Chin. Phys. B Vol. 24, No. 11 (2015) 110504

Full-order sliding mode control of uncertain chaos in a permanent
magnet synchronous motor based on a fuzzy extended state observer*
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A full-order sliding mode control based on a fuzzy extended state observer is proposed to control the uncertain chaos
in the permanent magnet synchronous motor. Through a simple coordinate transformation, the chaotic PMSM model is
transformed into the Brunovsky canonical form, which is more suitable for the controller design. Based on the fuzzy control
theory, a fuzzy extended state observer is developed to estimate the unknown states and uncertainties, and the restriction
that all the system states should be completely measurable is avoided. Thereafter, a full-order sliding mode controller is
designed to ensure the convergence of all system states without any chattering problem. Comparative simulations show the
effectiveness and superior performance of the proposed control method.
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1. Introduction

Due to higher efficiency, larger power density, and lower
manufacturing cost, permanent magnet synchronous motors
(PMSMs) have been widely used in industrial applications.
As described in Refs. [1] and [2], the PMSM systems with
smooth air gap (Ly = Lq) and non-smooth air gap (Lg # Lq)
behave in chaotic manners when system parameters fall into a
certain area, respectively. Since the chaotic behavior may de-
stroy the stability of the motor system, how to control and sup-
press chaos in the PMSM system becomes an important task
and many approaches have been proposed in Refs. [3]-[7].

Sliding mode control (SMC) is a kind of robust control
technique, and widely used for systems with uncertainties and
bounded disturbances. As we know, the existence of a switch-
ing function in the controller design will lead to an unavoid-
able chattering phenomenon in the conventional SMC scheme.
Therefore, many efforts have been made for attenuating the
chattering problem, and desirable reduced-order dynamics of
the system can be obtained by choosing appropriate sliding-
mode surfaces. 8111 Recently, a full-order sliding mode con-
trol scheme was presented in Ref. [12] to make the control sig-
nal smooth, and thus the chattering problem is reduced much
in the system response. Unfortunately, all the states in the sys-
tem should be completely known in advance, which may block
its applications in the PMSM control system as some system
states are unmeasurable.

With the advantages in the nonlinear control system,
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the observer-based control has been widely used in indus-
trial applications. Compared with most existing observers,
the extended state observer (ESO) is able to estimate the sys-
tem states and model uncertainties simultaneously by viewing
them as an extended state. As a model-free control approach,
the ESO-based control scheme has been applied to a wide va-
riety of plants.!!3-1®] However, the coefficients of ESO usually
need to be determined in advance. Recently, fuzzy logic con-
trol (FLC) is regarded as one of the most commonly used tools
in functional approximation and parameter optimization.!!”! In
the FLC, a set of linguistic control rules about the concepts of
fuzzy implication are given first, and then fuzzy variables are
adjusted according to expert knowledge and error. It can pro-
vide an effective way for setting and optimizing parameters,
which is an important application in practical control engineer-
ing. Therefore, the use of fuzzy-based optimization to tune the
coefficients of the ESO has the potential ability to improve the
control performance.

Motivated by previous work, a full-order sliding
mode control based on the fuzzy extended state observer
(FSMC+FESO) is proposed in this paper to control chaos in
the permanent magnet synchronous motor (PMSM). An FESO
is designed to estimate the unknown states and uncertainties
of the chaotic PMSM with ESO coefficients being tuned via
fuzzy logic rules, and thus the restriction that all the system
states should be completely measurable is avoided. Then, a
full-order sliding-mode controller based on the FESO is pro-
posed to control all the chaotic states to zero rapidly and
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smoothly.

The rest of the paper is organized as follows. Section 2
briefly describes the chaotic permanent magnet synchronous
motor system with some transformations. The fuzzy extended
state observer and the full-order sliding mode controller de-
sign as well as corresponding stability analysis are given in
Sections 3 and 4, respectively. Comparative simulations are
given in Section 5 and the conclusion is provided in Section 6.

2. System description

The chaotic PMSM system with smooth air gap described
in Ref. [1] is given by

did 4 +d)~ +i

— =i iq + g,

d~t d q d

ol S P SRV (1)
FT dt+Y Ug,

d® - .

