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Abstract - The paper presents the sliding mode based adaptive
control (SMAC) of chaos for a permanent magnet synchronous motor
(PMSM) subjected to parameter uncertainties and an external
disturbance. A PMSM faces the chaos phenomenon when its
parameters fall into a certain area. The sliding mode based adaptive
control is developed to eliminate chaos and ensure the robust
stability even when the system parameters are in the chaotic area
and the external disturbance affects system dynamics. Finally, under
the control actions, the chaos phenomenon can be driven to zero.
The numerical simulation is carried out to demonstrate the perfect
performance of the proposed control approach.
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1. Introduction

Recently, a permanent magnet synchronous motor
(PMSM) has become one of the popular motors used in
industry applications because of its high performance and
high efficiency. However, the PMSM model parameters, such
as stator resistance and friction coefficient are difficult to be
measured precisely. Moreover, a PMSM system has nonlinear
dynamic states and express chaos behavior when system
parameters fall into a certain area. The bifurcations and chaos
control of the PMSM have been widely studied and discussed
with modern nonlinear theory in recent years [1-4]. However,
the chaos phenomenon in PMSM driver system is highly
unexpected for its applications because it also severely
influences the performance of controlled motor.

For the above reasons, to suppress and eliminate the
chaos phenomenon of PMSM system is important to the
PMSM applications and also widely studied in previous
research [3-7]. Up to now, the chaos suppression of PMSM
and its speed/position control are still popular study fields
in control issues. Therefore, the pioneer researchers
proposed many control technologies, such as feedback-
control [5], nonlinear feedback [6], time-delay feedback
control [7] and sliding mode control [8, 9] to achieve the
control goals in earlier works. However, those research
denoted the d — g axis stator inductances as the same value

to simplify the complexity in study fields, also called
smooth-air-gap permanent magnet synchronous motor.
Furthermore, the real d —q axis stator inductances in

PMSM system are limited to production manufacturers and
also infected by environment conditions which will be
unequal and are called non-smooth-air-gap permanent
magnet synchronous motors. Consequently, the chaos
suppression problem is an important issue to realize a real
non-smooth-air-gap PMSM system. One of studies that
discuss the control problems for a real non-smooth-air-gap

Tom tat - Bai bao nay trinh bay k¥ thuat didu khién thich nghi hén
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dwoc phat trién nhdm loai bd nhitng dao ddéng hén loan va dam bao
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tac dong ctia bo diéu khién dwoc phat trién, dao dong hén loan duoc
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PMSM system can be found in [10].

The aim of this paper is to develop sliding mode based
adaptive control (SMAC) of chaos suppression for non-
smooth-air-gap PMSM system with unknown system
parameters. First, the switch surface is proposed to ensure
the stability of controlled PMSM in the sliding mode.
Consequently, based on the switching surface, the adaptive
control is derived to guarantee the occurrence of the sliding
motion. Attached to the adaptive scheme, the limitations of
known system parameters and the prior unknown
disturbance are also released. Moreover, a single controller
with adaptive scheme is proposed for reducing the cost and
complexity for controller implementation. The proposed
method is verified by numerical simulation results, and
illustrates its effectiveness explicitly.

This paper is organized as follows. Section 2 describes
the mathematical model of a non-smooth-air-gap PMSM
and the chaos phenomenon. In Section 3, the SMAC is
designed and proven to guarantee the occurrence of the
sliding motion on the stable switching surface. In Section
4, the numerical simulation confirms the verification and
feasibility of the proposed method. Finally, conclusions are
illustrated in Section 5.

2. System Description and Problem Formulation
2.1. Mathematical model of an non-smooth air gap PMSM

The mathematical formation of PMSM system with
non-smooth air gap can be illustrated as follows [1-3]:

=Ry (t) + Ly, (O)w(t) +u,

id (t) = L
i'q ) = R, (t) + Lyiy ('It_)w(t) +y w(t)u, (1)
Wi(t) = Ny g (8) + 0, (Ly — Lyig (i (8) - pw(t) + T,
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where w(t) , i, (t) and i, (t) aredenoted to the state variables
of angle speed, direct and quadrature (d —q) axis currents
respectively. In reference [11], the state w(t) can be measured
directly while the states, i, (t) and i, (t) , are calculated by the
d —q transformation. u, and u, are the transformed d —q

axis stator voltage components, respectively. J is the polar
moment of inertia, and £ is the viscous friction coefficient.

