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The permanent magnet synchronous motors (PMSMs) may have chaotic behaviours for the uncertain values of

parameters or under certain working conditions, which threatens the secure and stable operation of motor-driven.

It is important to study methods of controlling or suppressing chaos in PMSMs.

In this paper, robust stabilities

of PMSM with parameter uncertainties are investigated. After the uncertain matrices which represent the variable

system parameters are formulated through matrix analysis, a novel asymptotical stability criterion is established. Some

illustrated examples are also given to show the effectiveness of the obtained results.
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1. Introduction

Permanent magnet synchronous motors
(PMSMs) are of great interest, particularly for in-
dustrial applications in the low-medium power range,
since it has superior features such as compact size,
high torque/weight ratio, high torque/inertia ratio
and absence of rotor losses.[!] Moreover, in comparison
with induction motors, PMSMs have the advantages
of higher efficiency, due to the absence of rotor losses
and lower no-load current below the rated speed.[?!
The control technique analysis and systematic de-
sign for PMSMs are among the most important issues
because the performance of the PMSM is very sensi-
tive to external load disturbances and parameter vari-
ations in the plant. Thus, a considerable amount of
control techniques have been developed to overcome

(1-13] and the related chaotic control

these problems,
methods are widely studied.['4=21] For examples, Baik
and Kim proposed two robust nonlinear speed control
schemes for a PMSM which guarantee the robustness
of the PMSM with parameter variations and speed
measurement error using boundary layer integral slid-
ing mode control technique in Ref.[3] and using adap-

tive and sliding mode control techniques in Ref.[4].

permanent magnet synchronous motors, impulsive control, parameters uncertainties,

Ahmad M Harb and Ashraf A Zaher®) used the bi-
furcation analysis for PMSM and introduced a non-
linear robust model-reference controller which shows
how to stabilize the system, while having a satisfac-
tory performance. Wei et all% deduced a law of con-
trolling chaos in PMSMs by using the exact lineariza-
tion theory of differential geometry. Karunadasa and
Renfrew!”) presented a sliding mode position control
system, with an allowance for the non-infinite sam-
pling rates and supply source limitation encountered
in practice, and the effects of these on system perfor-
mance have been fully investigated. A sliding-mode
controller with integral-operation switching surface
which is theoretically robust with regard to plant un-
certainties was designed in Ref.[8]. Wail®) successfully
demonstrated the application of the total sliding-mode
and recurrent-fuzzy-neural-network sliding-mode con-
trol systems to control the rotor position of a field-
oriented PM synchronous servo motor drive. Recently,
the H., control strategy has also been widely cele-
brated for its robustness in counteracting uncertainty
perturbations and external disturbances.[21911 Lee et
al!? presented a robust PMSM drive system equipped
with an adaptive H,, controller under the influence
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of uncertainties and external disturbances. By using
feed-forward compensation, the robust performance
control problem is formulated as a nonlinear H, prob-
lem and solved by a quadratic storage function. At-
taianese et all'% applied Ho control theory to design
a state feedback static controller of a separately ex-
cited direct current motor in order to achieve position
control. The problem of finding an optimal H., con-
troller was considered. Hsien et all*!l presented a Hoo
design method for a robust speed controller in a sen-
sorless PMSM drive. The main point of the H,, con-
trol is to synthesize a feedback law that renders the
closed-loop system to satisfy a prescribed H,.-norm
constraint which represents desired stability or track-
ing requirements.

The control schemes for the PMSMs described
above have been widely used in industry. However,
the values of parameters of the PMSM model are not
constant, but span some interval. The main reason is
that the permanent magnetic-flux will vary with the
temperature rise of permanent-magnet material and
rotary inertia will vary with the attrition of the device,
or modelling errors, measurement inaccuracy, and so
on. So the control strategy of PMSMs with parame-
ters variation is quite valuable. Impulsive control has
the advantages of higher reliability and stronger anti-
jamming ability. If apply analogous voltage to con-
trol motor, the control voltage will raise to the limit
rapidly when the blunder of wiring topology or some
element breakage happens. But this incident will not
happen if we apply impulse to control motor as control
signal. So the impulsive control of PMSMs with pa-
rameters variation will be discussed in this paper. To
the best of our knowledge, no reports about the stabil-
ity results for PMSMs with parameters variation and
few for uncertain impulsive dynamical systems have
been presented in the open literatures.