— =0(ig—®) —T;

dr (lq ) L,

where g, fq, and @ are state variables, which denote the
direct-axis current, quadrature-axis current, and angle speed,
respectively; ilq, ilq, and 7. are the direct-axis stator volt-
age, quadrature-axis stator voltage, and external load torque,
respectively; ¢ and Y are positive but unknown parameters.
As shown in Fig. 1, the system (1) will behave as a chaotic
attractor when the initial states and parameters are set as
(iq(0), fq(O), ®(0)) = (20,0.01,-5), iig = itg = T =0, y="20,
and o = 5.46.

Fig. 1. Chaos attractor.

Letx; = @, x» = Ig, and x3 = Ig, then the controlled sys-
tem (1) can be rewritten as

x| = 76()(2 7x1),
Xp = —xp —x1x3 + Yx; +u, ()
X3 = —x3+x1X2,

where x;(i = 1,2,3) are state variables, x, and x3 are unmea-
surable; u denotes a control signal; and iy = iiq = L=0.

For the convenience of the controller design, the PMSM
system (2) is divided into the following two subsystems:

X = —0'()62 —xl),
Xy = —xp —x1x3 + ¥x1 +u,

3)
and
X3 = —x3 +x1x2. @

It should be noted that the second subsystem (4) can be
regarded as an interior dynamic equation of the system (2),
which means when x; and x, converge to zero, the subsys-
tem (4) becomes x3 = —x3, which will lead x3 to zero asymp-
totically. Thus, the control objective is to design the controller
u in the subsystem (3) such that the states x; and x, can both
converge to zero stably.

Define y; = x; and y; = 6(xy — x1), then the system (3)
can be transformed into the following Brunovsky canonical
form:

N ©
where a(x) and b are unknown function and constant satisfying
a(x) = o[—xy — x1x3+ yx; — o(x2 — x1)] and b = o, respec-
tively.

Define b = by + Ab, where by is the best available esti-
mate of b, and Ab is its associated uncertainties. Again, define
the uncertainty as agp = a(x) + Abu, which is employed as an
extended state y3. Then, the system (5) is rewritten as

yi=y2,
Y2 =y3 +bou, (6)
y3=h,

where 5 is the unknown changing rate of the uncertainty ay,
i.e., h = ay.

3. Fuzzy extended state observer
3.1. Nonlinear extended state observer

Let z;(i = 1,2,3) be the observing values of the states y;
in system (6), and define the observer errors as e,; = y; — z;.
Then, the nonlinear extended state observer (NESO) can be
expressed as

21 =22 — Pieot,
2 =z3—Pafal(eor, 0, 8)+bou, @)
23 =—Psfal(eo1,,0),

where f; are the observer gains, while fal(-) is a nonlinear
function in the form

eol
81(10‘1' ) leor| < 6, ®)
leot |sign(eot), [eo1] > 8,

fal(eor,04,8) =

where 6 >0and 0 < ¢; < 1.
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As pointed out in Refs. [13] and [14], the estimated state
variables z; are able to converge to the respective states y;, i.e.,
Z; — ¥i, by choosing suitable coefficients 3;, which can be de-
termined in the following subsection. In other words, the ob-
server errors can converge to satisfy |eq;| = |y; — z;| < d;, with
d; being a small positive constant.

3.2. Coefficients determination via fuzzy logic rules

Consider Eq. (7), and we can see that the coefficients
Bi(i = 1,2,3) should be tuned carefully to achieve a good ob-
servation performance. In this subsection, the fuzzy logic rules
operating on the error variables e, and e are utilized to de-
termine the coefficients f3;, which can be optimally tuned on-
line according to the fuzzy inputs and the fuzzy logic rules.

The fuzzy input variables are chosen as eo1, €01, AB;, and
five linguistic rules (their membership functions) are repre-
sented by negative big (NB), negative small (NS), zero, posi-
tive small (PS), and positive big (PB), respectively. The fuzzy
rules of AB; are given in Table 1. Choose a Gaussian func-
tion as the membership function of the input e,; and ey, and
a triangle function as the membership function of the output
AB;i(i = 1,2,3). In this paper, the basic universe of e, and ey
are [—3,43] and [—30,+30], respectively. The basic universe
of AB; are [—0.3,+0.3], [-0.1,4-0.1], and [-0.01,+0.01], re-
spectively. The fuzzy inference is Mamdani type and the
weighted average method is used for the defuzzification.

Table 1. Fuzzy rules of AB; (i =1,2,3).

