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Abstract An adaptive dynamic surface control algo-
rithm that incorporates adaptive control and fuzzy logic
system into the implementation of dynamic surface
control for regulating problem of MEMS triaxial gyro-
scope subject to external disturbance, uncertainty and
input uncertainty is developed in this work. To relax the
requirement of exact model and obtain fully adaptive
property, a fuzzy logic system is introduced to approx-
imate the uncertainty. With adaptive control structure,
the proposed controller can obtain the properties of fast
dynamic response and high tracking-accuracy, even the
existence of disturbance, uncertainty and control input
nonlinearity. All parameters adjustment rules for the
proposed control scheme are derived from Lyapunov
theory such that the trajectory of tracking-error con-
verges to the small neighborhood of equilibrium point.
Finally, the simulation results demonstrate the effec-
tiveness of the proposed control scheme.

Keywords Dynamic surface control - Adaptive

control - Fuzzy logic system - MEMS triaxial
gyroscope

1 Introduction

In recent years, triaxial gyroscope based on micro elec-
tro mechanical systems (MEMS) technology has been
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receiving increasing attention in automotive naviga-
tion, the attitude measuring of satellite and control
stabilization due to its compact size, cheapness and
much more energy efficient devices than conventional
macro-sized devices [1-5]. However, in practical appli-
cations, the performance of the MEMS gyroscope can
be affected or degraded by electromagnetic interfer-
ence, time-varying parameters and mechanical cou-
pling terms between the axes. And input-signal (cur-
rent/voltage) of gyroscope systems is frequently sub-
ject to nonlinearity as a result of physical limitations.
It has been shown that input nonlinearity, including
saturation and dead-zone, can cause a serious degra-
dation of the system performance, a reduced rate of
response, system failure if the design of controller does
not consider input nonlinearity in practical applica-
tions. Therefore, the MEMS gyroscope system should
be capable and reliable enough to withstand such unde-
sirable conditions and operate in an acceptable manner
evenin the presence of disturbances, time-varying para-
meters, and input nonlinearity.

Recently, various control strategies have been pro-
posed. In [6], a novel single-mass adaptively controlled
triaxial angular rate sensor has been presented. In [7], a
new adaptive force-balancing control with a trajectory-
switching algorithm is proposed to drive both axes of
vibration and controls the entire operation of the gyro-
scope. Fei and Zhou [8] present a robust adaptive con-
trol strategy with a fuzzy compensator for the track-
ing control of MEMS triaxial gyroscope. Antonello
et al. [9] introduced extremum-seeking control to
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automatically match the vibration mode in MEMS
vibrating gyroscopes. A new control method is pre-
sented [10] to drive the drive axis of a MEMS gyro-
scope to resonance and to regulate the output amplitude
of the axis to a fixed level. These results provide a basic
tool for stabilization of MEMS triaxial gyroscope. In
[11], adynamical model of MEMS vibratory gyroscope
with unknown dead-zone is analyzed, and an adaptive
fuzzy control of dead-zone compensation strategy is
proposed. Different form the referenced literature [11],
in this paper, the input nonlinearity includes both input
saturation and unknown dead-zone. Hence, the effec-
tiveness design of the control input signal with satura-
tion and dead-zone is becoming a very challenging task.
And the proposed control algorithm based on adaptive
dynamic surface control strategy is used to eliminate
the effect of input nonlinearity and fuzzy approxima-
tion error.

The backstepping control has been an important tool
for nonlinear system analysis and control owing to
the recursive and systematic controller design proce-
dure for strict-feedback systems. A number of applica-
tions of backstepping method have been addressed over
the past few decades. Although backstepping method
can be applied to a wide range of nonlinear systems,
however, the conventional backstepping method suf-
fers from the problem of explosion of complexity. To
solve this problem, the dynamic surface control strat-
egy [12—17] was proposed by introducing first-order
filter of the synthetic virtual control input at each step
of the conventional backstepping. A adaptive robust
DSC strategy was proposed in [18], where the model
uncertainties can be estimated by a radial basis func-
tion neural network. Furthermore, an observer-based
adaptive robust controller was developed via DSC tech-
niques to achieve high performance servo mechanisms
with unmeasurable states [19].

