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Application of new sliding mode control in vector control of PMSM

Hao Yang', Jing-Wei Tang> ¥, and Ying-Ren Chien?

Abstract Aiming at the characteristics of low observation accuracy and
high chattering of traditional sliding mode observers (SMO), a new SMO
is proposed to reduce chattering and improve accuracy. In PMSM vector
control, PI control has the problems of poor anti—disturbance ability and
speed pulsation, while the traditional sliding mode control (SMC) has the
problem of serious chattering, Therefore, on this basis, an SMC based on the
new reaching law is designed, and the simulation is carried out in Matlab/
Simulink. The simulation results show that the improved SMO has better
performance and stronger stability than the traditional SMO. At the same
time, compared with the traditional SMC and PI control, the SMC based
on the new reaching law can make it respond well when the motor target
speed changes suddenly, and effectively improve the problem of traditional
SMC chattering, The control accuracy and steady-state error of the PMSM
system are improved.

Keywords: sliding mode observer (SMO), new reaching law, permanent
magnet synchronous motor (PMSM), vector control, no position sensor
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1. Introduction

PMSM has been widely used in industry because of its high
control accuracy and high—power factor [1, 2, 3, 4, 5].

In PMSM operation control, the encoder is required to
collect rotor speed information, but mechanical sensors have
problems such as difficult installation and maintenance and
high cost. Therefore, a large number of scholars have paid
extensive attention to and applied research on Sensorless
Speed Estimation Algorithm in PMSM [6, 7, 8, 9, 10]. At
present, several main sensorless algorithms are SMO, neural
network, and high-frequency signal injection. Among them,
the SMO is not affected by the parameters of the motor itself
and has strong robustness. Compared with the other two
methods, this method has more significant advantages in
speed sensorless control systems. The essence of the sliding
mode observer is state reconstruction, which uses the known
data of the system as the input to estimate the output value
of the actual system. In PMSM vector control, the essence
of SMO is to quickly modify the value of back EMF by us-
ing a high-frequency switching signal, so that the estimated
current is equal to the actual current, and obtain the rotor
speed information through the observed back EMF. How-
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ever, because of the characteristics of symbolic functions
and other voltage and current noise, the system chattering
will be caused. At present, the method of weakening the
chattering of sliding mode observers is the mainstream re-
search direction [13, 14, 15, 16]. Reference [17] proposed
the design idea of using fractional-order sliding mode sur-
face and phase-locked loop and designed a new saturation
function to weaken chattering. In reference [18], a super
torque SMO is proposed by using the sliding mode coeffi-
cient varying with the speed. The simulation results show
that the observation error can be reduced by 25%. In refer-
ence [19], the frequency adaptive composite coefficient filter
is used to replace the low-pass filter in the design of SMO,
which is verified by simulation.

In addition, because PMSM is a nonlinear system,
the conventional PI control can not meet its needs of it
[20, 21, 22, 23]. SMC has advantages in nonlinear con-
trol. However, due to the discontinuity of its control, high-
frequency switching movement near the sliding mode sur-
face will produce a chattering problem [24, 25, 26, 27, 28].
Reference [29] designed a new sliding mode reaching law to
reduce chattering and dynamically change the speed reach-
ing the sliding mode surface. Literature [30] combines the
extended state observer with sliding mode control, takes the
system load disturbance as feedforward compensation, and
proposes an adaptive sliding mode controller. The experi-
mental results show that the proposed controller can effec-
tively reduce chattering and improve system performance.
However, the suppression of SMC external disturbance and
parameter change is realized by setting a large switching
gain, which will lead to the chattering phenomenon, which
needs to be avoided in the actual system.

Given the serious chattering phenomenon and low obser-
vation accuracy in the traditional sensorless algorithm, a new
piecewise saturation function is used to replace the switch-
ing function. Based on the traditional exponential reaching
law, an adaptive sliding mode reaching law is designed. On
this basis, this paper designs an adaptive sliding mode speed
controller for sensorless PMSM speed regulation system and
compares it with the traditional PI and sliding mode speed
controller in Matlab/Simulink. The simulation results show
that the proposed method has a fast response, small chatter-
ing and strong robustness.

2. Mathematical model of PMSM

To make our control more simple, here we assume that the
three-phase symmetrical distribution of stator winding, elec-
tromagnetic symmetry, ignoring the iron loss and unsatu-
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rated magnetic circuit, ignoring the influence of temperature
and other factors on the flux linkage of a permanent mag-
net. The mathematical model of PMSM is transformed into
the following mathematical model through Clark and Parker
transformation [29-30].

di .
Ly (d_:) = —Rsig —eq +tuy (1)
dig .
L E = —Rslﬁ —epg tug 2)
eq = —Yrw,siné 3)
eg = Yrwy cost 4)
3.
Te = E[)lq [ld (Ld - Lq) + l//f] (5)
dw,
J FTa T. - Tr — Bw, (6)

Where J is the moment of inertia, iy and ig are the stator
current under -3, R is the stator resistance, u, and ug are
the stator voltage under «-3, Lg is the inductance of stator
winding, Ly and L, are d-q axis inductance, ey and eg
are the back electromotive force under -3, y¢ is the flux
linkage of the permanent magnet; 0 is the electrical angle, w,
is the angular speed of the motor rotor, 7 is electromagnetic
torque, 71 is the load torque, B is the friction coefficient, p
is the polar logarithm.

