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Abstract—The microelectromechanical system (MEMS) gyro-
scope is a complex nonlinear system with multiple variables,
strong coupling, and susceptibility to stochastic disturbances.
This paper presents an adaptive fuzzy control scheme for
stochastic MEMS gyroscopes, with the primary objectives of
reducing control vibration and achieving high precision pre-
scribed performance tracking with low communication resources
within a fixed-time backstepping framework. To address the
stochastic disturbances and unknown nonlinear system dynamics,
the interval type-3 fuzzy logic system (IT3FLS) is introduced.
Additionally, a novel quadratic prescribed performance func-
tion (QPPF) is proposed to ensure satisfactory transient and
steady-state performance of the system while mitigating initial
control vibrations during fast error convergence. Furthermore,
an event-triggered mechanism (ETM) is developed using a
switching threshold strategy to minimize the communication load
without compromising control accuracy. By utilizing the fixed-
time command-filtered backstepping design method and newly
introduced error-compensating signals, the issue of “explosion of
complexity” is effectively resolved, and filtering errors are ade-
quately compensated. The proposed control scheme guarantees
that the tracking errors converge to a predefined set of arbitrarily
small residuals in probability. In addition, all the closed-loop
signals are within a fixed time bounded in probability (FTBIP).
The simulation results validate the effectiveness and superiority
of the proposed scheme.

Index Terms—Adaptive prescribed fuzzy control, fixed-time
stability, vibration reduction, low communication resources,
stochastic MEMS gyroscope.

I. INTRODUCTION

HE microelectromechanical system (MEMS) gyroscope
is extensively used as an inertial device for measuring an-
gular rates. It is strongly preferred in automotive applications,
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aerospace applications, consumer electronics, and mobile
robotics due to its cost-effectiveness, low power consumption,
and compactness[1]-[3]. However, certain unavoidable factors
severely impact the MEMS gyroscope’s tracking performance,
during both transient and steady-state stages. These factors
include variations in system parameters caused by fabrication
imperfections [4] and stochastic disturbances [5] arising from
practical operating environments. These challenges hinder the
MEMS gyroscope from achieving high-performance measure-
ment capabilities.

Currently, research is being conducted on the adaptive
control of the MEMS gyroscope using both type-1 [6], [7] and
type-2 [8], [9] fuzzy logic systems (FLSs) to effectively handle
uncertain nonlinear functions. The significant role that type-1
and type-2 FLSs play in uncertainty modeling has prompted
researchers to further extend them to higher types of fuzzy
sets, particularly interval type-3 fuzzy sets. This concept has
been explored and theorized in [10], [11], and it has been
implemented in studies [12]-[16]. Meanwhile, the superiority
of interval type-3 fuzzy logic systems (IT3FLSs) has been
demonstrated through comparisons with type-1 and type-2
FLSs in these applications [12]-[16]. Unlike type-1 and type-2
FLSs that represent membership functions (MFs) using crisp
values and type-1 fuzzy sets, respectively, IT3FLSs define MFs
as a type-2 fuzzy set. The additional degrees of freedom enable
IT3FLSs to effectively handle higher levels of uncertainties.
However, the application of IT3FLS in stochastic nonlinear
systems has not been explored yet. Therefore, comparing its
ability to handle stochastic disturbances with that of type-1 and
type-2 FLSs continues to be an intriguing and challenging area
of research.

The previously discussed methods [6]-[16] have an infi-
nite settling time, which makes them unsuitable for practical
applications. To address this issue, the concept of finite-time
stability was introduced [17], resulting in the exploration
and development of various finite-time control schemes for
stochastic systems [18]-[21]. However, existing finite-time
control approaches have the drawback that the settling time is
influenced by the initial system value, requiring repeated pa-
rameter adjustments to achieve the desired convergence time.
To overcome this limitation, the fixed-time stability theorem
(FTST) has been proposed in [22], ensure that the settling
time solely depends on the system parameters. Consequently,
numerous schemes based on the FTST have been developed
for stochastic systems [23]-[26]. However, existing research
on control of the MEMS gyroscope [2]-[9] has been primarily



based on deterministic models and overlooked the impact
of stochastic disturbances. Additionally, the critical aspect of
settling time has been neglected, rendering current approaches
[2]-[9] unsuitable for practical applications. Thus, establishing
a stochastic model of the MEMS gyroscope and designing a
corresponding control scheme based on this stochastic model
while considering settling time remains a challenging problem.

Since practical tracking control (PTC) of the MEMS gyro-
scope is more widely applicable and requires less restrictive
constraints than asymptotic tracking control, it is the focus of
many existing control methods. In PTC, achieving high track-
ing accuracy is of significant importance. As a result, research
on schemes that emphasize predefined tracking accuracy has
gained considerable attention, resulting in the proposal of
numerous effective methods [4], [19], [27]-[36]. The initial
introduction of the prescribed performance control (PPC)
scheme in [27] has proven to be highly effective. Subsequently,
the PPC technique has been applied to the MEMS gyroscope
with different control strategies [4], [28]-[33]. However, a
significant challenge that cannot be ignored is that the PPC for
the MEMS gyroscope often requires a fast convergence rate,
which can result in relatively large control torque vibrations
in the initial stage. This vibration phenomenon can potentially
damage the control system. Hence, the challenge we focus
on is developing a vibration reduction PPC scheme tailored
explicitly for the MEMS gyroscope, to mitigate this issue and
enhance the overall performance.

Another limitation in current research on the MEMS gy-
roscope is the unnecessary resource usage that is commonly
demanded. In many cases, electrostatic actuators and com-
munication channels connecting the controller module and the
actuator are activated at every sampling instant, even when the
system is operating satisfactorily without requiring additional
control actions. This results in the wastage of resources and
significantly reduces the effective operational time of the
MEMS gyroscope. To address this issue, the event-triggered
mechanism (ETM) has been extensively studied in various
applications [18], [20], [26], [28], [37]. It should be noted that
the ETM only activates the actuators when preassigned con-
ditions related to the system properties are violated, providing
an effective solution to mitigating unnecessary resource usage.
However, setting a large sampling interval fails to capture fast
dynamics caused by unknown disturbances or abrupt reference
changes, which can result in substantial tracking errors. Thus,
the trade-off between tracking accuracy and communication
resource utilization in the MEMS gyroscope continues to pose
a challenge.