The organization of the paper is as follows. In the
next section, the problems investigated in this paper
are formulated, and some preliminaries are presented.
In Sections 3, the asymptotic stability criteria for the
equilibrium points of PMSMs with parameters vari-
ation are derived. Several numerical examples and
simulations including comparison analysis of conser-

vatism are presented in Section 4. Finally, some con-

clusions are drawn in Section 5.

2. Problem formulation and pre-
liminaries

The machine model of a PMSM can be described

in the rotor rotating reference frame as follows:

ds . .

dij = (—Rlld + qulq) /Ld7

dig . .

i (—Riiq — wLlgiq — wipy) /Ly,

dw . ..

T [nptrig + np(La — Lg)iaiq — 11, — Bw] /J, (1)

where ¢4 and i, are d, ¢ axis stator current, Ly and
L, are d, g axis stator inductance, R; is stator resis-
tance, w is rotor speed, T1, is the external load torque,
¥y is the maximum flux induced by the rotor magnet,
np is number of pole-pairs, [ represents the damping
coefficient, and .J is the moment of inertia of the rotor.

Applying the affine transformation and time scale
transformation to system (1) with z = A&, t = 7,

- L
where @ = [ia ig w]", & = [ia 4 &%, b = 7%,
d
__B _ L
= T= 75,
NpTYr Ry
A 00 bk 0 0
A=lox0l=|0k o0 |,
0 0 A 001/7

we can describe the dimensionless mathematical
model of PMSM as follows:

%_ o _|_~~'

=t twig,

by _ 5 g + @

dt - q d W,

d . - .

& iy — @) + eiaiy — To, 2)

dt

N br2k2(Ly — L

Wherefy:;q,crﬂ;,ein Sd q),
~ 2
T = T 1.

Considering the PMSM with smooth air gap, then
npbr?k?(Lg — Lg)
7 =0.

we have Ly =L, =L,soe =
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Let © = [21 2o x3]T = [ig 14 @]T, so the chaotic
mathematical model of smooth air gap PMSM with
parameters variation and impulsive effects can be ex-

pressed by
1 = —x1 + T3T2,
j:2 = —I3T1 —$2+’Y$‘3, t#TkJak: 1727"' )

Cf,’g = J(LCQ — .’Eg),

Az, éx(ﬁj) ~2(r,) =Bz, k=12, (3)

where v € N [r1,r2], 0 € N [l1,l2] due to parameters
variation.

Obviously, z = [y — 1,\/y—1, V/vy—1], z =
[vy—1,—v/v —1,—v/v =1}, z = [0,0,0] are the equilib-
rium points of system (3). We will discuss the stability
of the origin of the system (3).

Let R™ denote the n-dimensional Euclidean space.
Let Ry = [0,400), N ={1,2,---}. The following sets
will be used in the sequel:

Sp={z € R": |lz] < p}.
Definition 2.1. For (¢,z) € (7k—1, 7] X R", we
define

1
DtV(t,z) = hli%1+ sup E[V(t + h,x+ hf(t,x))

- V(t,z)]. (4)

Definition 2.2. The uncertain impulsive system
is called asymptotically stable, if the trivial solution
of the system is asymptotically stable.

3. The impulsive stability of the
PMSM with parameters varia-
tion

T

Let &(z) = [x3x2 —zq1z5 0| , under the initial

condition = (tar) = 29 > 0, the system (3) becomes

&= Ax + (), t#1,k=1,2,---,
Ax\t:m = Bu, k=1,2---,
z (1) = o >0, (5)
-1 0 0
where A=| 0 —1 v
0 o —0

The matrix A is uncertain matrix due to v €
N [r1,72) and o € N [I1,15].

In order to obtain stability result for system (3),
we shall establish some lemmas first.

Lemma 3.1.115 Let X € R"™" be a n X n pos-
itive definite matrix and Y € R™*"™ a symmetric ma-
trix. Then for any z € R", t € R4, the following
inequality holds:

Y2 < Apax (X71Y) 2" X, (6)

where Apax () is the maximal eigenvalue function.