3. Design of a new SMO

3.1 Design of traditional SMO

Among many sensorless control strategies, SMO is widely
used because it is simple, insensitive to parameter changes,
and independent of specific models. The mathematical
model of traditional SMO is as follows:

diy . .

L8 — _Ri ~kisign (i(, - ia) +u, )
dt
d;ﬁ 2 . 2 .

LSE = —Ryig — kysign (lﬁ - 15) +ug 8)

Ty fﬁ is the estimated value of current. i, fig is the
estimated value of voltage. k; is the gain of the SMO.

Subtract equations 1 and 2 from equations 7 and 8 to
obtain:

s (% - %) = —R; (fa - ia) — kysign (fa - i(,) + eq
©

. (t%g — %) = —R{ (fﬁ — iﬁ) — kysign (2:3 — iﬁ) +eg
(10)

When the estimated value is equal to the actual value,
the system reaches the sliding mode surface. At this time,
according to the dynamic conditions of the SMC theory:

eq = kysign (f(,—i(,) (11

ep = kusign (ip ~ is) (12)

The resulting back EMF contains the position information
of the motor rotor, so after filtering, the following can be
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Fig.1 Structure diagram of traditional SMO.
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Fig. 2 Saturation function G(x) when the boundary layer thickness is 1.

obtained: B
§ = —arctan — (13)
es
de
We = — (14)
Where 0 is the electrical angle; w, is the electrical angular
velocity.

The structure of the traditional SMO is shown in Fig. 1.

3.2 SMO based on new switching function
To reduce the system chattering caused by the symbolic
switching function, a new piecewise saturation function is
proposed.

The new saturation function G(x) is:

3

X
—3,|x| <o
o

G(x) = 15)

sign(x),|x| > o

Where x is the error between the observed current value
and the actual value, and o is the thickness of the boundary
layer. When o is equal to 1, the function image is shown in
Fig.2 below. It can be seen that there is the characteristic
of error saturation outside the thickness of the boundary
layer, and the exponential change of the function within the
thickness of the boundary layer can make the observation of
back EMF more stable.

It can be deduced that the mathematical model of the new
observer is:

di, . .

Lsf = R}, — koG (i(, - i(,) +ug (16)
di:B S S .

L= = Ry~ koG (i = i) + up (17)

When the fa = i,, it can be obtained that the back EMF
is:
¢a = koG (l(, - ia) (18)
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Fig. 3 Structure diagram of new SMO.
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Fig.4 Structure diagram of PLL.
eg = k2G (ip ~ i (19)

ks is the gain of the new SMO.

The new SMO is shown in Fig. 3 below.

Considering the influence of inverter switching, load dis-
turbance, controller saturation, and other factors, the direct
use of the arctangent method to extract speed information
will reduce the estimation accuracy. Therefore, the PLL
system is designed to extract the speed information. The
specific implementation is shown in Fig. 4.

In Fig. 4, the phase synchronization is realized through
the phase-locked loop phase feedback control to ensure that
the controlled frequency accurately tracks the input signal
frequency, which is used to solve the phase error in the
rotor angle estimation caused by the filter. The back EMF
containing rotor error information outputs the rotor speed
signal through PI regulation, and the estimated position of
the rotor is obtained through the integration link.

4. Sliding mode controller based on new reaching law

4.1 Design of the new SMC
Due to the nonlinearity of PMSM, the conventional PI con-
trol can not meet the needs of the system. In PMSM vector
control, SMC is used to replace the traditional PI speed con-
troller, which can effectively improve the control accuracy
and anti—disturbance ability of the system.
Define the state variables in PMSM as:
X1 = Wref — Wr
_dxy  dwry do, }
Cdt dt dt

dwref 1 3 .
7 T + Epl//flq — Bw, 21

The integral sliding surface is adopted, and the sliding
surface is defined as:

t
s=c/ edt +e (22)
0

(20)
X2

X1 =xp =

Where c is greater than 0.
€= Wrf — W (23)

e is the error between the rated motor speed and the actual
motor speed.
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The traditional exponential approach law is:

S = 3§ = —esign(s) — gs,e,q >0 (24)
Bring into equation (22) above:
§ = —esign(s) —qs =ce + ¢ (25)
The g-axis current can be obtained as:
2
ip = —— [T + Bw—J(§ — ce)] (26)
T 3pyy

Although it has a certain disturbance ability and control
performance. However, using the traditional exponential
reaching law, there will be serious chattering, which in-
creases the switching frequency and burden of the controller.
Therefore, an SMC based on the adaptive adjustment of the
reaching law parameters of the system state is proposed to
improve its anti—disturbance ability and performance of it.