The control schemes mentioned above with the ETM are
primarily designed within the backstepping framework, which
encounters the challenge of “explosion of complexity.” For-
tunately, the issue has been addressed by recent studies [38],
[39] through the introduction of command filter technology.
This approach adeptly handles a range of nonlinear control
challenges within the command filter-based backstepping de-
sign (CFBBD) framework. In [40], a controller was developed
by integrating the adaptive technique with the CFBBD to
achieve asymptotic tracking of uncertain nonlinear systems
with time-varying parameters and disturbances. Moreover, an

error compensation mechanism (ECM) was introduced in [41]
to compensate for any errors introduced by the filter. A similar
ECM was also discussed in [42], where a novel command
filter was used to enhance filtering performance. As far as we
are aware, there is no existing literature exploring CFBBD for
the MEMS gyroscope. Give the above exposed challenges, we
propose a control strategy for the MEMS gyroscope that has
the following four contributions:

1) This study presents a stochastic model of the MEMS
gyroscope, considering the influence of stochastic distur-
bances in controller design. The objective is to address
the inherent challenge of the MEMS gyroscope accuracy
being susceptible to stochastic disturbances, a topic that
has not been previously explored in existing research
[2]-[9], [28]-[30], [32], [33] on MEMS gyroscope con-
trol.

2) This study employs adaptive IT3FLS to handle the
problem of stochastic disturbances for the first time.
By comparing it with control strategies based on type-
1 and type-2 FLSs, this study aims to demonstrate the
potential of expanding the application of IT3FLS to
solve more complex nonlinear control problems. Hence,
the findings of this study hold significant implications
for the advancement of fuzzy systems and their practical
applications.

3) This study proposes a novel quadratic prescribed perfor-
mance function (QPPF) for the first time. Compared with
the traditional prescribed performance function (TPPF)
[4], [19], [27]-[29], [31]-[33], the QPPF can guaran-
tee a predefined tracking error while simultaneously
reducing initial control vibrations, especially with fast
error convergence rates. Moreover, the QPPF provides a
feasible approach that can be generalized to other control
systems [43]-[46] to minimize vibration damage while
achieving the required tracking accuracy for certain
urgent tasks.

4) This study ensures practical fixed-time tracking perfor-
mance for the MEMS gyroscope by predefining the
desired tracking errors, distinguishing it from existing
control schemes [2]-[9], [28]-[30], [32], [33]. Moreover,
in order to address the issue of complexity explosion and
offset filtering errors, a novel ECM is introduced in con-
junction with the CFBBD framework. Furthermore, the
significance of the switching threshold event-triggered
mechanism (STETM) in improving the communication
resource limitations of the MEMS gyroscope is empha-
sized in our findings.

II. SYSTEM FORMULATION AND PRELIMINARIES

In this section, we will provide a detailed explanation of
the derivation process of the stochastic MEMS gyroscope
equation. Additionally, we will introduce the theoretical prin-
ciples of the QPPF and the IT3FLS, while also covering the
mathematical knowledge necessary for the controller design
process.



TABLE I
SYSTEM PARAMETERS.
Notation Explanation
m weight of a proof mass
QF angular velocity
X y* coordinates in drive and sensitive shaft
uy, uy control inputs in drive and sensitive shafts
ke k;fy spring coefficients in drive and sensitive shafts
dy,, dy, damping coefficients in drive and sensitive shafts
ky, coupled spring coefficient caused by asymmetric structure
a3 coupled damping coefficient caused by asymmetric structure

A. Dynamics of stochastic MEMS gyroscopes

Fig. 1 depicts the components of a typical MEMS gyro-
scope, which include a vibrational proof mass, a rigid frame,
springs, and dampers. The rigid frame rotates around the rota-
tion axis, while the control input torque induces oscillations in
the vibrational proof mass along the drive axis. This oscillation
generates a Coriolis force along the sense axis, allowing for
the demodulation of the angular rate of the MEMS gyroscope.
Some notations used are listed in Table I.

Fig. 1. Schematic of the MEMS gyroscope.

The standard dynamical model of the MEMS gyroscope
[2]-[4] can be expressed as

mi* + dy, +d*Jy + Kt Kyt = ug — 2mS
my* +dy, &+ dy,y +k_i';y:17 +k;yy = uy — 2mSx *.
1
Non-dimensional processing of the dynamics (1) yields
&+ dyp® + doy ) + w32 + wwy = u, — 20,79, @)
i+ ds y:z:+dyyy+wwz+w Y =uy — 20,2,
where d;; = dj;/mwo, wi = = ki /mwd, wij = k:‘j/mwg,
x = a*/q, & = & [woqo, ¥ = &*/Wiq0, y = Y*/q0, ¥ =

y*/woqo, i = gj*/w%qo, u; = u}/mwéqo, m is the reference
mass, gg denotes the length, and wg indicates the resonance
frequency. Indices ¢ = z, j = x, and ¢ = y, j = y imply the
coefficients in drive and sensitive shaft, respectively, i = x,
j = y means the coupled coefficient, and €2, = Q% /wy is the
dimensionless angular velocity.

Considering the possibility of unknown variations in the
damping and spring terms due to fabrication imperfections,
the damping and spring coefficients in the non-dimensional

expression above can be rewritten as d;; d*N + Ady;

k* = k‘*N + Ak* , where d*N and k*N are the nomrnal
terms and Ady; and Ak;*N are the unknown uncertainties.
Accordlngly, the non- drmensronal terms are further derived as
dij = d +Adw,wl = w, +Awl,ww = w, +sz], where

dN = d*N/mwo, wl = VEN /mwd, wg = kf]N/mwO,
and Adij = Adj;/mwo, Dw; = /AE} [mwg, Awij =

Ak [/ mug.
Then the compound nonlinearities of the dynamics are
defined as
fl = —dy, T — (dary 2Q )y - w2517 — WeyY, 3)
fa= (dacy +2Q ) yyy WayL — wgy'
With (3), and denoting 1 = x, zo = &, 3 = y, and
x4 = 9y, dynamics (2) can be rewritten as
&1 = X2,
To = + Uy,
2=/ "
3 = -,1247

Ty = fo 4 uy.

In practical applications, the MEMS gyroscope is suscepti-
ble to stochastic disturbances, which can significantly impact
system performance. Considering the form of stochastic non-
linear systems [19] as dy = F (x)dt + GT (x) dw, we can
extend the dimensionless model (4) to a stochastic dynamic
model as follows:

dxy = (2 + f1 (z)) dt + G¥ () dw,
dry = (ugy + fo (2)) dt + GT () dw, 5)
dzz = (w4 + f3 (2)) dt + GE () dw,
dzy = (uy + f1 (z)) dt + GT (2) dw,
where x = [x1, X9, T3, x4] = [z,4,y,y] indicates the system

state vector, w denotes a standard Brownian motion, f; (x) and
GT (z), i = 1,2,3,4 are the unknown continuous functions,
and f; = [f1, fo, f3, f1] = [0, f1,0, fa].

Control Goal: Develop an adaptive control scheme for the
stochastic MEMS gyroscope (5) in which all the signals are
ensured to be FTBIP and the residual errors are guaranteed to
be in prescribed performance bounds.

Remark 1: When stochastic disturbances are encountered,
the control performance and stability of the overall closed-loop
system can be compromised, which is the primary motivation
for considering stochastic control of the MEMS gyroscope.

