnan
W, = pw (5) Bandyopadhyay et al.>> Based on the nonlinear sliding

It can be clearly seen from equations (1) to (3) that
PMSM vector control system has a strong coupling
between iy, i;,, and w,. In order to decouple and be
appropriate for analyzing and designing the NSMC,
the auxiliary input variables are defined as

u .

vy = L—i + w,i, (6)
u .

Vg = L_Z — Wiy (7)

Supposed that p(f) = [pa1(1), pa(1)]" is the continu-
ous and bounded matched disturbance and parameter
perturbation related to the system control input u,, u,
and the boundary is defined as

p" = max(pgy. pyp) = max(sup (I (0. px () (8)

t

Combining lumping uncertainties and load distur-
bance and using the feedback linearization by substitut-
ing above auxiliary input variables (6), (7) to get the
linear PMSM d-¢g frame model as follows

[ B, 1.5p%0,
o _Emoy 0 D™ Dy
We Jm Jm
6. | 1 0 (;2 0
o o0 == 0
17 Ls
l -
1 _Pm 0 0 ,&
L L Ly |
[, ] 0 0
0. 0 0 [vd} )
. +
iy I 0] L[vyg
iy | Lo 1
p
— 0
Jm 0
+ 107+
0 pai (1)
0 Par(1)

Remark. Supposed that parameter perturbations of J,,

and B, are all attributed to the load disturbance 7;

which is considered as mismatched uncertainties for the
controlled system in this article.

surface, the system transient response performance is
improved by the variable system damping ratio. The
following system in regular form without load distur-
bance deduced from equation (9) is generally used to
derive the NSMC algorithm

x1() = Anxi(f) + Apxa(1) (10)
X2(8) = Apixi(t) + Apxo(t) + u(t) + p(t)
¥(1) = Cx(1) (11)
where x(7) = [x1(2), x2(0]". x1(¢) = [w.(?), 0,(1)]" and

Xo(2) = [if2), iq(l)]T are the mismatched and matched
state variables with the control input, respectively

[ u, A A
u(t) = 1]’ o) = |:pd1():| 4= { 1 12}
L Ug Par(t) Ay Axn
- B 5
-0 0 L P
An = I , A = I ,
10 0 0
0 0
Ay = | _Pm
L L
F R
_f 0
Ay = $ R C = [1 0 0 0}
0 _
L Ly

The reference trajectory X ,oAt) = [®, rep Ge_r@/]T,
X2 rof(t) = [ia ref(D), iy ref(D]" for PMSM servo system
can be acquired from the nominal PMSM model (1)-
(5) and the variable error can be defined as

€1 = Xi_ref — X1 (12)
€ = Xa_ref — X2 (13)
The novel nonlinear sliding surface is defined as
s = Y] = 1 wonaie 1120
(14)
o(t) = [F — ¢, nALP L] (15)
8(t) = F — iy, r)A{,P (16)

where I, is a two-dimensional identity matrix and r is
the desired rotor electrical angle. F is chosen to satisfy
the condition that (A4;,—A4,F) has stable eigenvalues
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and the dominant poles have a very low damping
ratio.?> P is the positive definite symmetric matrix calcu-
lated from Lyapunov equation below

(A1) —AF)'P+ P4y, —ApF) = —W (17)

where W is a known positive definite matrix.

Y(y,r) is a non-positive function and continuously
differentiable with respect to y. It is used to increase
the damping ratio of the controlled system by changing
itself from O or a tiny value to a negative constant as
the rotor angle is gradually approaching the expected
electrical value. In this article, (y,r) is defined as

Wy, r) = —k(eP07) (18)

where k£ > 0, B > 0, and B should be big enough to
make (y,r) to be a tiny value initially.

According to the principle of SMC, the following
equation is satisfied when the system states reach the
sliding surface

S(x,5)=0 (19)

Combining equations (9), (10), and (14) gives
ex(t) = —Fer(t) + (v, r)Ai,Pei (1) (20)
e1(t) = (A1 — A1aF + Ay, rAL,Pe;(t) (21)

Equation (20) means that e(f) = 0=-ex(?) = 0.
Therefore, in order to demonstrate the stability of the
system states in the sliding surface, the Lyapunov func-
tion can be defined as

Vi(t) = ef (t)Pe:(t) (22)

Supposed that M = Al,Pe; and evaluating Vi(f) as
follows

Vi(t) = éf()Pey(t) + e] (H)Pér (1)
= el (1)(A11 — A12F)" Pey (1)
+ el (OP(A11 — A1aF)es (1)
+ 2e{ (OPALY(y, r)A],Pe (1)
= —el(OWei(t) + 2y(y, IM™M <0

Therefore, the error state e;(¢) is asymptotic conver-
gence as well as e5(?).