The new approach law is:

§ = —&(1 — )sign(s) — kells 27)
—els| 1

o= e , |s| < 28)
1—elsl, Js] > 1

4.2 Proof of stability

The Lyapunov function is used to analyze the stability of the
designed new reaching law sliding mode speed controller.
Firstly, the Lyapunov function is defined:

V(s) = %sz (29)

By deriving it, we get:
V(s) = 55 = s (~els|"sgn(s) - ks) (30)
V(s) = —es|s|“sgn(s) — ks® (31)

It can be seen from the above formula that V() is positive
definite, V(s) is negative definite. Due to this, the designed
new SMC can achieve stability and ensure that the system
enters the sliding mode state.

4.3 Performance analysis
The classical system is used to compare the new reaching
law designed in this paper with the traditional exponential
reaching law to verify the performance of the two reaching
laws.

x(1) = ax(t)® + u(r) (32)

Where a = 5, u is the controller. The integral sliding
surface is adopted, and the sliding surface function is defined
as:

s:c/tedt+e (33)
The tracking error is: '
e=Xg—X,6=Xg—X (34)
Where is the given target signal, x4 = sint
S:ce+é:c(xd—x)+(x'd—axz—u):S (35)

S is the reaching law. At this time, the expression of
sliding mode controller is:

u(t) = c(xg —x)+xg—ax* —§ (36)
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Fig.5 Time-varying curve of controller u and sliding surface function s.

The traditional exponential reaching law (TERL) sliding
mode controller and the new adaptive reaching law (NARL)
sliding mode controller are simulated in Matlab/Simulink.
The results are shown in Fig. 5, and the controller parameters
are shown in Table L.

From the simulation results, it can be seen that the SMC
based on the NARL can suppress chattering better than the
TERL, and the reaching speed is fast in convergence.

5. Simulation verification

In this paper, the PMSM Vector Control Based on SMC
is simulated by Matlab/Simulink, and the control mode
of id = 0 is adopted. The parameters are: permanent
magnet flux linkage ¢y = 0.175WB, stator resistance
Ry =3.578Q), Ly = L, = 0.0085 H, p=4, moment of inertia
J = 0.008 kg-m?. The target speed suddenly changes from
400 r/min to 600 r/min at 0.6 s. The PMSM vector topology
is shown in Fig. 6 below.

As shown in Fig. 7 below, a is the speed estimation of the
traditional SMO and B is the speed estimation of the new
SMO. Fig. 8 shows the comparison of the speed errors of the
two observers.

From Fig. 7 and Fig. 8 that the precision of the new SMO
is higher than that of the traditional SMO. The error of the
traditional SMO changes sharply within —5~10 r/min, while
the chattering of the SMO with the new saturation function is
significantly weakened, and the speed error changes gently,
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Fig. 6 PMSM vector topology.
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Fig. 9 Comparison of speed regulation effects of three controllers.

almost zero.

The following Fig. 9 shows the comparison of simulation
results of three control modes: SMC, PI, and new sliding
mode controller NSMC).

As can be seen from Fig. 9, when the target speed changes
suddenly at 0.4 s, the response times of PI, SMC, and NSMC
are 0.07s, 0.051 s, and 0.018 s respectively. Through com-
prehensive numerical analysis, compared with the existing
methods, the proposed NSMC has a faster transient response,
faster chattering suppression, and stronger anti—disturbance
ability.

To further verify the robustness of the new sliding mode
controller, set the simulation time as 0.2 S, the target speed
as 400 r/min, and suddenly Ty, = 0.6N-m at 0.6, and the
simulation results are shown in Fig. 10 below.
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Fig. 10 Comparison of three control methods when loading torque
changes.

As can be seen from Fig. 10, when the load torque changes
suddenly, the time for the motor speed to recover to the actual
value under the three control modes is 0.06s, 0.12s, and
0.19 s respectively. It shows that the proposed new sliding
mode controller has good anti disturbance ability.

6. Conclusion

Aiming at the problems of observation accuracy of tradi-
tional SMO in PMSM speed regulation system and the seri-
ous chattering problem of traditional SMC in vector control,
anew SMO based on new saturation function is established,
and a new reaching law SMC with self-adaptive regulation
ability is designed, Thus, the problems existing in the op-
eration of PMSM are effectively suppressed. Theoretical
analysis and simulation verify the feasibility and effective-
ness of the algorithm.
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