So far, to the best of authors’ knowledge, it is the first
time in the literature that the nonlinear input including
dead-zone and saturation constraint is considered for
the regulating problem of MEMS gyroscope with exter-
nal disturbance and uncertainty. The study is focused
on developing an on-line adaptive control technique to
possibly resonance and to regulate the output ampli-
tude of the axis to a fixed level in spite of the existence
of uncertainty, external disturbance, and input nonlin-
earity. We employ a fuzzy logic system to approximate
the uncertainty, therefore, it relax the requirement of the
exact model. The proposed control scheme can guar-
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Fig. 1 Model of MEMS triaxial gyroscope

antee that the trajectory of tracking-error converges to
the small neighborhood of equilibrium point. Finally,
numerical simulation results demonstrate the effective-
ness of the proposed control scheme (Fig. 1).

2 System description and preliminaries
2.1 Model of MEMS triaxial gyroscope

The MEMS triaxial gyroscope is a highly nonlinear and
strongly coupled system with multi-input and multi-
output. The mathematical model of the triaxial gyro-
scope system is given by [6].

X Ak + Axyd + AxZ 4 ke X + kyyy + ki 2

+2(82y2 — $2,9) = uy. (1)
VA AxyX + Ay Y + Ay +keyx +kyyy +kyz

+2(82,2 — §2;9) = uy. )
Z4 Ay X + )‘yz)" + Az +kyox + kyzy + k2

+2(802,2 — £2y%) = u3. 3)

where the Ayy, Ayy, Axz, Ayy, Ay; and A, are damping
term; the kyy, kyy, kxz, kyy, ky; and k, are stiffness
parameters; §2,, §2, and £2, are angular velocities in
the x—, y— and z— directions, respectively; u1, u> and
u3 are the control signals in the x-, y- and z-directions,
respectively;

From the practical point of view, the external distur-
bances, parameter uncertainty and the system uncer-
tainty always exist in application. The input signal of
MEMS gyroscope is usually subject to input nonlinear-
ity as a result of physical limitations. In this literarure,
we will consider these problems.

Assumption 1 Control input nonlinearity o; (u;) (i =
1,2,3) (such as saturation and dead-zones) and u;
are all constrained by saturation value (uyp > O and
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Fig. 2 Control input nonlinearity model

Udown > 0) and dead-zone value (unknown right dead-
zone ujrd; > 0 and unknown left dead-zone uj4, < 0),
expressed by

Ui — Uirdz < Uup, for u; > Uirdz (4)
Uj — Uildz = —Udown, fOr u; < Ujlgz
and
ti - (Ui — Uirdz),  for u; = uirgz
oi(mi)=1 t; - (u; —uidz), for u; < uilg, (%)
0, for wuilgz < u; < Uirdz
where
Uup ..
w—tidy for u; — uirg, > Uup
L= L, for uird, < u; < Uup + Uirdz (6)
;=
L, for — ugown + Uildz <u; < Uildz
—U
ﬁ, for wui — uildz < —Udown

Considering control input nonlinearity as shown in

Fig. 2. From the Eq. (6), we can easily know that

0 < ¢ < 1. According to analysis above, the Egs.

(1)—(3) can be written as

X4+ (Ahyx +Ax) X+ (Ahxy +Axy) Y+ (Ady; + Ax)2
+(Akyx + kyx)x + (Akxy + kxy)y + (Akyz + kiz)z
+2(82y2 — $2;y) +di = o1(uy)

VA (Ahyy +Axy) X+ (ALyy +Ayy) Y+ ALy, + Ay7)2
+ (Akyy + key)x 4+ (Akyy +kyy)y + (Aky; + kyp)z
+2(2c2 — 82:y) + d2 = 02(u2)