€02

Col NB NS 70 PS PB

NB NB/PB/PS NS/PS/NS NS/PS/NB NS/PS/NB  ZO/ZO/PS
NS NB/PS/PS NS/PS/NS NS/PS/NB ZO/ZO/NS PS/NS/ZO
ZO NS/PS/ZO NS/PS/NS ZO/ZO/NS PS/NS/NS PS/NS/ZO
PS NS/PS/PB ZO/ZO/ZO PSINS/ZO PS/INS/ZO PB/NS/PB
PB ZO/ZO/PB PS/NS/PS PS/NS/PS PS/NS/PS PB/NB/PB

According to the membership table, and after fuzzy in-
ference and defuzzification, the coefficients 5; can be rectified

as
Bi = B{ +ApB1,
B2 =By +ABs, )
Bs = B3 +AB3,

where 3] are the initial value of the nonlinear state feedback.

4. Controller design and stability analysis
4.1. Full-order sliding mode control

In this section, a full-order sliding mode controller u
based on the fuzzy extended state observer (FSMC+FESO) is
designed to suppress the chaotic states x1 and x, of the subsys-
tem (3).

First of all, a full-order sliding manifold is defined as
s1 =1+ Ay + Ay, (10)

where 11,4, > 0.
From Eq. (6), equation (10) can be rewritten as

51 =y3+bou+Ay2 + Ary1. (11)

Then, the controller based on the FESO is designed as

u= b—lo(uo—kul), (12)
uy = —23 — Az — Mz, (13)
iy +Tuy = uy, (14)
up = —kpsign(sy), (15)

where T > 0, ky = kg + k1 +n with ), kq, kT > 0 being control
parameters.

Remark 1 The control signal (14) is equivalent to a low-
pass filter, where u; and u; are the output and input of the fil-
ter, respectively. From Eqgs. (12)—(15), we can see that through
the low-pass filter (14), u; becomes a smooth signal, and the
switching term sign(s; ) is not included in the practical control
signal u. Therefore, the developed controller is chattering free.

Substituting Eqs. (12)-(15) into Eq. (11), we can obtain

st =u+(v3—z)+A0n—22)+A0—2z1)
= Ui +d(va)7 (]6)
where d(y,z) = (y3 — z3) + L2 (y2 — 22) + A1 (y1 — 21) satisfies
d(y,z) <lgwith Iy =1} + L1 + A1 1.
Differentiate Eq. (17) and we have
$1 = i +d(y,2)
= d(y,z) +ur—Tuy. (17)

4.2. Stability analysis

In the following, some lemmas and theorems are given to
show the stability of the controlled system (6).

Lemma 1!'81  Assume that there exists the continuous
positive definite function V() satisfying the following in-

equality:
V(t) < —ayV®2(t), Yt > 1y, V(tg) >0, (18)

where o; > 0 and 0 < o < 1 are constants. Then, for any
given 1o, there exists a finite time #;, and V (¢) satisfies the fol-
lowing inequality:

VT2 () < VT2 (1) — i (1— o) (t —10), to <t <ts,(19)

and
V() =0, Vi >, (20)
with g given by
VI (1)
ts=th+ ———. 21
S 0+ a (1 — (Xz) ( )
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Theorem 1 Consider the chaotic PMSM system (6), the
sliding manifold (10), and control laws (12)-(15). The slid-
ing manifold s; can converge to zero within a finite time as
the control parameters kg and kr satisfy kq > |d(y,z)| and
kt > Ty, respectively.

Proof Consider the following Lyapunov function

1
V:Eﬁ. (22)

Differentiating Eq. (22) along with Egs. (12)—(15), we
have
V = 518
s1]d(v,z) +up — Tuy
= d(y,2)s1 — kals1| + (=Tursy —kr|s1]) = nsi|
= d(y,2)s1 —kals1| + (= Tuisi +Td(y, 2)s)

— kr|s1]) —nls1]
< d(y,z)sl —kd|S1| + (—Tuls% +Tlgs, —kﬂsl D
= nNls1]. (23)

From Eq. (22), we can see that choosing the control pa-
rameters kq and kr to satisfy kq > |d(y,z)| and kr > Tly, we
can obtain

V< -nlsi| <0. (24)
Then, we have V < —n,V'/2 with 0, = n2!/2
Lemma 1, it can be concluded that the sliding manifold s; can

. According to

converge to zero within a finite time #; given by
y1/2 ( 1 0)

Mn/2
Theorem 2 Under the same conditions in Theorem 1,

ts=1y+ (25)

the system states x, x2, and x3 can asymptotically converge to
ZEero.