B. Quadratic Prescribed Performance Function

First, we define the tracking errors of the MEMS gyroscope
as follows:

ei (t) = (t) — 2l (1), (6)
d

where z¢, ¢ = 1,3 denote the reference signals.

To characterize the vibration reduction tracking performance
of the system within the predefined behavior function, we
propose the QPPF

pi (t) = (pio + Picos @)

where p;o and p;0,? = 1,3 represent the expected upper
bounds for the initial and steady-state tracking errors, re-
spectively. Terms /¢;,7 = 1,3 reflect the convergence rate of

- pzoo) e_EitQ



pi (t), which gradually decay to a final value of p;, as time
approaches infinity. Moreover, p; (t) ,i = 1, 3 satisfy the initial
condition —p; (0) < e; (0) < p; (0).

Then, we define the converted tracking errors as follows:

s; (t) = tan (;TZ: Eg) ,e:(0) < p; (0), 8)

where s; (t),7 = 1,3 are the transformed tracking errors, and
their time derivatives can be deduced as

ds; (t) =\ (dmi N %p’i (t) arctan (s; (t))) , 9

where \; = (1 + 57 (¢)) /2p; (t) i = 1,3.

Remark 2: From a practical engineering perspective, it is
important to select significant convergence rates ¢; to ensure
that the system response of the MEMS gyroscope can effec-
tively meet the requirements of the majority of measurement
tasks.

Remark 3: Based on current research [4], [19], [27]-[29],
[31]-[33] where the TPPF is typically designed as p; (t) =
(pio — Piso) €t 4 piso. the following represents the design
of the corresponding universal control law:

U; = /\1‘71 (—k‘isi (t) + %&glm) + J,‘Zd

This indicates that considerable convergence rates ¢; cause
initial rapid fluctuations of p;. Accordingly, significant vibra-
tions of the inputs w;,? = 1,3 during the initial phase are
unavoidable.

Remark 4: The design of the QPPF is inspired by the
quadratic characteristics of the normal distribution curve. The
design idea is to create a performance function that exhibits
a gentler decline than the TPPF at the outset, then drops at
a rate similar to the TPPF in the middle of the decline, and
maintains the same limiting boundary as TPPF at the end of
the decline. In other words, the slope of the QPPF will be
smaller than that of the TPPF at the initial stage of decline,
resulting in a smaller derivative of the QPPF during this phase.
As discussed in Remark 3, the control input required by the
QPPF will also be smaller.

Remark 5: In contrast with the TPPF, the QPPF proposed in
this paper is capable of smoothly transitioning the exponential
boundary in the early stages of convergence, thereby helping
to reduce vibrations of u;. However, it is important to note
that this relatively smooth decline may trade off with the
convergence speed. Therefore, when utilizing the QPPF, it
becomes crucial to select the design parameters (p;0, Pico» £;)
more judiciously to align with the specific requirements of the
application. A comparison of the two behavioural functions is
depicted in Fig. 2 (¢; = 1,¢; = 10).

C. Interval type-3 fuzzy logic system

As demonstrated in [47], the IT3FLS possesses superior
uncertainty modeling capabilities, increased disturbance re-
sistance, and a reduced number of membership functions in
comparison to type-2/type-1 FLSs. Consequently, IT3FLS is
employed to approximate the unknown nonlinear functions
with stochastic disturbances in this paper.
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Fig. 2. Behavior of TPPF and QPPF.

Consider {Ni as the j-th fuzzy sets for the inputs X;,i =
1,...,n, the memberships at secondary levels M;y; and My,
are given as

My;
1 (|X: - Tg| /82e)
Ty — 0y <Xi<Ty
U 0,if X; > Féf +91‘5~501"Xi < Féf — 92|£~Z ,

My;
1 (|xi-Te|/oue)
ifré_z <X; < Fé‘_g +91|5*._7’
Mo,
1= (X[ /0,0)
g —0yg < Xi<Tg
= 0,ifX; > sz +91‘§~30r)§2§ ng - 02|£f ,
21
1- (|Xi-Tg|/008)
ifre' < X; < Féf + 6

1‘&””1@ -

Ul‘éi | Mo

11&

1 ( X —Tg /92@) ,

Ty — by <Xi<Ty

Uit jar, = 0% >Tg +91‘50r}%§ T =0y
1- (X ~Tg| /0,
ifl“g < X; < ng + 6

Y

1¢]
)I/Mzi

L= (|xi-Tg | /0yg
ifrég — 92@' < X; < Fé{

= 0,if X; > Féf —|—91‘€~£OI‘X1' < Féf — 02|€~z ,
1— (|x —1g| /0,¢

)

2| &7 | Ma;
N )1/M27;

)

1/¢

(10)
where Ullé{\M% / Ullg_ij‘M% and g2|5{f\Mu / U2|£§\M2,~ are
the upper/lower memberships for ff at Ms; and My;. Terms
0, and 0,z are the distances from the centre I'g; to the

start/end points of gf .



The rule firings are

l _ 1" 5 l R -
19l1|M1i - H%:l U1\53|M1i ’ﬂll\Mzi - Hgl:l U1|51”M27‘ )
792|MU = 1lj=1 U2\53|M11- 7192\1»121- = 1lj=1 U2|§gf\MQi,
where the [—th IF-THEN rule is: IF X; is §{* and - - - and X,
is €7, THEN g € [thor,%b1), | = 1,2,. .., @, where £ 7 is
the Pj—th fuzzy sets for X;, and v9; and v1; are consequent
parameters.

Then, we can obtain
b= Do (Maiqugs + M) (12)

YoM (Mo + My)

where

Il (SHVRCTERSYRTY
= n l 1
Zi:l ( 1| My, +§2|M1i>
S (88 ag ot + Epary V1)

H2i = . . ;
Zi:l ( 1| Ma; +52|M2L)

Now, the output Y (X) can be written as

3

Y (X)=y¢"H (X), (13)
where
wT = [¢217 s aw2nraw117 .. awlnr] )
H = [Hs,...,Hopp, Hivy .., Hinyl,
M
Z Al?iﬁlz\M%
Hy = =

i ny
7',;1 (Mazi+My;) l; (’ﬁlllMQ,;J'_ﬁI’?\le)

nar .
+ igl MuﬂQlM“’

)

g [T l
1§1 (M2;+Ma;) Lgl (’19 1‘M“+’l92‘M“)

W'M f
Z: 1”21191‘1\/[21.
Hy = =

M nr . L
El (Mai+ M) l; (19 1Mo +9 2\M2i)
K f

+ i nr '
2. (Mzi+Mi) 32 (ﬁluzvfliJrﬂlZ\Mu)
i=1 =1

Lemma 1 [18]: For an unknown nonlinear function F (X)
defined on a compact set €, and any ¢ € R, there is a FLS
(13) such that

sup |F (X)) —¢"H (X)| <e. (14)
XeQ
D. Preliminaries
Definition 1 [19]: Consider the stochastic system:
dx = F (x)dt + GT (x) dw. (15)