ZH(Akxz +Ax )X+ (Ahyz +2Ay )y +(Ar gz +222)2
+(Akyy + ki) x + (Aky; +kyo)y + (Akz + k)2
+2(82xy — £2yx) + d3 = 03(u3)

where Alyy, Ahyy, Ahyz, Ahyy, Adyy, Ahy,, Akyy
and Aky; Akyy, Akyy, Ak, ,are uncertainty parame-
ters; d; are external disturbance. Note that the gyro-
scope control system can be regarded as three indi-
vidual sub-systems and we can control coordinates
independently. Let @ = [x1, x2, X3, X4, X5,X¢] =
[x, X, y,, z, z], then the MEMS gyroscope with uncer-
tainty parameters and external disturbance is described
as follows:

[ 1:621'71 = X2 7
X = fi(@) +oi(ui) —d;
wherei =1, 2, 3, and
fl = _(A)\xx +)¥xx)5c - (A)\xy +)‘xy))" - (A)»xz +
Axz)Z — (Akyy + kyx)x — (Akxy + kxy)y -
(Akyxz + kxz)z — 2(82yz — £2;y),
2= —(Akyy +2rxy)x — (Akyy +2yy)y — (Aky, +
)\yz)Z‘ - (Akxy + kxy)x - (Akyy + kyy)y -
(Akyz + kyz)Z — 282,z — £2,y),
3= —(Ahyz+Ax)x — (A)‘yz +)‘yz)5’ — (A +
re)Z — (Akyz + kyg)x — (Akyz + ky2)y —
(Aky; +k;7)z —2(82, y — §2,%) are unknown
nonlinear function.
Without loss of generality, the technical assumptions
are made to pose the problem in a tractable manner.

Assumption 2 The desired command signal and their
first and second time derivatives are bounded.

Assumption 3 There exist a positive constant ujy,
such that the max{uirqz, |uilgz|} < u;"dz.

2.2 Fuzzy logic system

A fuzzy logic system (FLS) consists of four parts:
the knowledge base, the fuzzifier, the fuzzy inference
engine working on fuzzy rules, and the defuzzifier.
The knowledge base for FLS comprised a collection
of fuzzy If-then rules of the following form:

N
2imi H?:I'U“F/’: (x)
where x = [x1,x2,...,x,]7 € R", MF],;(xj) is the
membership of F]l: and @; = max u gi (y). Let
Hj.\'zlu,F} (x;)

N
2in1 H’}:MF;Z (x)

&i(x) =
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Fig. 3 Block diagram of
control system
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Then, the fuzzy logic system can be rewritten as
yi(x) = @& (x) = (D1, i, ..., Pinll&ir. Ein, ...,
£,]7. To begin with the design procedure of the pro-
posed control strategy, we define o = P 112G =
1,2,...,n).

The purpose of this paper is to present a design
methodology of adaptive dynamic surface control to
regulate and track the output amplitude of the axis to a
fixed level so that the trajectory of tracking-error con-
verges to the small neighborhood of equilibrium point.
The adaptive dynamic surface control strategy is shown
in Fig. 3, and the design procedure will be described
step by step as follows

3 Design of adaptive dynamic surface control
strategy

3.1 Controller design

Step 1: We define the tracking-error

el = X2i—1 — XQi—1)d (8)
where x(2;_1)q is a desired command signal (fixed
level). Taking the derivative of Eq. (8), it yield

éi1 = X2j—1 — XQ2i—1)d = X2i — XQ2i—1)d 9)
A virtual control term ¢; is selected to stabilize the
surface ¢;1:

@i = —kirei1 +Xi-1)d (10)

where k;; > 1 is design parameter.

Conventional backstepping algorithm has a draw-
back called the explosion of complexity which is
caused by the repeated differentiations of virtual con-
trollers. In order to solve this drawback, a auxiliary filter
term is introduced to simplify the process of controller
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design. The auxiliary filter term is built according to
the following:
vi —¢i  kilpi — @)

= — S (11)
v T loi — @il + i

where 0 < 7, <2,8; > 0,k;, =6 -p; with6 > 1, and
7; is updated by Eq. (30).