The control aim of traditional SMC is to design the
control input such that the system state trajectory is
forced to arrive the predefined sliding surface and con-
verge to the expected value along the sliding surface.
Since there are time delay and spatial lag caused by
switches in PMSM servo system, the vibration is easily
created. Therefore, the exponential approaching law is
used in the derivation of SMC. The advantage of the
exponential approaching law is that it has a fast system

response when the system state is far away from the
sliding surface and the convergence speed is approach-
ing zero when the system state is gradually closed to
sliding surface. This advantage can reduce the chatter-
ing caused by the SMC switching term. The exponen-
tial approaching law is defined as
§= —kis — kysgn(s) (23)

where k|, k, are positive constant.

Combined with the exponential approaching law
(23) and differentiating (14) and using (10) we can get
the NSMC controller as follows

ut) = — %l/f(y, rA},Pey (1) + o(1)iq(1) — (1) Ax(r)
+ kis + kysgn(s) (24)

where Xd = [xl_r({f(t)Ta x2_r({/(l)T]Ta kl > 07 k2 > p*

Improved NSMC through adaptive parameter
estimation and saturation function

The parameter perturbation and disturbance in the
PMSM servo system is always unknown and it is diffi-
cult to accurately capture the upper bound of uncer-
tainties. Normally in the traditional SMC system the
switching gain is chosen to be a high value to satisfy
the convergence of control system. Nevertheless, the
high switching gain k, in the control law (24) will lead
to the large fluctuations and thus the system perfor-
mance is significantly degraded especially for the motor
control system with periodically pulse width modula-
tion (PWM) generation mechanism. Therefore, the
adaptive parameter estimation is designed to substitute
the switching gain for the controller (24) as follows

d
u(t) = =20 DARPe O + o) (s
— a()Ax(t) + ks + K(t) * sgn(s)

As the equation (14) shows that the novel nonlinear
sliding surface s(x,f) €R* and it means that there are
two sliding modes in the control system. Therefore, the
adaptive parameter estimations are required respec-
tively for each sliding mode. In order to derive the con-
trol law suitable for the matrix calculation, K() is
selected as a diagonal matrix as follows

con | Ki( 0

K(?) {6 &(r)} (26)
Ki(0) = plsi . ) (27)
Ka(t) = pos2(x, 0)| (28)

where wi, po > 0 and pp;, = min(w;, w).
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Given the system (10) with the controller as (25), the
gain K(7) has an upper bound, that is, there exists the

K0 ] and it satis-

" . . _
positive constant matrix K [ 0 K;

fies the condition as follows?®
V> 0,K,(0) <K, Ky(t) <K; (29)

According to the SMC stability principle, K(7)
should satisfy with the condition as follows
V>0, Ki(1) > pgy (1), Ka(0)> pn(0) (30)

The adaptive parameter estimation stability is veri-
fied by choosing the Lyapunov function as

o) = 5575 + 5 7K@ ~ K’

1, 1 . 1 .
5875+ Sy&i) = K7 + SyKal)) = K3)

1 1 1 . .
ES%(X, H+ 5S§(x, H+ EY(Kl(t) — K )

+ 2k - K3 61)

where y meets the criteria y sy, > 1.
Taking the derivation of the Lyapunov function (31)
with control law (25) and (29) yields

Va(0) = 575 + y(K(D) — KDKL(0) + Y(Ka(t) — KDK()
= 57(— ks — K()sgn(s) + p(0)) + YK\ (1) — KDK (1)
+ Y(Ka(t) — K3Ka(0)
<—kus"s — (K — oy (D31 (x. )|
— (K5 = |pan(DDs2(x, )]
— (K7 = K1)y ls1(x, 0] = sa(x, 1))
— (K3 — K2 () (yma|s2(x, )] — [s2(x, D))