Define the following differential operator £ of the positive
definite function V' (x):
4 v

LV (x) = aF(X) + %TT {GT (X) anG(x)} . (16)

Lemma 2 [23]: If there exist two functions Ay (+),As () €
koo, and some constants o1,092,5 > 0,0 <p < 1, g > 1 such
that

A ([Ixl) =V (x) < Az (lIxD)
LV (x) £ —1VP (x) — 02V (x) + B,

then, the solution of (15) is FTBIP for any 0 < n < 1 with

a7

1 1
BT <T, = + .ag)
7] o (—p) "o 1)
Lemma 3 [50]: Consider the following filter:
P11 = P12 — T111M%Sig(9011 —aq)?
— hi1 N7Zsig(e1 — ap)*,
P12 = —r12Msig (p12 — $11) — h12Nsig(e11 — a;)"*2,
(19)

where sig® = |-|*sign (+), p1; = ip — (i — 1), where p €
(1,1 + ¢) with sufficiently small © > 0, M, N > 0, i1, T2,

hi1, h;o are selected so that the matrices A; = 7:“ é
—Ti2
and Ay = { _Z“ é } are Hurwitz. Then, the output of (19)
—hi2

satisfies a3 = @11, @1 = @11, and &3 — a3 < 1) within a
fixed time T, where 7 is a design constant and T can be
expressed as

3
2>\I§nax (Pl) )\max (PQ)
E[T<Tp = , (20)
[ } r )\min (Ql) )\min (QQ) (:U/ - 1) gu—l
where ¢ < Apin (P2), and Py, P5, @1, and Q> satisfy
PlAl + A{Pl = _Q17 (21)

Py2As + AT P, = —Qo.

Lemma 4 [42]: For any x,y € R, a1, a2,as € RT, it holds
that

21" < —aafe] T ey
a1 + as a1 + ag
(22)
Lemma 5 [26]: For any z € R and y € R™, one has
2 2
0 < |z| — —xtanh (x> <y 23)
T © T

Lemma 6 [26]: Forany0 < ¢ < landz; € R,e=1,...,n,
one has

n 2 n n S n
<Z |xil> <ny a3, (Z |wz-l) <Yl @b
=1 =1 =1 =1

Assumption 1: The reference signals xf,i = 1,3 and their
derivatives #¢ are continuous and bounded.

Remark 6: Assumption 1 is essential for controlling system
(5). It is important to note that unlike the traditional backstep-
ping method [21], [23], which assumes the reference signal
and its derivative are continuously differentiable up to the
(n + 1)th-order, this paper introduces the filters as in [20],
[40], thus only requiring the continuity and boundedness of
the reference signals z¢,i = 1,3 and their first derivatives ¢

-



III. CONTROL DESIGN AND STABILITY ANALYSIS

In this section, we will present a detailed procedure for
designing the command filter-based prescribed performance
fixed-time event-triggered fuzzy vibration reduction controller
for the stochastic MEMS gyroscope. The stability analysis,
based on the fixed-time Lyapunov criterion, will also be
included. Notably, the controller design incorporates the ECM
and the IT3FLS to effectively handle filter errors and stochastic
disturbances, thereby enhancing the overall performance of the
controller. Additionally, with the aim of conserving communi-
cation resources, this section will also present the utilization
of the STETM and examine its non-Zeno behaviour.

A. Control Design
Define the following error systems:

S; (t),Z: 1;37
z; (1) ={ z (t) — @y (t),i=24,

where @; (t),7 = 2,4 are the outputs of the following filter:

(25)

. 1. 1
Pi1 = Pi2 — rillM%Sﬂg((Pil —y)?

— hitNzsig(pi1 — o)™
Piz = —TioMsig (pi2 — @i1) —

higNsig(pi — a;)"?,

(26)
where &; = @i, &; = 1, and the meaning of the
parameters is the same as in (19).

Subsequently, define the compensated error variables
=z — <i7 (27)

where (;,7 = 1,2,3,4 are compensation signals that will be
specified in the i-th control design step.

Remark 7: The purpose of implementing ECM is to min-
imize the impact of filter error on the transient performance.
It should be noted that the ECM was also utilized in [20]
and [41], although these approaches only focused on ensuring
the finite-time stability of the ECM. In contrast, the ECM
proposed in this paper effectively compensates for filter errors
and guarantees the stability of the ECM within a fixed time.

Step 1: Define the compensation signal (; as follows:

(1= 116" + M (G2 — @2) + MG — Mliasign (¢1) , (28)
where [1; and [15 are design parameters.
From (5), (6), (9), and (25)—(28), one has
dvy = (A1 (v2 + a2 — 2 arctan (s1) — @4 29)

+l19sign (¢1)) + l11C1 ) dt + Glew
Select the first Lyapunov function candidate as follows:

1
V1 *’Uzll

1 (30)

1 ~n
—oTe
271 1 1,
where C:)l =0 — él is the estimatjon error with the ideal
value ©; and the estimated value ©;, and ~; is a design
parameter.

Based on Definition 1, one has

LV] = \v} (vz + ap — %p’l arctan (sq)
+l1251gn (G1) = @) + G
1’01GTG1 11 91@1.

€2y

According to Lemma 4, one has

3 3 3
iAfvfGlTGl < EA;*vi‘HGlH“ + 5 (32)
Substituting (32) into (31) yields
LVy < \od (vg + ay — %pl arctan (s1)

+ligsign (G1) — 2§ + F1 (X1)) (33)

15 A 3

—5:6101 + 1,
where F1 (Xl) = 3)\{’U1||G1||4/4 + 1114.13’0%/)\1. The
IT3FLS is introduced to approximate Fi (X;), ie.,
Fy (X1)=y{H; (X1) + e1(X1). With Lemma 1, we

assume that |e1 (X1)| < e1p, where 1) € RT.
Define the following ideal parameter ;:

sup

P1EW; [ X1€Xx,

1 = arg min [ ’;/311{1 (X)) - Fy (Xl)” (34

where ¥, and X; are compact sets for 1/31 and X1, and 1/31is

the estimation of ;. The subsequent steps involve calculating

ideal weights similar to (34). However, they are not displayed

in the following controller design process to save space. The
interested reader is referred to [35], [41].

Based on Lemma 4 again, we can obtain
E
)\11}1F1 (Xl) < 2 1’()1@1H1TH1 + )\f

2a11+a et
+ 412 1M

A viliosign (Cl) <o

(l
3 4 Lya
)‘1 U1 1Y2,

41112

(35)

)
3 4
Afof + 92 l12a
/\1U1U2

where a11,a12,a13 € RT are design constants, and ©; =
max ||¢1 || is the learning parameter.
Substituting (35) into (33) yields

LV, < )\11;1 (a2 — fpl arctan (sq)
)\11) @1H1 Hy —af+ )‘391
3
4u12 )\3111 + >\f Ul)
+ 3+2a11+a1245%M+a13 12 4 ZU%

A%v?HlTHl) .