Remark 1 In fact, Eq. (11) can be written as

1T

. 1 n Ki ( 7)
Qi=—1— — < | ¥ —¢i),
' T i — @il + 6 o

obviously, the auxiliary filter term is also a classical
integral filter; it should be pointed out that the auxiliary
term will be analytically studied during the stability
analysis.

Step 2: The second dynamic surface is defined as
follows:

€in = X2 — @i (12)
Then the derivative of e;> can be obtained as
éip = X2i — ¢; = fi(x) +di — @i + 0i(u;) (13)

We introduce a auxiliary term &; = f;(x) —¢; + (ki2 +
1/2)e;» with k;> is design parameter, then the Eq. (13)
can be rewritten as

éip = 8 — (kiz +1/2)e;n + d;i + 0; (u;) (14)

Obviously, the E; contain the uncertainty nonlinear
part fi, and it is difficult to design controller. Thus,
we utilize fuzzy logic system to approximate E; such
that E; = @;&; +¢;, where g; is approximate error. And
then, the following relationship can be established
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2 % 2 2
epai &l v
% + 5 + eingi (15)

where v is positive design parameter.

ei2(Pi& + i) <

Assumption 4 There exist unknown positive con-
stants ¥ such that |d; + &;| < /.

For the convenience of analysis, define wi*z = B*.

L
Then, we can obtain
v2
2
Combining (14), (15) with (16), yielding

1
ein(d; + &) < meéﬁ?‘ + (16)

2 % 2
enrai [1& |l 1 2 px 2
T weX ) e

— (kiz + 1/2)€}, + €207 (u;) A7)

In order to achieve control objectives, the proposed con-
trol scheme is designed as

€267 <

—1

h @ &1+ Bein+iia,.  if e <0
ui=7 0, if e, =0 (18)
55 @il|& 12+ Bi)ein— gz, if e2>0

where ilig, is the estimate of the u3; , and the itjq, =

uly, — Uidz is defined as estimate error. The correspond-
ing adaption laws are chosen as

A %61-22”51‘”2 —ajvie;, if el > ¢

“i= . (19)
0, if lenl<g

'§. _ 2%8;'22 —ajpviBi, if |ej| > ¢ 20)

L .
0, if leji| <g

; aiglein| — ajactiia,, if lejn] > ¢

Uidz = . 1)

0. if leji| <g

where @; (0) > 0, B;(0) > 0, #ijgz(0) > 0, and ¢ is a
small positive constant. Note that the adaptation speed
of &;, Bi and #jg, can be turned by a;; > 0, a;» > 0,
ai4 > 0,v; > 0and c > 0. Choosing a suitable adapta-
tion parameters can also effectively avoid high control
activity. Next, lemmal will be presented to develop the
adaptive dynamic surface control design.

Lemma 1 For all the input nonlinearities o; (u;) satis-
fying Assumption 1, the following relationship can be
established.

(@&l + Bi) i
o ¢h +illenlia  (22)

where 0 <n <y <1

ei20;(u;) <

Proof Accordingto (18), foru; > fird; > Uirdz OT U; >
Uirdz > Uirdz, it implies that ¢;5 < 0. Thus, yielding
—@lE P A,
—2U2 €i20;(U;
_ —nGilEl? + A
- 202

(uj — lidz + lidz — Ui, + Uy, — Uirdz)
L =Gl + )
= 2U2 i2

i2

2U2 i2

@152 +B,-)]262

(i — lidy + idz — Uy,) = Tl[

Gill& N2+ Bonern ..
+ 702 Uidz, 1.€.