= —kisTs —B1V2 —|Slf;%t)‘

2 .
m¢;@mmm

where

B = Ki —|ps1(D] >0, By = yuylsi(x, )| — |s1(x,2)| >0
Bs = K5 — |ppn()] >0, By = yirplsa(x, 1)| — [s2(x, )] >0

Let Bx = min{Bl\/E732\/2/ 333\/§7B4V2/7}>07

and based on the following inequality

1 1 1. A\
A = (ES?(x,t) + §S§(x,t) + 5V(K1(t)—K1)

+ i)~ K3

s1(x, 1) s2(x, 1)
V2 V2
RSO E SONE

The V5(¢) satisfies as

Vz([) < —k1STS

- BX( sl(j;) + (K} - fq(r))\/g +

< —kis"s — B Va0
<0

$2(x, 1)
2

7

+ (K - kz(t))\/g)

(32)

Therefore, the control law (25) can make the system
state errors reaching the sliding surface and converge to
Zero.

Since [s/(x,f)|, i =1, 2 cannot be the absolute zero
during the control process, the adaptive parameter esti-
mation will increase infinitely. Therefore, a small value
¢ is set to modify the adaptive parameter estimation as
follows

R " |s1(x, )| 0 .
K(1) = 0 |ls2(x,0)] | » min([s1], [s2]) > &
0, else
(33)
_ | M 0
where u = .
# { 0 Mz}

A saturation function as equation (34) with a certain
threshold value is also used here to instead of sign func-
tion to weaken the chattering of the improved NSMC
system

) [ sgn(u), |u|>¢
sat(u) = {%u, | <¢

When [s{(x,t)| > ¢, i = 1,2, the stability analysis of
the sliding modes can be acquired as (33) for the system
(10) under the control law (25) with saturation function
(34). When |s{(x,1)| < £, i = 1,2, the equivalent control
diagram of the system is shown in Figure 1, where
Ueq(t) = —%d/(y, AL Pe(f) + a()xa(t) — o(t)Ax(?).

Combining (14) and (25), the following equation is
acquired

(34)

Ki(t)si(x, 1)

5‘i(xa t) = —k]S[(X, t) - /

i=1,2
(35)

+ pdi(t)a
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Figure 1. Equivalent control diagram of the system when
[six )<, i=1,2.

The transfer function between s,(s) and p(s), i = 1,
2 can be deduced from (35) as follows

si(s) = — P (36)
s K
According to the final value theorem, it yields
lims;(7) = lim ss;(s) = lim%
t— s—0 s—»OS + kl + %
= Tﬁlimpdi(t)g p—j,th’ i=12
o+ S ki 5
(37)

Since (y, r) is convergent to a constant value as the
system output is gradually approaching the expected
value, o(¢) is also convergent to a constant matrix and
it is defined as 0. From (14) and (37), the steady error
e,s of system states can be deduced as

€55 = }im e(t) = }im (oTo) o Ts(r)

= (dhog)'a] lim 5(r)

- K (1) (38)
S(O’ﬁo’d)710'5 ] . /
Pa

e o

Therefore, when the saturation function (34) is used
in the control law, the state error of the system cannot
be convergent to zero but a special range which is
dependent on the threshold value ¢. The threshold
value ¢ of the saturation function (34) should be chosen
according to the inequality (38) once the permissible
steady error of the system is given.

Design of DOB

In order to clearly describe the observer design, the reg-
ular system model with load disturbance for PMSM is
given as

{561(1) = Anx(f) + Apxa(f) + dGT,
Xo(t) = Anixi(t) + Axnxo(f) + u(t) + p(t)

whered = 1/J,,,G = [(1)]

(39)

A nonlinear observer®’ can be applied here to esti-
mate the load disturbance 7, The load DOB for
PMSM is constructed as

Tl =z+ p(we) (40)
1
z= — l(we)J—z — l(w,)
" (41)

1 B 1.5¢,, .
X (J_mp(we) - J_::we + Jm lq)
p(we) = ho, (42)
_ Op(we) _
l(we) o, h (43)

Associating with equation (39), neglecting the
matched uncertainties which is already being controlled
by improved NSMC and assumed that the deviation of

load disturbance is bounded and lim% = 0, the con-

vergence of 77 is established as —
Ty =+ ploe)
1 1 B, 1.5
= —hz- h(hj—we ~ ot #@) + hés,
= —WT;-T)

(44)

Therefore, the load disturbance estimation of 7} can
track the load disturbance asymptotically in the limited
time if /2 is chosen as & > 0.