(36)

4a13

+ (:)1 (—7%(:)1 + 2(1111

Design o and O, for the first subsystem as follows:

4p—3
Qg = — p1U1

+ p1 arctan (51)

3)\3U1 )\3’01

— ky, qu_3+i1
)\1?} @1H1TH1

3 §
Tars >\1 V1,

(37

2(111

6, =L\ ‘leT Hi —pe11©1 —pe120;" ",  (38)

2CL11
where k1, kq1, po11,po12 € R are design parameters.
Substituting (37) and (38) into (36) yields
LV < kplvl — kqlvl + p611@1@1
+71p@12@1@1q ! 3+2a“+a124€1M+a13 12 + v2
It should be noted that
#1016, < et - et
(@2) <02+ (1-p)prs,

poi12 2g—1 < po12(2¢—1)
1 @ @ 2qm1

(39)

(@2q éQq) (40)
1)



Then, the following can be obtained:
ap 4 52
EVl < kjpl’Ul — kql’Ulq p;ylll 1p

_ pe12(29—1) §2q =
2qm1 ©1 + +“1’

(41)

where 21 = pe1107/2v + (1 —P)P@upp/(l_p;/?% +
(34 2a11 + afyety, +adsliz) /4 + (20 — 1) pe1207” /2471
Step 2: Define the compensation signal (s as follows:

Co = —l216® — MG — laosign (G) (42)
where o7 and l9o are design parameters.
From (5), (25)—-(27), and (42), one has
dvg = (“:c + fo— G2+ 121G% + MG 43)

+lggsign (¢2)) dt + GT dw.

Select the second Lyapunov function candidate as follows:

1
Vo=Vi+ v2

; (44)

1 i n
+—07T0,,
2’}/2 22
where (:)2 = 0y — @2 is the estimatjon error with the ideal
value ©- and the estimated value O, and 5 is a design
parameter.

From (41)-(44), one has

LV <03 (ug + fo— b2+ 121G + MG
+laosign (G2)) + 3v3 + 5GF Gov3

—kprvy” = knv? — B2 67 (45)
piolzfﬁg 1)@2q 12 0,6, + 5.
According to Lemma 4, one has
3 3 4 3
5G2 Gavj < |Gl + 7 (46)
Substituting (46) into (45) yields
LVy <03 (uy — @ + A1 + laosign (¢2)
+F5 (X2)) + tvi + 2
_ kplvilp _ kqlvilq pQG’)Yl11 @ 2p @7
10012253? 1)®2q 12 @2@2 13,
where Fy (X3) = 300)|Gal*/4 + 121G + fo. The
IT3FLS is introduced to approximate Fj(X52), ie.,

Fy (Xo)=tpTHy (X2) + e2(Xz2). With Lemma 1, we
assume that |e5 (X3)| < €257, Where egpy € RT.
Based on Lemma 4 again, we can obtain
USFQ < 7’02@2H2

2a21+a el
+ +2M

4

(48)

3 4 4 G374
v3laosign (C1) < Tos; V2 + 32laa,

where a1, a92,a23 € RT are design constants, and Oy =
max HwQHQ is the learning parameter.
Substituting (48) into (47) yields

£Va < of (= b+ MG + 55080, HY Hy

4.3

4(122

1
Vg + 702
+ 3+2a21+ad,e5) 05505,

4 ~ 49)
_ pei1r @220 pe12 (29—1) @2!1
2m 271 1

— 6y (-0 + 51§ HI Hy)

4p 4q —_
7]43;01’[)1 7kq11}1 —+ =1.

Design a3 and O, for the second subsystem as follows:

4p—3 4q9—3 -
ag = —kp2Uy - qu'UQ — M1+ Qg
1 .64 T 1, _ _3 3
2a2; ’U2 @2H2 H2 UQ Zazs (%) Zass V2,

6, = 7271)2H2,TH2 — Pe2102 — pe2203" ",
a1

(50)

&1V

where kp2, kg2, Po21,Po22 € R* are design parameters.
Substituting (50) and (51) into (49) yields

p 4 _ p 2p
LVy < — Z kpiv; Z kqiv, 2(2/1119

=1
Pem (2¢—1) 2q pez1
1 2@1 + £2216,0,
+ p022® @ P + ’1)2 (Uw _ 043)

3+2a +ad,edy 4ad
+ 21 22:1 2M 23 22 += =

It should be noted that
16,0, < 1220} - 267
(@2) <03+ (1-p)pTs,
;0622@ @2¢1 1 < pe22(2q—1) <®§q . égq) .

V2 2q72

(52)

(53)

Substituting (53) into (52) yields
E kgiv)? z e

_ Z potz(Zq 1)@2q + Z i+ 03 (uy

2
a7i =

LV < — Z kplv
(54
—ag),

where 23 = pe2103/272 + (1 — p)peup?’ 177 /2y, +
(3 + 2a01 + adoedy + adsly) /4+ (24 — 1) pe22©37 /2q 7.
Steps 3 and 4: Given the similarity of these two steps to
the derivations in Step 1 and Step 2, we will solely present
the key expressions herein for space conservation.
Define the compensation signals (3 and (4 as follows:

(s = —l51G5° + A3 (4 — ) + A3Ca — Aalsasign (Gs)
Co= —121Ca® — N3Gz — luasign (Ca),

(55)
where l31, l32, 141, and 4o are design parameters.
From (5), (6), (9), (25)—(27), and (55), we can obtain
dvg = ()\3 (’U4 + ay + l39sign (Cg) = xg
—%pg arctan (33)) + 131C3‘3) dt + G¥dw, (56)

dvg = (uy + fa — Ga + G’ + N3G
+l498ign (¢4)) dt + GT dw.
Select the third and fourth Lyapunov function candidates as
Vs ="V + %vi + %95937 57)
V4 :‘/34’1’04 + E®4®4’
where (:)3 = O3 — ég and é4 = O4 — é)4 are estimation
errors between ideal values O3, ©4 and estimated values @3,
(:)4, and 73, 4 are demgn parameters
Let F5(X3) = U3||G3|| /4 + 131<33U§’/)\3 and
Fy (X4) = 3’[)4||G4|| /4 + l41<4 + f4. The IT3FLSs used
to approximate these two nonlinear functions are F3 (X3) =
Y3 Hy (X3) + €3 (X3) and Fy (Xa) =¢f Ha (Xa) + 4 (Xa),
and we assume that |e3] < e3p and |eq (X4)| < eqnm,
where €33y € RT, eqr € RY. ©3 = max|ys)” and
©4 = max ||1)4]|> are learning parameters.