10 0 10 0
Lemma 3.2. Let A= | 0 —1 ~ |, wherey € N[ri,ro], 0 € N[l1,l5], andlet P= | 0 -1 r; |,
0 o —0o 0 I —lIy
-1 0 O
Q=1| 0 —1 ry |, then A can be written as:
0 I -4
A=Ag+ EXF, (7)
where
1 1
AO:§(P+Q)aH:(hij)3x3:§(Q_P)7

Yexr={xre RY%9 . 3 = diag(e11,€12, - ,€13, "+ , €31, ,€33),
E = (Vhiier, vV hizer, vV hizer, -,/ haies, -+, \/hazes) € R**?
Vhiter, vV hisea, v hizes, -+ haier, -,/ hazes)" € RO,

= (
€1 = (1,070)T762 = (0, 170)T763 = (0,07 1)T

|5'Lj| S 13532 = €33, 7’7.7 = 17273}7

!
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Remarks. Clearly, for any X € X* we obtain
(1) 2T = 215 < I( 3x3 identity matrix);

3 3 3
(2) EET = dlag { Z hlja . th, Z hgj} s

j=1 j=1 j=1

3 3

3
FTF =diag {Z hit, » hiz, Y hi3} ;o (8)
=1 1=1 i=1

(3) by Lemma 3.2, the system (3) can be rewritten
as
&= Apx + EXFzx + @(I), t#7m,k=1,2,--,
Az|,_, =Bz, k=12,
z (1) = w0 >0, 9)
where Ag, E, X, F' are defined as in Lemma 3.2.
Lemma 3.3.'% If ¥ € ¥* then for any posi-

tive scalar A > 0 and for any £ € R™, the following
inequality holds:

T 1 T T
267D n < €T+ M, (10)

especially, the inequality holds for A = 1.

Lemma 3.4.['%1 Given any real matrices X, %,
X3 of appropriate dimensions and a scalar € > 0 such
that 0 < X3 = X, then, the following inequality
holds:

SIS+ I35 <X B m +e7 By 8 5, (11)

especially, the inequality holds for e = 1,X3; = Fy(
identity matrix).
Theorem 3.1. Assume that 0, and A(«) are

1
the maximum eigenvalue of 5([ + By)Y(I + By) and
1
3 (AEJF + Ao+ FTF + EET) respectively, and 0 <

€ =Tk — Th—1 < 0o(k =1,2,---) are impulsive spac-
ing. If there exists a constant § > 1 satisfying

ln(aﬂk) + /\(a)gk <0, k= 1,2, (12)

then the system (3) is robust and asymptotically sta-
ble.

Proof. Let Lyapunov function V(z) = %ITI.
When t = 7(k=1,2,---), by Lemma 2.1, we obtain

Vit 2) =5 (o) + Bua(m)” (e(m) + Bya(m) = 5o(n) (1 + B (I + Bi)a(n)

§>\max (;(I + Bk)T(I + Bk)> I'T(Tk).’t(’rk) = ﬂkV(Tk,x) (13)

When ¢ # 73, note that &(z) = [z3z2

—zzg 0], so @T(z)z + 2T ®(z) = 0. By the assumption and

Lemmas 3.1, 3.2, 3.3 and 3.4, for all (¢,z) € (7x—1, 7] X R™ (k=1,2,---), we obtain

DYV (t,x) =

1
z’ [A§+A0]a:+§
1

IN
[N T O O O I O

2

2" [A§ + Ao+ F'F+ EET )z

vt [Ag + Ag] x4 % { (Fz)"(Fz) + (E"2)T(E"2)) + %
1

(Tz+2"d) = % (Apz + EXFz + &(z))" x + %xT (Apz + EXFzx + &(x))
1
(zTAS + 2" FTXTET + 0T (2)) 2 + ixT (Agx + EXFx + &(x))

[aTFT Y ET 2 + 2T EX Fa]

(ETz)"(ET2) + (Fz)" (Fz))

a7 [AT + Ao] = + 3 [(F2)T(Fz) + (ET2)T(ET2)]

<Amax (; (AJ + Ao+ FTF + EET)> 2t = \Na)V(t,z). (14)

Let k =1, for all ¢t € (9, 71], by (14), we have
V(t,x) < V(r0,x)exp (A(a)(t — 70)) -
Then

Vi, z) < Vi, z)exp (AMa)(m1 — 70)) - (15)

By Eq.(13), we have
V(r,2) < BiV(m,x) < BV (10, 2)exp (M) (r1 — 7o) -
For all ¢ € (71, 72], we have
V(t,x) <V (r,z)exp (M)t — 1))
<B1V (70, z)exp (A(a)(t — 70)) -
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Similarly, for all k£ and ¢t € (7%, 7x+1], we have 20
V(t,z) < By B2V (70, )exp (Aa)(t — 7)) o

&
0
From Eq.(12), we have
-10
Brexp(Aeg) < k=1,2,--- 30

SN

Hence, for all t € (74, Th41] (E =1,2,---), we have

V<t7 LIT) Sﬁk co ﬁgﬁlV(T@, l’)eXp (A(a)@ — 7'0))
=V (70, 2) [Brexp (AM(@)eg)] - - - [Brexp (AMa)e1)]
x exp (Aa)(t — 7))
SV(TO,x)éikexp M)t —72)) . (16)
So, if t — oo, then k — oo and V (¢, z) — 0. It follows
that the conclusion holds.