—n(@&&1* + B) .
702 €;p — Ne€i2Uidz

_ —nGil&l* + Ao
202

ei20;(u;) <

ek + nlenliiia (23)

Where as for u; < —ililg, < Uildz OF u; < Uilaz < ildz,
it implies that e;» > 0, we can obtain

—(GllE N + B)
202
_ on@lEN+ B
= 2U2 2
(i + ligy, — Uidz — Uy, + Uy, — Uildz)
A~ 2 2
@&+ 8D 5
=7 B R €2
@i ll& 11 + Bner - .
- 702 - (Widz — wildz — Uig,), i.e.
@i l& 1>+ B »
20,2 €in
+neia (llia, — wildz — Uiy,)
_ —n@l&l> + B
~
202

From (23) and (24), the conclusion is held.

ei20; (u;)

€i20;(u;) <

31'22 +nlein |ﬁidz (24)

3.2 Stability analysis
In this subsection, we will testify the feasibility of the

control strategy. First, define the boundary layer error
as.

=@ — ¢ (25)
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Then, we describe the derivative of the surface errors
to represent the closed-loop system as follows:
€il = X2i — XQ2i—1)d = €i2 + ¢i — X2i—1)d
=eix+zi + @i — X2i-1)d
— kirein (26)

Therefore, we obtain

=ein+7zi

2
—ki1e;) +eireir + ziejn

2
< —kive;; + leitlleia] + lzilleit]

ej16j] =

< —kief +efy +en/2+127/2 27)

Considering the derivative of Eq. (25), yielding

. Zi KiZi -
G=—— ———— — @ 28

l T |zl 46 v ()
And then, we have

2
. g KiZj +

7iZi = —— — 7; —+ . 29

In this study, we assume that the éi is bounded with a
large enough unknown positive number y;*, i.e. Noil <
y;*, and p; is used to estimate y;* where y; = y; — y*
is estimation error. The corresponding adaption law is
chosen as

Vi = aplzil (M) + ai3viy; (30)

|zi| + 6

where & > 1 is a design parameter. The stability of
the closed-loop system will be stated in the following
theorem.

Theorem 1 Suppose that the system (7) with uncer-
tainties, external disturbance, and input nonlinearity
is controlled by the proposed control scheme (18) with
update laws in (19), (20), (21) and (30). In addition, if
the proposed control system satisfies Assumptions 1-3.
Then, whenever the tracking-error starts from any ini-
tial point, it can asymptotically reach the small neigh-
borhood of equilibrium point.

Proof In the case of e;» # 0. Define the following
Lyapunov candidate function:

chtenhts @ B v iy,
2 2na;1  2naip  2a;3 2444
(€29)
where & = o —ndy, fi = B¥—np; and 7; = ;" — .
From (17), (22), (27) and (29), the derivative of V, can
be obtained as

Ve=

Q-1)z? N afll&ile,
27; 202

— (kiy — Ve — ke, —
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N I BNCILT L

+
202 |zi| + 6i 202
&4 Hiapiti
+7’]|312|Mndz+U e ﬁt,Bt _ Vt)’t _ NUidzUidz
ajl a2 ai3 aiq
2 ~ 2,2
2 B 2 - Ti)Zi a; &l €
< — kit — Dejy — kinejy — 27 + 202
ﬁt ,2 Kilzi % ~ 2
+ - |+ nleiz|uigz + v
202 il i +6; — Y nleiz|itia,
_d fib Pt niliggtias 32)
ajl ai2 ai3 ai4

Substitute adaptive laws &i, Bi, )7, ﬁidz, and k; = 0y;
into Eq. (32), we obtain

2
) , 2=tz
— (ki1 — Dej; — kinej, — 2—r,l
9|Zz|2 . (Wilzz‘l *) N
- ———— — ¥ )+ viaia
TTalra NG s T ) e
+viBi Bi + vivivi + enitiaziiia, + v* (33)