R, Lyand L, are the stator resistance and stator inductances.
T, is the transformed external load torque. The permanent-

magnet flux and the number of pole pairs are represented as
w, and n_ . Inreferences [1-3], the external inputs of system

(1) are set to zero, i.e. T, = uy; = u, =0, we rewrite the
dynamic states with the Affine transformation and Time-
scaling transformation as follows:
iy (1) = =1, () + 1, (OW(D)
Iy (£) = =1, (1) =T @©W(E) + yW(t) @
W(t) = o (i, (1)~ W(t) ) + &, (O, (1)
where o, y and ¢ are operating parameters of motor so
that >0, y>0 and £>0. W(t), iy(t) and i (t) are

state variables which respectively represent the angle
speed, direct and quadrature (d —q) axis currents in

dimensionless form. After that, the dynamic state in system
(2) will be represented by x:[fd t) i, W(t)]T, and
re-defined in the following dynamic equations.
¥, (t) = =X () + X, () % (1)
Xy (£) = =X, (1) = X, ()% (£) + %, () ®)
% (1) = 0 (%, (1) = %, (1)) + &x, (1) X, (1)
Figure 1 and Figure 2 show the chaos phenomenon of
system (3) in the case: o =5.46; y=20; ¢£=0.6, with
initial states x,(0) =2, x,(0)=5 and x,(0) =3.
2.2. Problem formulation

Consider the PMSM system shown in (3), the control
goal is to suppress the chaotic behavior of system subject
to the external disturbance p(t) e R. Without loss of

generality, the external disturbance is bounded, i.e.
|p(t) <5 €R". We have introduced the single control

input u(t) e R in system (3) as follows:

X (£) = = (1) + X, ()% (1)
%, (1) = =%, (1) = X, ()%, (1) + 7%, (t) (4)
%, (1) = o (%, (1) = %; (1)) + £, ()%, (1) + (1) +u(t)

In this paper, a sliding mode based adaptive controller
(SMACer) is designed for resulting states of PMSM with
disturbance driven to zero so that the chaos phenomenon
can be eliminated. Consequently, there are two major
phases to be completed to achieve the control goal for
PMSM. First, it has to select an appropriate switching

surface for the system (4) so that the motion on the sliding
manifold defined in following section can slide to original
point. In other words, the system states will be suppressed
to zero. Second, it needs to design a SMACer so that the
existence of the sliding manifold can be guaranteed.
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Figure 1. The dynamic states of PMSM system
with non-smooth air gap
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Figure 2. The chaos attractor of PMSM system
with non-smooth air gap
3. Sliding Mode based Adaptive Control Design

In the following steps, the SMAC method will be
illustrated to complete the above major phases. At first, the
switching surface is defined as below:

S(t) = ox, (1) + x4 (t) ®)
where s(t)e R and c >0 are design parameters which

can be determined easily. It is known that when the system
(4) operates in the sliding mode, the equation (5) satisfies
the following equation:

S(t) = cx, (1) +x,(1) =0 (6)

Therefore, by equations (4) and (6), the following
sliding mode dynamic can be obtained as

X t)= —CX, ®

¥ (1) = =% (1) + %, () x5 (1)

X, (1) = =%, (1) = %, ()%, (1) + 7%, (1)

% (1) = o (%, (1) = X3 (1)) + £X, ()%, (1) + p(t) +u(t)

U]
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A Lyapunov function is defined as follows
1

VO = (X O+x0)

The differential equation of (8) can be written directly
as below:
V() = % (0% (1) + X, ()%, ()
==X (1) =% (1) + 7%, ()%, (1)

By applying x,(t) = —cx, (t) , we get the following result

V(t)=—x(t)—(1+cy)x; (t) <0 (10)

From Lyapunov sense, if the design parameter ¢ > 0 is
satisfied, V(t)<0 and the stability of (10) should be

guaranteed asymptotically as !imV(t) =0. Therefore, by

©)

Eqg. (8), x,(t) and x,(t) should converge to zero at t — o
. Moreover, x,(t) also converges to zero by Eq. (6).

Meanwhile, an appropriate switching surface is completely
designed. From the above analysis, we find that the
unknown system parameters and external disturbance will
not affect the stability of the controlled system (7) if
S(t) =cx, (t) + x;(t) =0. In other words, if the controlled
system is in the sliding manifold, the state dynamic
equations are robust and insensitive to the variation of
system parameters and external disturbance. Therefore, to
achieve our control goal, the next step is to design an
SMAC scheme to drive the system trajectories onto the
switching surface s(t) = 0. To ensure the appearance of the

sliding mode, a SMACer is proposed as
U(t) = ¢ (X, (1) + % ()%, (1)) +u, (0);
() [ex, ()]
+3 (0%, O =X )] | . (11)
koo |0
+5(t) +w

Ua (t) = _5

where w>0, £>1, ¢ >0. The adaptive laws are

7(t) =[ex; (O)][s(0), 7(0) =7,
é(t) =[%,®) - %,@)[s()], &(0)=46, W)
) =[x Ox,O)s®), £0)=4
5ty =[s(t)|, 50)=4,

where 7,, 6,, & and 50 are the positive and bounded
initial values of 7(t), &(t), &(t) and S(t), respectively.

Theorem 1. For the controlled system (4), if this
system is controlled by controller (11) with adaptive law
(12), the system trajectories will converge to the sliding
surface so that s(t)=0.