Corollary 3.1. Assume that ¢; = (¢ for all

1
. ‘ < min (-1 ). :
teN. If( < min ( Na) In (60 )) the system (3) is

robust and asymptotically stable, where A(a), 6 and
Bi(i=1,2,---) are defined as in Theorem 3.1.

Corollary 3.2. Based on the conditions of corol-
lary 3.1 and the applying the uniform impulsive con-

trol, i.e. for all k, B, = B, if { < — L (v8), the
AMa)

system (3) is robust and asymptotically stable, where
ﬂ = )\max (Fﬁl(I + B)TF(I+ B))

Remark.

When the system parameters are
constant, we can obtain the following results. As-
sume (; and A(«) are the maximum eigenvalue of
(I + B;)"(I + B;) and [A+ AT respectively, and
0<e =m—Ti-1 <oo (i =1,2,--+) are impulsive
spacing. If there exists a constant § > 1 satisfying
In(68;) + Ma)e; <0, (i =1,2,--+), then the system

(3) is robust and asymptotically stable.

4. Examples

Example 1. Impulsive control of PMSMs with
fixed parameters values.

When system operating parameters are taken the
fixed values: o= 5.45, y= 20, the PMSM displays
chaos. The typical chaotic attractor is shown in Fig.1.

Let B = diag([-0.55, —0.75, —0.65]) and
2o = [0.01 0.01 0.01]F. The phase diagram of PMSM
with impulsive effects is shown Fig.2.

0
r2  —-10 0
20 0 1

Fig.1. Typical chaotic attractor in PMSM with system
fixed parameters: o= 5.45, y=20.
0.015
0.010

0.005

Fig.2. The phase diagram of PMSM with impulsive
control.

Impulsive control of PMSMs with
parameters uncertainties.

In the system (11), we let o = 5.45 £ 0.2, v =
20£1. During our experiment, we set ¢ in the interval
[5.25 5.65 ] and set v in the interval [ 19 21 ] randomly.
The PMSM will display chaos without impulsive con-

Example 2.

trol. The chaotic attractor is shown in Fig.3.

x3

-20 0 1

Fig.3. The chaotic attractor in PMSM with system pa-
rameters variation.

Set Bj = diag([—0.55,—0.75,—0.65]) for all k €

N and zo = [0.01 0.01 0.01]T. Assume that the im-
€r = (. Let I' be an
We can easily obtain
By the Remark, if

pulsive spacing is equal, i.e.
identity matrix and § = 2.
g = 0.1012, A(«) = 14.0020.
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¢ < —ﬁ In (08) = 0.1141. Figures 4-8 illustrate the
impulsive control phase diagram of PMSM with sys-
tem parameters variation for different impulsive spac-

ing (.
0.015

0.010

x3

0.005

0
0.015

Fig.4. The phase diagram of PMSM with system param-
eters variation (¢=0.01).

0.015
0.010
[ael
5]
0.005
0
0.04
0.0 0.008
0.004
2 00 .

Fig.5. The phase diagram of PMSM with system param-
eters variation (¢=0.1).

Fig.6. The phase diagram of PMSM with system param-
eters variation (¢=0.2).

z3

2 00 1

Fig.7. The phase diagram of PMSM with system param-
eters variation ((=0.5)

10

-10

20

€9 20
-20 70 1

Fig.8. The phase diagram of PMSM with system param-
eters variation ((=0.8)

In summary, according to the above simulation
experiments, we think that the proposed impulsive
control for PMSM with system parameters variation
and the corresponding results can provide the good
effectiveness with PMSM control.

5. Conclusions

In this paper, we have investigated impulsive con-
trol of PMSMs. The parameters variation in the sys-
tem is considered. The variable system parameters are
The sufficient
conditions of the robust asymptotic stability are es-

formulated through matrix analysis.

tablished by employing the method of Lyapunov func-
tions, so as to apply more flexibly. The effectiveness
of our methods has been shown by computer simula-
tion. The illustrated example shows that the system
is robust and asymptotic stable under the conditions
of Theorem 3.1.
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