Design a4 and ©; for the third subsystem as follows:

oy = —kpv? 2 — K, vgq*” 93 HI H
H L
3/\3’()3 4a32 )\3’1}3 4@33 )\3113 (58)
+ 2 p3 arctan (s3) + 4,
O3 = /\2 SHY Hs — po3103 — pe32039™",  (59)

9
251

where a3, asz, ass, kp3, kg3, pes1, pes2 € RT are design
parameters.
Design a5 and ©4 for the fourth subsystem as follows:

oy = — p4vi k viq + a4 - >\3CB (60)
1 3 3
T a4, Y4 @4H4 Hy - ZU4 Tagz ¥4 7 Tap U
Oy = 7TU4HZH4 —pou©s —pesn®i’, (61
a41

where a41, @42, 43, kpa, kqa, Pos1,pesz € RT are design
parameters.
From (54), (57), and (56)—(59), we can obtain

4 4 4
LV, < — Z kepiv? — Z kgivi?+ 3 5 — Z Bou @210
14 i= =
i2 (2¢—1) 52
_z‘:l%j)@ T4 03 (ug — az) + v (uy — a5),
(62)

where 25 = pe3103/2y3 + (1 — p)pesip?/ =P /2v; +
(3 + 2a31 + alhedyy + adslly) /4 + (20 — 1) pes2©3 /2975
and Z4 = peu©F/2v + (1 — p)peup”/ 177 /2y, +
(3+ 2a41 + alpetyy + alslds) /4 + (20 — 1) poa203’ /2q74.

Step 5: The STETM is introduced in this step for data
transmission. For simplicity, let v, = v2, vy = v4, @z = a3,
oy, = ay. Then, the intermediate control signals are designed
as follows: (i = z,y)

3 V37
wi =—(1+%) [altanh(va)—i—mltanh( ml) .
i 2
63)
Define the corresponding trigger mechanism as follows:

U; = Wj (tf) Vt; € [tk tk+1> 0 = w; — U;,
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tk—’—l _ { inf {tz > tz ||(S ‘ > nz},|u2| > D,
where D;, N;, n;, m;, m;, and p; denote design parameters,
and 0;,7 = x,y denote the measurement errors. Term tf are
the update times of the controller, while 0 < N; < 1 and
m; >m;/ (1 —X;). The control signals hold as u; (/') during
the time [tf, tf“]. When the ETM is triggered, the time will
be set instantly as i *'. Then, the control signals u; (t}')
will be applied.

Remark 8: As observed from the trigger mechanism (64),
the introduced STETM incorporates a combined approach of
fixed and relative threshold design methods. More specifically,
when the control input signals satisfy |u;| < D;, the control
system adopts a relative threshold strategy to achieve precise
control. Conversely, when |u;| exceed a certain value, the
relative threshold policy is switched to a fixed threshold
policy, ensuring that the measurement errors ¢; remain within
bounds to maintain a certain level of system performance. This

threshold design scheme combines the benefits of both fixed
threshold and relative threshold design strategies, offering en-
hanced flexibility and allowing the system to make appropriate
adjustments in order to save communication resources while
balancing system performance.

Remark 9: Unlike finite-time control schemes [17]-[22],
[29], [39], where the stability time depends on the initial state
of the system, in this paper, the controller is designed based
on the fixed-time stability theory [22]. Therefore, the proposed
control scheme ensures that the settling time is completely
determined by the design parameters.

B. Stability Analysis

Theorem 1: For the stochastic MEMS gyroscope (5) under
Assumptions 1, the virtual control signals (37), (50), (58),
(60), the adaptive laws (38), (51), (59), (61), the intermediate
control signal (63), and the switching threshold event-triggered
rules (64), all the closed-loop system signals are FTBIP and
the tracking errors are within the prescribed performance
boundaries within a fixed time.

Proof: From (64), one has
wi = (14~ Xy) ui + hiom, (65)

where h;; and h;o are continuous time-varying parameters with
hi1 (0) = hi2(0) = 0 and |hi1], |Ri2| < 1. It should be
noted that
ViW; ViW; hiam; m;
T4+RaN T 14N T4+AN |~ 1 -,
With Lemma 5 and (66), one can obtain

)—i—mltanh( = )_ai_mi]
< ’vf’a»‘ — v}, tanh (v;al> + |’U mz‘

—vPm,; tanh (iﬁl) < 0.557g;.

<m;. (66)

— )

3
= -} [az tanh ( s

v} (u;

(67)
Select the Lyapunov function as follows:
V= Z Y +Z 2% (68)
Combining (62) , (67) and (68) yields
2 4 4 4 A2
LV < — Z kpiv;? — > kgiv;? — %@f
= i=1 =1 69)
4 (
Z P@gé’f’f DO + 37 Zi +0.557 (px + 0y) -
i=1
From (69), one has
4 -
LV < — oy (vap + E@§p>
'le 'le ) (70)
— 02 (EU?“Z@?Q) + 5
i=1 i=1

where 01 = min {4k,;, pei1}, 02 = min {4kqi, W},

4
B =

> Ei + 0.557 (pz + gpy). By selecting suitable con-
i=1
stants o1, oo and 3, Lemma 2 allows us to conclude that both



the states v; and the parameter estimation errors @i are all
FTBIP. Furthermore, given the introduction of ECM into the
system, it becomes imperative to confirm that (;,7 =1,2,3,4
are FTBIP.

Select the Lyapunov function as follows:

1
V=S¢
¢ ; 5Gi
Calculating its time derivative yields

dVe = — 11G* 4+ MG (@2 —a2) + MGl — Mz |G
— I31G5" + A3Gs (Qa — ) + A3G3Ca — Aslsz |G
— 121Gt — MGG — |Gl —lnG?
- 4)\3C3C4 — 42 |C4l

4
== 1a¢t+ 3 NG(@— o) = 3 Aglia |G
i=1 i=1,3 i=1
(72)
where A; = )\;,i = 1,3 and A; = 1,7 = 2,4. According to
Lemmas 3 and 6, one has &; — a; < 1; within a fixed time
T;r. Then, we can obtain

2 Aiﬂm—-m+ﬂ\9|—_§;4h2KJ

i=1,3
1
<—uVe - V7,

(71)

4
dVe < — S 1n ¢t —
=1

(73)
where ¢; = v2min{\1 (liz — 72), A3 (Is2 — m4) , lo2, lan },
and L1 = min {111, 121, 131, l41}.

From (73) and Lemma 2, we know (; are FIBIP with the
settling time 7 = 2/t1 + 1/15. Moreover, since z; = v; + (;,
then z; are FIBIP. From (6), (25), and Assumptions 1, we can
determine that s;,7 = 1,3 and x;,7 = 2,4 are FIBIP. Besides,
it can be observed from (8) that the boundedness of s; means
that —1 < ¢;/p; < 1. In other words, ¢; € Q.,, i = 1,3 always
hold. Therefore, the prescribed performance boundaries of
tracking errors with a fixed time can be guaranteed. Moreover,
from Lemmas 2 and 3, we can deduce that the settling
time satisfies T = 1/[o1 (1 —p)] + 1/[o2(¢ —1)] +
Yoy Tir +T¢.