Improved NSMC-DOB design for PMSM servo
system
According to equation (4), the new nonlinear sliding

surface for both matched uncertainties and mismatched
uncertainties is given as

~ [s1(x,0)
S@O_LMﬁ}
_ el(t) 1 A
Sl -t 1l[(0] et
(43)

Supposed that the load disturbance error is defined
as
er()=T—T (46)

which satisfies the following bounded condition



Qian et al.

er = sup (er(1)) (47)

According to the observer asymptotically conver-
gence performance described in equation (44), the
bounded condition (47) for load disturbance estimation
error is reasonable.

Theorem |. The control law which is named as
improved NSMC-DOB is given as follows

d .
u(t) = — =, ARPe () + o(B)a(?)
— o()Ax(t) — 8()GT; + kis + K(¢) * sat(s)
(48)
The controller (48) enforces the trajectory of (39) to
move from any initial condition to the sliding surface in

finite time and keeg on it. In the above control law, the
upper bounded of K(¢) is chosen as follows

K >Y(1), K3 >Y(Q2)
* p:{]

er + ol I
! {sz}

Proof. Let a Lyapunov function for the system in equa-
tion (39) be defined as

(49)

where Y = |8(1)G — 1o

V3(t) = éSTS (50)

Taking the derivation of V3(¢) and employing the
control law (48) yields

Vi(t) = s's

= ST<[F — 4, r)ALP 1] Lz(t) )

él(t):| N [_ di(y, r)

Simulation results

In this section, the simulation is implemented in
MATLAB/Simulink to verify the robust performance
of PMSM servo system based on field-oriented control
and the system block diagram is shown in Figure 2. It
consists of the coordinate transformations of PMSM
such as Clarke and Park transform, space vector pulse
width modulation (SVPWM), DOB, and the control
algorithm of improved NSMC-DOB.

The simulation is organized as follows. Firstly, the
step trajectory tracking in PMSM servo system is used
to verify the advantages of improved NSMC-DOB
algorithm. The outstanding transient response perfor-
mance of novel NSMC algorithm in equation (25) is
highlighted by comparing with LSS controllers. The
improved NSMC with the chattering reduction by
saturation switching function and the adaptive para-
meter estimation is also illustrated. The insufficient in
disposing the unmatched uncertainties of load distur-
bance in improved NSMC is described afterward. After
that, the availability of DOB is verified by estimating
the load disturbance. Finally, the improved NSMC-
DOB is simulated for PMSM servo system to verify the
proposed method effectively with the load disturbance
rejection. Meanwhile, the sinusoidal and triangle trajec-
tory tracking for PMSM servo system are simulated.
This is used to highlight that the proposed improved
NSMC-DOB algorithm can also decrease the tracking
error for the continuous variable trajectory of PMSM
mechanical angle.

The nominal parameters of PMSM are listed as
follows
|

ei(t) 1 S
AP 0] [62(1)] " Tspon GT’)

_ ST<<8(t)G __Gh )er(t) — p(0) — ks — K () * sat(s))
L.5po,,

Gh
< —ksTs + |ST| oG — ——
1.5po

m

With the prerequisite condition of (49), the
Lyapunov stability condition (50) has been satisfied as

V3(t) <0

Therefore, under the condition of k; > 0, &7 > 0 and
the improved NSMC-DOB control law (48), the sliding
surface (45) based on DOB is asymptotically conver-
ging to a boundary layer set
Q = {x|x € R4, |si(x,0)| < ¢, i = 1,2}. When the width
of the boundary layer £ is chosen appropriately accord-
ing to equation (38), the permissible system state errors
can be acquired inside the boundary layer.

i [l -
Pa

Ky
K

p=2,0,=0175VS
Ry = 2.875Q, L, = 0.0085H
B,y = 0.001 Nms, J,, = 0.0008 kg m?