Before proving Theorem 1, the Barbalat’s lemma
should be introduced first as below

Lemma 1. (Barbalat’s lemma [12]) If w:R — R isas
uniformly continuous function for t>0 and if

t
Iimjw(/l)dﬂ exists and is finite, then lim limw(t) =0.
0

X—0

Proof. Let
¢,O)=r-7(t)
¢, (t)=c-o(t)
¢, () =e—-£&(t)
¢,()=5-5(t)
where ¢,(t), ¢,(t), ¢.(t), 4;(t) € R .Itis assumed that

o, € and § are unknown positive constants. Thus the
following expression holds

13)

8, () =—7(t)
()= -5 14
4, (1) =—£(t)
By (t) = -5 (t)

Consider the following Lyapunov function candidate

VO = (SO+£O+FO+FO+£0)
Then taking the derivative of V (t) with respect to time
will get
V(t) = s(t)s(t) + 4, ()4, (t) + 4, ()4, ()
+8,(1)9, (t) + ¢ ()4, (1)
= s(t) (cX, (1) + % (1)) + &, (1), (1)
+6,(0)4, (1) + ¢, (1), (1) + 4, (1),
_ S(t)[ycxa(t)Jra(xz(t)—x3(t)) J
+ex, ()X, (1) + p(t) +u,(t)
+4, ()¢, (1) +4, ()4, (1)
+8,(1)9, (t) + ¢ (1) (1)
< ylexs ()] [s()]+ o |, (1) — X, (1)]|s ()]
+&]% ()%, (1)|[s)]+] )] |s()]
+|u, (][] + 4, 4, ©) + 4, (04, (1)
+8, (1), (t) + ¢ (1), (1)
7(1)|cx, (1)]
+6 ()] %, (£) — X, (1)
X, (£) %, (t)]
+4(t)
—&w(s(t)|
Since £>1, >0, 6>0, >0 and 5>0, we
obtain the following inequality.

(15)

<(e-1) o)

+é

(16)
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7(®)]ex, ()]
+6 (£)]%, (£) = X, (1))
X, (£)%, (t)]
+5(t)
—&w(s(t)|
<—&Ewls(t)|

Integrating the above equation from zero to t, it yields

V(t)<-(£-1) |s(t)]

+&

(17)

V (0) 2V(t)+j.§w|s(r)|dr 2j§W|S(r)|dz' (18)

Taking the limit as t — oo on both sides to eq. (18).

t

|imj§w|s(r)|dr <V(0) < (19)
0

Thus according to Barbalat’s lemma, we obtain

lim &w|s(t)| =0 (20)

Since w> 0, implies s(t) =0 when t — o . Hence the
proof is achieved completely.

4. Numerical simulation

In this section, the numerical simulation results are
presented to demonstrate the effectiveness of the proposed
SMAC method. The simulation program are coded and
executed with the software of MATLAB. The non-smooth-
air-gap PMSM system parameters are organized as
follows: o =5.46; y =20; £=0.6. The initial states of
system (4) are x,(0) =2, x,(0)=5 and x,(0) =3 and the
external disturbance is defined as p(t) = 0.3sin(2t) .

As the SMAC method in mentioned in Section 3, the
proposed design steps are illustrated as follows:

Step 1: According to (5), the design parameter selects
c=1>0 to result in a stable sliding mode. Therefore the
switching surface equation (5) becomes

S(t) = %, () + X, (1) (21)
Step 2: From (11), SMACer is obtained as
U(t) = ¢ (%, (1) + X ()%, (1)) +u, (1);

7()[ex, (©)

+6 (1) %, (1) =X, (0] | . (22)
u(t)=-¢ O O% ) sign(s(t))

+5(t)+w

where w=2>0, £=2>1. And the adaptive laws are

() =|ox ()]s, 7(0)=0.01
{;(t) =%, (t) = %, ()||s(t)], &(0)=0.01 )
£(t) = )% ®)|s®),  £(0)=0.01
5ty =[s(t)], 5(0)=0.01

According to the designed SMAC (14) with the

adaptive laws (15), the simulation results in Figure 3 show
the corresponding s(t) and SMAC controller response.

The system response states are shown in Figure 4. Figure 5
shows the adaptation parameters. From the simulations, the
SMAC response state converges to s(t) =0 and the PMSM

system responses also converge to zero. Thus the proposed
SMAC works effectively and the non-smooth-air-gap
PMSM system with initial states factually suppresses the
chaos phenomenon when the system’s parameters and
external disturbance are fully unknown.
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Figure 3. Time responses of s(t) and u(t)
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5. Conclusions

In this paper, an adaptive control scheme is proposed

for non-smooth-air-gap PMSM system with unknown
parameters and external disturbance. A robust adaptive
sliding mode controller has been proposed to eliminate the

chaos

phenomenon of PMSM system. Numerical

simulations are illustrated, and verify the validity of the
proposed method.
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