Next, it should be noted that §; = w; — u; for Vt; €
[tf , tf“). Hence, one obtains

d d 1 .
g |0l < (05 x 6:) = sign (6:) & < |wi| . (74)

Since w;, ¢ = x,y are bounded, w; continuously connect to
the bounded signals when ¢; € [t’? t,’“l). In other words,
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there exists positive constants Y; such that |w;|] < T,
t; € [th,tf*1), i = 2,y, leading to the conclusion that

|0;] <Y (ti - tf“), t; € [tf,tf“). It should be noted that
6; (t¥) =0 and lirgl+1 16;] < N |w; (tf”'“)’ + m;; thus, one
t7‘,—>ti

has
lim
ti—tr !

m; < 10;] < YA, (75)

where At; = tf“ — t¥. Evidently, At; > 0 can be easily
deduced for any finite time interval. Additionally, t¥ — oo can
be observed as k — oo, which can be verified by contradiction.
Specifically, assuming t2° = lim t¥ < oo implies that

k— o0
klim At; = 0. In conjunction w_i>th eq (75), it results that
—00

0<m; <7T; x0=0, %k — oo. Having considered the
preceding discussion, we can assert that the occurrence of
Zeno behavior can be effectively eliminated. Up to now, we
have completed the proof of Theorem 1.

Remark 10: A discussion on the effect of the control
parameters is detailed below.

1) By increasing the control gains ky;, kgi, ¢ = 1,2,3,4,
the adaptive gains pg;1, peis, the filter gains l;;, and
decreasing the filter gains [;2, the upper bound of v; can
be reduced to achieve a more effective tracking. How-
ever, excessively large values of ki, kqi, Pei1, Poiz, lit
and excessively small values of /;5 can lead to surges and
vibrations in control inputs, potentially causing damage
to the control system. Therefore, it is important to
moderately adjust these control parameters to ensure
satisfactory tracking performance without exceeding the
control system’s input capability.

2) The parameters of the QPPF (7) need to be adjusted
according to the actual application requirements. Specif-
ically, parameters p;o, ¢ = 1, 3 should encompass the ini-
tial position of the system states x;(0), while parameters
Pico Must be fine-tuned based on the specific application
needs. Theoretically, the values of p;, can approach in-
finitesimal levels. However, as p;o, decrease, the control
signals amplify, leading to higher energy consumption.
Therefore, in practical engineering applications, a trade-
off between the control signals and the steady-state limit
boundary must be maintained. Additionally, increasing
parameters ¢; can improve error convergence speed, but
excessively large values of ¢; may introduce overshoots
and vibrations. Hence, selecting moderate values for
¢;, tailored to the specific application requirements, is
crucial.

3) The performance of the filter (26) can be improved by
decreasing the filter parameters 7,1, h;1, ¢ = 2,4, and
increasing r;2, h;2, M, N. However, pursuing an extreme
filtering performance may lead to unbounded growth in
control inputs. Therefore, it is essential to maintain a
balance between filtering performance and control inputs
when adjusting the filtering parameters.

4) The performance of STETM (63) and (64) can be en-
hanced by decreasing parameters N;, p;, ¢ = x,y. Nev-
ertheless, excessively small values of N;, p; may lead
to an increased frequency of trigger occurrences. There-
fore, it is important to avoid setting N;, p; too small.
Additionally, parameters n;, m;, m; influence the trig-
ger threshold. Specifically, larger values of n;, m;, m;
may delay event triggering, whereas smaller values of
n;, m;, m; may lead to more frequent event triggering.
The adjustment of parameters D; has been detailed in
Remark 8.

5) The remaining control parameters, such as a;1, a;2, a;s,
1=1,2,3,4 are utilized to address potential singularity
issues that may arise from the introduction of inequal-
ity transformations. In cases where such singularity
problems occur, these parameters can be decreased to
prevent singularity and ensure the controller’s normal



operation. Parameter ; serves a similar purpose, yet it
is distinctively used to mitigate singularity issues when
employing fuzzy approximators.

IV. SIMULATION RESULTS

This section presents the numerical experiments that were
conducted to verify the feasibility and effectiveness of the pro-
posed control scheme for the MEMS gyroscope. The system
parameters were selected as follows [3]: m = 1.8 x 10~ "kg,
Qr = 100rad/s, wy = 1000HZ, d%, = 1.8 x 107°Ns/m,
dj‘y = 3.6 x 107"Ns/m, dy, = 1.8 X 107°Ns/m, kI, =
63.955N /m, kj, = 95.92N/m, and k}, = 12.799N/m, and
the desired tracking signals were set as ¢ = 1.36sin (2t) +
0.14 and ¢ = 1.32sin (¢) + 0.18.

Simulation 1: (Effectiveness and superiority of the proposed
controller):

Case 1: The main control parameters were chosen as ky,; =
kps =75, kpa = kpa = 30, kg1 = kg3 = 75, kgo = kqa = 30,
lin = o1 = l31 = lax = 20, l1g = lag = l32 = lg2 = 0.01,
a1 = ag1 = azg1 = aq1 = 0.75, a2 = a2 = azz = a4z =
0.1, a13 = ag3 = Q33 — A43 = 0.5, T21 = T41 = 1, Tog =
T4z = 20, hoy = hgr = 1, hog = hag = 20, po1 = pga =
a1 = pa2 =1L, M =N =20, =m=m=m =
0.2, pe11 = pe21 = pes1 = pear = 10, pe12 = pez =
pes2 = pedz = 10, {1 = {3 =1, p1g = 0.6, p3o = 0.5, and
Ploo = P3co = 0.1. For IT3FLS, consider five membership
functions centered on —1, —0.25,0,0.75, and 1, and five rules.
The initial conditions were z1(0) = 0.2, z3(0) = 0.15,
22(0) = 24(0) = 0,01 (0) = 65 (0) = 0.01, 6, (0) =
04 (0) =0, 21 (0) = 22 (0) =0, 41 (0) = 42 (0) = 0,
Qi (0) = Q9 (0) =0, and oy (0) = oy (0) = 0.

Case 2: Based on Case 1, the unknown variations
of spring and damping terms were further considered as

Ady, = 0.4 x dy, x sign(z),Ady,
Ady, = 0.3 x dj, % sign ()
Ak}, =03 x k}, xsign(x),
Ak*u = 0.3 x k3, x sign (z )+O3 X ki, X s1gn(y)
Additionally, the stochastlc dlsturbances were chosen as

+O3><d* x sign (y),

G1 = (1 — cos (z17/180)) x randn,
G2 = (1 —sin (z27/180)) x randn,
G3 = (w3 sin (x97/180)) X randn,
G4 = (x4 sin (237/180)) X randn,

where randn represents a random number that conforms to a
normal distribution.

Case 3 and Case 4: To demonstrate the potential advantages
of the control scheme proposed in this paper, the control results
of the controllers in literature [48] (Case 3) and literature [49]
(Case 4) were presented for the stochastic MEMS gyroscope.
The system parameters were set according to Case 1, while
the applied stochastic disturbances were based on Case 2.