Duetod; = of —néi, fi = BF —npi. 7 = vy —7i and

llidz = Uy, —iliqz, we can get the following relationship
07121 olul> -
—lzil (|Zi/|‘i5i B yi*) o IZi|z+5i Vi
—laily (2 - 1) (34)
and
~ A Vi A ~
viGiG; = ——(of —n@) () —na; —af)
v; o (e —n&)?  (aF)?
< ;’(—(ai‘—nai) st
vi(ef —na)? v af 2
_ i (o — na) n i (o) (35)
2n 2n
Similarly to (35), we can get
. vi(B¥ —nB)2 v (B¥)?
Vi < V0B ) G6)
2n 2n
V: _*_A,2 v .*2
VTP < — i (Vi Vi) n i (v;) 37)
2 2
en(uly, — iaz)>  en(uly)?
niigitgy < —Ite —Hae) | N g,
2 2
By noticing Eq. (34), iflzil > ﬁ,then—|z,|yl (|Zel|iilg
1) < 0. I fzl < gy then —Jailyy* (i — 1) <
6, b i 3
v . Thus, relationship —|z; |y} (f'ﬁm —1) < 775

can be established.
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With the knowledge above, Eq. (33) is expressed as
follows:
2 — 1)z
2‘[,'

' ( 0\zi| B l) B v,'(()t;k — 77&1')2 N Vi (a*)2
|zi| + 8 2n 2n

vi(BE—nB?  vi(BH? vy — )2
2 LTI 2
vy enuly, — fia)?  en(uiy,)?
+ L\7g _ idz idz
2 2 2

S}
— Vg + b (@) + (B + n(yF)?

6—1 2n [
+ne(uly,) ] +ut =~ Ve + A (39

Vo < —(kit — e}y — kiney — —|zily

2

+v

where (1 = min {2(ki1 1), 2k,2, =t

4 [(a*)2+(ﬂ )+
cn(uidz) ] + v2. Furthermore, we can obtain

, Vidil, vVidi2,

Via;3, cais}, Ar

Vo < =tV — (1 — Oy Ve + A (40)

where 0 < ¢ < 1. Obviously, if Vy; > then

Ay
. aA=ur °
(40) can be written as Vy; < —¢u1V,. The decrease
of Vy enforce the trajectories of the closed loop sys-
tem into Vy < (I_Aﬁ. Thus, the trajectories of the

closed loop system is bounded, i.e. lirr% ej1 € (|ei1| <
—

241 )
V d=8ur /-

In the case of e;> = 0, the derivative of Vj satisfies

Q-m)zf  blal
Vo < —(kiji — e, — L ;
g (ki1 ) il 21, i+ 6; Vi
0y;1zil ~ A ~ 5
— |zl (|Z|l—_|_l(S -y ) +viaia; +viBiBi
1 1
+viViVi + cnilidzitidz 41)

Similar to the process of (33), we can also obtain
Vg < —paVg+ Ag, where ,u2=min{2(k,1 -1, 55,
lyzl + [(a*)z
+ (BH* + n(y)?* + en(uiy,)?]. and the error trajec-

2A,
<V om)

Therefore, we can conclude from case e¢;j #= 0 and
ei> = 0 that all the closed-loop errors are bounded.

Vidi1, Vij2, viai3, cais), Ay =

tories is bounded, i.e. lime;; € (|e,~1|
t—T

Remark 2 Practically, in (30), the |z;| cannot become

exactly zero and thus the adaptive parameter y may
increase boundlessly. In order to avoid the issue, we

modify the update law as

Vi = .
0, if lejil <g¢
(42)

x [6113|Zi|(|z+5)+a:3vm, if lei1| > ¢

where y;(0) >0, and a;3 is a positive design parameter

Remark 3 From the proof of the Theorem 1, it implies
that the &;, ,@i, i, Widz, and e;p are all bounded over
t € [0, 00) . For the right-hand side of (18) is also
bounded, therefore we conclude that u; is bounded for
all t € [0, 00).

Remark 4 The proposed controller (18) can be applied
without any prior knowledge of MEMS triaxial gyro-
scope such as exact model, external disturbance, and
unknown dead zone. On the other hand, the control
scheme (18) not only compensates for external distur-
bance and uncertainties, but also trajectory of tracking-
error converges to the small neighborhood of equilib-
rium point, even in the presence of nonlinear input.
Accordingly, it is indeed an adaptive control.