Proof When achieving the sliding surface s; = 0, the
states of system (6) will remain on it and the system has the
invariant properties. On the sliding surface s; = 0, we have

y1+ (22— A0)y1 + Aoy1 +Aiy1 =0, (26)

with 0 < Ay < A, satisfying (A — Ao) Ao = A1.
Define y = Agy1 + y1, and equation (26) can be rewritten
as

oy +x=0. Q7

Then, it can be directly concluded that ) can converge to
zero as time goes to infinity, and thus we have y; — 0 ast — oco.
From Egs. (3) and (4), we can obtain x1,x; — 0 and X3 = —x3.
As a result, the system states xj, xp, and x3 can converge to
zero asymptotically.

Remark 2 Actually, when s converges to zero, it is fol-
lowed by Eqs. (14) and (15) that the controllers u; and up
can converge to zero gradually. According to Eq. (16), we
can easily conclude that d(y,z) will converge to zero, i.e.,
eo3 + Areqy + Arey will converge to zero eventually.

5. Simulation results

In order to show the superior control performance of
the proposed scheme, the conventional reduced-order slid-
ing mode control based on fuzzy extended state observer
(RSMC+ESO) in Ref. [7] is performed for comparison. Dur-
ing the following simulations, we consider three different con-
trol schemes: (Cl) reduced-order sliding mode control with
extended state observer (RSMC+ESQO); (C2) full-order slid-
ing mode control with extended state observer (FSMC+ESO);
(C3) proposed full-order sliding mode control with fuzzy ex-
tended state observer (FSMC+FESO). The sliding manifold
and controller of C1 scheme are, respectively, designed as

52 =y1+ My, (28)

and

_
=&

u

(—z3 — X122 — kysign(s)). (29)

For fair comparison, the same initial states and parame-
ters are set, i.e., (x1(0),x2(0),x3(0)) = (=5, 0.01, 20), 4, =
10, A2 = 100, bop = 5, oy = 0.5, ap = 0.25, o3 = 0.125,
6 = 0.01, and k; = k» = 100. In the C1 and C2 schemes,
the coefficients of 1, B, and B3 are set as B; = 30, B, = 300,
B3 = 1000, respectively; while they are tuned according to the
fuzzy logic rules (9) in the C3 scheme.

Comparative results are shown in Figs. 2-7. The con-
trol performance, observation errors, and control signals of the
C1 scheme (RSMC+ESO) and C2 scheme (FSMC+ESO) are
depicted in Figs. 2—4, respectively. From Fig. 2, we can see
that compared with the C1 scheme, the C2 scheme has com-
paratively better control performance with respect to smaller
steady-state errors and faster stabilization speed. As shown
in Figs. 3 and 4, the C2 scheme has much smaller observa-
tion errors than the C1 scheme, and the control signal of the
C2 scheme is smoother with much improved chattering phe-
nomenon. Figures 5-7 provide the comparison performance
of the C2 scheme (FSMC+ESO) and the proposed C3 scheme
(FSMC+FESO). It can be seen that under the effect of fuzzy
logic rules, the coefficients of the ESO are optimized and thus
the C3 scheme can have a better control performance than the
C2 scheme with respect to smaller steady-state errors and ob-
servation errors, and much smoother control signal without
any chattering problem. The corresponding comparison re-

sults can be clearly found in Figs. 5-7, respectively.
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From the discussion and the figures above, we can eas-
ily conclude that the proposed FSMC+FESO scheme can ef-
fectively optimize the ESO coefficients and has a better con-
trol performance than the other two schemes with respect
to smaller steady-state errors, smaller observer errors, and
smoother control signals without chattering phenomenon.

6. Conclusion

In this paper, a full-order sliding mode control based on
the fuzzy extended state observer is proposed for suppress-
ing the chaos in the permanent magnet synchronous motor
(PMSM) system. The unknown system states and uncertain-
ties are estimated by employing a nonlinear extended state ob-
server, in which the coefficients are tuned by fuzzy logic rules.
Then, a full-order sliding mode controller based on the fuzzy
extended state observer (FSMC+FESO) is designed without
any chattering problem in control signals. Comparative sim-
ulations show the effectiveness and superior control perfor-
mance of the proposed control method.
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