In order to simulate the dynamical parameter per-
turbation in the process of PMSM running due to the
motor temperature and magnetic field variation and
verify the effectiveness of the proposed algorithm, the
library file powerlib.slx in MATLAB/Simulink for
PMSM is modified to add the disturbance to main
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Improved NSMC-DOB

u(t) = —%w(y, )AL Pe (t)+o ()%, (t) — o (1) Ax(?)
—8()GT, + ks + K(2) * sat(s)

3-Phase Universal
Bridge Inverter

Uy

SVPWM

&

Yy Vv
\A 4

[

A A
- / /
P d’j/ «— “’ﬁ// D
F- AP T EEEE—C T il
|[ v(y,r)A4, 2]| . . \ /ldqu // < // .
Sliding Or_rer>@e_res L _ref 2lq_re TJr / ap / abe ) 4
Surface Park Clarke V,m,,V\
Transform Transform ’/ \
. PMSM |
\ /
2| l(w,) p(w,) B 1.5¢, . . |* 2
+ z Z|_ e) e) _ Zm m P -
& SR > a IR
l(@,) e
Disturbance observer L <"
Figure 2. Structure of improved NSMC-DOB for PMSM servo system.
parameter R, and L. A zero-mean-value random noise
with Gaussian distribution is added to R, and L, in this 6
article. €5 -
E r,
1= v
S 4 fi
. . . . < A
Step trajectory tracking simulation 5 )
. . . . ]
In this section, the PMSM servo system is considered x 3 fi
without load disturbance first to verify the performance 85 g LSS 1
. . . . c A —
of improved NSMC algorithm. According to the prin- 8 g ———-1SS 2
. . 0 -
ciple of NSMC, the fast response without overshoot of é 1 A LSS 3
. . . . i
the control system is acquired by the variation of sys- g —— NSMC
tem damping ratio which is considered to change gra- 0o 0.05 0.1
dually from &, =0.5 to & =1 in this article. The t/s

improved NSMC design parameters are as follows

=200, B =3, &= 0001
(=05, k = 150
[3.86>< 107 0 ]

W =
0 3.86 X 1077

According to the pole placement principle and the
Lyapunov equation (17), the following parameter is
acquired as

|: :|
F

P=10"x
—1.93 0.01497

For the comparison purpose to prove the perfor-
mance of NSMC in PMSM servo system, the SMC with
LSSs are designed based on the fixed damping ratio &
and settling time z,. Supposed that all the LSSs have the
same dynamical resonance frequency w, and the

Figure 3. Time response of the motor rotor angle with
different sliding surfaces.

following equation is used to choose the constant
damping ratio and settling time

4

t.=
T o,

The following LSSs are used in this article:

(51)

LSS-1 with é = 0.5and 7, = 0.195s5;
LSS-2 with é = 0.7 and 7, = 0.140ss;
LSS-3 with & = 0.9 and #, = 0.110s.

The control law for LSS system can be acquired
from (25) under the circumstances of (y,r) = 0. The
position reference is given as a step input 0, ,,(f) =5
(rad) with soft-start mode and the maximum speed
limitation.

Figure 3 is the time response of the motor rotor
angle with different sliding surfaces and the numerical
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Table |. Performance parameter comparison of system
response in different sliding surfaces.

Type of sliding surface Overshoot (%) Rising time (s)

LSS-1 25 0.0250
LSS-2 0.9 0.0264
LSS-3 0 0.0277
NSMC 0 0.0251

LSS: linear sliding surface; NSMC: nonlinear sliding mode control.
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Figure 4. Adaptive parameter estimation for switching gains.

comparison for the system transient performance with
overshoot and rising time is given in Table 1. The rising
time is defined as the time required for the response to
rise from 10% to 90% of final value. From Figure 3
and Table 1, it can be seen that the trajectory tracking
of step position by NSMC can acquire the best perfor-
mance with fast rising time and non-overshoot as well
as high accuracy.

The adaptive parameter estimation used for two
switching gains in improved NSMC control law is
shown in Figure 4. Actually, the adaptive parameter
estimation not only eliminates the necessity of the per-
turbation bound but also improves the system stability
by estimating changeable uncertainties in the system.
Figures 5 and 6 clearly show that the chattering in the
control input and sliding surface is well suppressed by
changing the switching function from sign function to
saturation function.