4 Numerical simulations

In this section, the numerical simulation demonstrates
the effectiveness of the proposed control scheme. The
desired trajectory are given as x1g = O.lsin(wt),
x24 = 0.1cos(mt) and x334 = O.1sin(wt) - cos(t).
The sampling time/interval T;;,. is 0.001s. Note that
the tracking signals can be obtained by signal catch-
ing devices in practice. In the simulation, the parame-
ters of the control law are selected as k1 = kp; =
k31 = 5.2, ajl] = dp1 = az) = 8, aljp = axy = 3.4,
asg = 6.5, a13 = a3 = az3 = 4, axs = an =
a3 = 1.5,0 =22, v =0.05 6 = 1,v; = 0.02,

= 0.01, ¢ = 0.03. The &(0) = 0.01, B (0) =
0.01, #ig,(0) = 0.01. The nonlinearities input o; (u;)
is taken as saturation, the saturated value and dead-
band value are 1.7 and (uj49; = —0.3, ujrqz = 0.7),
respectively. The disturbance is diy = d» = d3 =
0.8sin(wt)cos(2mt). To implement the fuzzy logic
system, membership functions are given as: F! (xi) =
exp [ — ((’2;*/’22{)6))2], ,uFiz(xi) =exp[— ((X’(;{/+Q)2))2]
MFl.3(xi) = exp[ — (%)2], ,uFl_4(xi) = exp[ —

(S2)?], s s (i) = exp [ — (S5542)7] Tn addi-

tion, the parameters of MEMS gyroscope system are
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Fig. 4 Tracking (x; — x1d)
by using proposed controller

Position tracking (x1-x1d) by using proposed control scheme

T T
: | = = = Desired signal x1d ' = = Tracking signal x1

T
Tracking error e11 |
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-
>
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2 4 6 8 10 12
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Fig. 5 Tracking (x — x2d) Position tracking (x2-x2d) by using proposed control scheme
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randomly selected within 20 % of their nominal values
in all the simulations.

The response curves of the tracking trajectories are
illustrated in Figs. 4, 5 and 6. As indicated in Figs. 4, 5
and 6, as expected, the proposed control scheme could
guarantee the achieved system states track the desired
signals effectively, even in the presence of the uncer-
tainties and input uncertainty. Moreover, the tracking-
error achieves its maximum at the beginning of the
engagement, and stays at a small neighborhood of equi-
librium point at the rest. It can be concluded that the
MEMS gyroscope can maintain the proof mass to oscil-

late in the x-, y-, and z-directions at a given frequency
and amplitude with the adaptive mechanism, and the
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control objective is well accomplished because the pro-
posed controller has a strong ability to compensate
both the system nonlinearities and disturbance. From
Fig. 7, we can see that the control inputs are saturated in
the initialization transient phase. The dead-zone para-
meters are provided in Fig. 8. As can be seen, adap-
tive compensators for dead-zone in the closed-loop are
bounded. Moreover, the adaptive parameters can esti-
mate the upper bound value of the dead zone. And the
adaptive compensators itj4, and adaptive control term
—eiz(&i||§i||2 + /§i)/2v work in a cooperative man-
ner. That is, if one works more, the other one works
less, and vice versa. The advantage of the idea is that
we need not a perfect dead-zone compensator. These
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Fig. 6 Tracking (x3 — x3d) Position tracking (x3-x3d) by using proposed control scheme
by using proposed controller T I I I I
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Fig. 7 Control input signal
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simulation results show that good tracking performance
can be obtained under the proposed adaptive control.

5 Conclusion

In this paper, a novel adaptive dynamic surface con-
troller is presented for MEMS gyroscope system with
disturbance, uncertainty, and input nonlinearity. The
proposed control scheme can guarantee that the trajec-
tory of tracking-error converges to the small neighbor-
hood of equilibrium point. The controller with adaptive
mechanism does not depend on accurate mathematical
models. Moreover, it has been demonstrated good per-
formance and still holds robustness and stability in the
presence environmental disturbance, uncertainties and
input nonlinearity. Numerical simulations are included
to support the above analysis, and the results demon-
strate that the proposed control strategy has good track-
ing performance and robustness for uncertainties.
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