In order to depict the effect of improved NSMC-
DOB robustness to the mismatched uncertainties, the
external load disturbance 7;=2.5Nm is exerted on
the PMSM servo system at r = 0.2s. Figure 7(a) shows
the simulation results of the trajectory with step signal
0, ,o(t) =5 (rad), respectively, by improved NSMC
and improved NSMC-DOB and the tracking error is
illustrated in Figure 7(b). It can be clearly seen that the
position error is reduced by the improved NSMC-DOB
controller. For DOB equation (35), the parameter / is

150

100

0 01 02 03 04

0 01 02 03 04
t/s

Figure 5. Control input of chattering reduction comparison
between NSMC and improved NSMC.
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Figure 6. Sliding surfaces comparison between NSMC and
improved NSMC.

chosen as & = 1. Figure 8 is the comparison of system
state i,, iy and sliding surface of improved NSMC and
improved NSMC-DOB in the presence of load distur-
bance. The sliding surface_2 is the current of i, accord-
ing to equation (45) which is shown in Figure 8(c).
From Figures 7 and 8, it can be seen that the
improved NSMC fails to drive the motor position to
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Figure 7. Comparison between improved NSMC and
improved NSMC-DOB in the presence of load disturbance: (a)
time response of motor rotor angle and (b) time response error
of motor rotor angle.

the expected value in the presence of load disturbance
while the proposed improved NSMC-DOB can sup-
press the mismatched load disturbance and have good
tracking accuracy. The load disturbance is observed in
Figure 9 and it can be seen that the DOB can estimate
the load disturbance accurately.

Continuous variable trajectory tracking simulation

The sinusoidal and triangle trajectory is used in this sec-
tion as the continuous variable trajectory. Figures 10(a)
and 11(a), respectively, show the improved NSMC-
DOB deducing the better response performance in
dynamic PMSM trajectory tracking control for desired
sinusoidal and triangle trajectory with the disturbance
load torque 7; = 2.5Nm exerted at 7 = 0.6s compared
with improved NSMC control. From Figures 10(b) and
11(b), it can be clearly seen that the improved NSMC-
DOB algorithm has a better trajectory tracking accu-
racy than improved NSMC after the load disturbance
is exerted.

Conclusion

In this article, an improved NSMC-DOB for PMSM
servo system has been proposed. First, the nonlinear

—— Improved NSMC
"""" Improved NSMC-DOB

0 C

0 0.1 0.2 0.3 0.4

— Improved NSMC
Improved NSMC-DOB

— Improved NSMC
"""" Improved NSMC-DOB

=)

|d/A
sliding surface_2

Figure 8. Comparison between improved NSMC and
improved NSMC-DOB in the presence of load disturbance
torque: (a) comparison of current iz, (b) comparison of sliding
surface_| and (c) comparison of current iy which is the sliding
surface_2 as well.
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Figure 9. Load disturbance estimation.

sliding surface is introduced in the SMC design. Then
the adaptive parameter estimation has been designed
for the switching gain to abolish the analysis necessity
of the changeable uncertainties in the sliding switching
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Figure 10. Dynamic response for sinusoidal trajectory: (a)
time response of motor angle and (b) time response error of
motor angle.
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Figure 1 1. Dynamic response for triangle trajectory: (a) time
response of motor angle and (b) time response error of motor
angle.

part. Meanwhile, the sign switching term is replaced
with a saturation function to acquire a low chattering
performance under the permissible system errors. A

DOB has been designed and combined with improved
NSMC to solve the problem of its unrobustness to the
mismatched disturbance. The simulation results shows
that the proposed improved NSMC-DOB applied in
PMSM servo system not only acquires the better transi-
ent response but also realizes the robustness to the sys-
tem parameter uncertainties and perturbations
including the matched and mismatched disturbance.
The robustness to system mismatched disturbance can
increase the positioning accuracy to some extent which
is beneficial to amount of servo systems.
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Appendix |

Notation

B equivalent viscous friction coefficient of
motor

ig, iy d and ¢ axis stator current

I equivalent moment of inertia of motor

p numbers of pole pairs

Ry, L stator resistance and inductance

T., T; motor electromagnetic torque and load
disturbance

Ug, Uy d and ¢ axis stator voltage

0,.,0 motor rotor mechanical and electrical
angle

O permanent magnet flux linkage

W, W, motor rotor mechanical and electrical

angular velocity