Case 5: Based on Case 2, to showcase the superior handling
of stochastic disturbances by the IT3FLS, we compared and
evaluated the tracking performance of controllers based on
the radial basis function (RBF), type-1 fuzzy logic system
(T1FLS), type-2 fuzzy logic system (T2FLS), and IT3FLS.

Case 6: Based on Case 2, to directly analyze the computa-
tional burden of the IT3FLS, we compared the execution time
between different fuzzy-based methods. The simulations were

= 0.35 x dy, x sign (y),

Aky, —035><k* x sign (y) ,

TABLE 11
COMPARATIVE RESULTS OF TRACKING PERFORMANCE

INDICES

Indices | Case 1 | Case 2 | Case 3 | Case 4

fheq 0.0013 | 0.0014 | 0.0068 | 0.0064

Les 0.0008 | 0.0010 | 0.0095 | 0.0094

Se,q 0.0053 | 0.0056 | 0.0150 | 0.0159

Ses 0.0027 | 0.0027 | 0.0162 | 0.0153
TABLE III

COMPARISON OF PROPOSED CONTROLLER WITH VARIOUS
NEURO-FUZZY SYSTEMS

Indices RBF TIFLS | T2FLS | IT3FLS
Heq 0.0031 | 0.0031 | 0.0020 0.0014
Heg 0.0026 | 0.0027 | 0.0017 0.0010
Seq 0.0122 | 0.0125 | 0.0095 0.0053
Ses 0.0094 | 0.0089 | 0.0067 0.0027

conducted using Matlab 2019b on a system with an Intel®
Core™ i7-8700 CPU @ 3.20GHz and 8GB of RAM.

Simulation 2: (Superiority of QPPF):

Case 1: Based on Simulation 1 (Case 2), resetting ¢; =
{3 = 2, and comparing the QPPF with the TPPF.

Case 2: Based on Simulation 1 (Case 2), resetting ¢; =
{3 =5, and comparing the QPPF with the TPPF.

Simulation 3: (Superiority of ETM):

Based on Simulation 1 (Case 2), the event-triggered pa-
rameters were selected as follows: D, = D, = 125,
Ny, =Ry =01, p, = py, = 0.1, myp = my = 10,
ng = ny = 10, my = my, = 10.

In this paper, the following four performance indices are
used to quantitatively analyze the control effectiveness:

1 N
e = 7 2 lei () (76)
Jj=1
1 N
Sei = ‘ez /«Lel (77)
j:1
M.,,, = ._I{laXN {lwm (3) = b, ]}
I= 0 (78)
2 in {fun () = )}
i=1,...,
M,,,
Fop = —5 22— (79)
& 3 0 )

where fi.,and S, are the mean and standard deviation of
e;,t = 1,3, respectively, M, and F,  are are the amplitude
and vibration factor values of w,,, m = x, y, respectively, and
N denotes the number of sample points.

The MATLAB was utilized to obtain the simulation results
presented in Figs 3—5. A fixed step size of 0.001 was employed
throughout the simulations.

Fig. 3 illustrates the trajectory tracking and tracking errors
between the actual and the reference trajectory of the MEMS
gyroscope. As demonstrated in Fig. 3, despite the existence
of stochastic disturbances and unknown variations, the actual
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Fig. 3. Tracking results of x; and x3.

TABLE IV
COMPARISON OF EXECUTION TIMES
Indices T1FLS T2FLS IT3FLS
Execution time (s) | 36.329657 | 37.400013 | 39.213035

trajectory closely approximated the reference trajectory with
minimal errors and remained within the specified bound. Table
IT provides the relevant tracking performance indices. Com-
paring the control performance of the MEMS gyroscope with
and without unknown variations and stochastic disturbances,
it is evident that these factors scarcely affected the control
performance of the controller under the QPPF constraints.
Moreover, the proposed scheme demonstrated both lower
tracking errors (smaller mean and standard deviation values)
for the MEMS gyroscope compared to the methods presented
in [48] and [49].

Additionally, based on Table III, it is evident that the
IT3FLS exhibited a considerable enhancement in tracking ac-
curacy when compared to conventional neural-fuzzy systems.
This result highlights the superior capability of the IT3FLS in
effectively handling stochastic disturbances.

Furthermore, Table IV validates that the execution time
of the IT3FLS was marginally longer compared to conven-
tional FLS-based methods. However, it’s worth mentioning

COMPARATIVE RESULTS OF CONTROL INPUT CHATTERING

TABLE V

Indices | Casel-QPPF | Casel-TPPF | Case2-QPPF | Case2-TPPF
My, 371.6798 388.1492 374.2849 417.4556
My, 201.4831 208.8479 201.8316 220.4914
Fe, 17.7243 18.5097 17.8577 19.9203
Fe, 5.0721 5.2557 5.0803 5.5491

that besides CPU performance, the programming approach
employed in FLSs also influences the execution time. Utilizing
vector programming and minimizing loops can significantly
enhance time efficiency. Moreover, with the progress of high-
speed programmable ICs, the slightly longer execution time
of the IT3FLS does not lead to a substantial increase in
computational burden.

300
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Fig. 4. Vibration evaluation results of uz and ..

Fig. 4 showcases a comparison of the control input torques
provided by the QPPF and the TPPF for different values of ¢;,
from which it is evident that the control inputs of the QPPF
and the TPPF were essentially similar at smaller values of /;.
However, as ¢; became sufficiently large, the TPPF exhibited
more pronounced vibrations during the initial stage of control
input compared to the QPPF (note that the area covered in
red is larger in the initial phase). Corresponding comparative
index values are presented in Table V, which demonstrates



TABLE VI
COMPARISON BETWEEN EMT AND CCT

Indices | Relative | Switching Fixed Continuous-time
Uz 142 210 337 10000
Uy 63 150 225 10000
fleq 0.0016 0.0016 0.0015 0.0014
e 0.0012 0.0010 0.0010 0.0010
Seq 0.0065 0.0058 0.0057 0.0053
Ses 0.0035 0.0034 0.0031 0.0027

that the proposed QPPF effectively mitigated the initial control
vibrations for the MEMS gyroscope.
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Fig. 5. Event-triggered results of u, and wuy.

Fig. 5 provides valuable insights into the control input and
switching threshold event-triggered frequency of the MEMS
gyroscope. The results depicted in Fig. 5 and summarized
in Table VI demonstrate that the control scheme utilizing
the STETM is effective in reducing the reliance on fre-
quent communication while preserving control accuracy, as
compared to the control scheme employing the continuous-
time-triggered mechanism. Furthermore, the STETM strikes
a balance between triggered times and tracking accuracy,
in contrast to control schemes based on relative thresholds
and fixed threshold event-triggered mechanisms. Additionally,
Fig. 5 reveals that during the initial phase, the controller

required frequent triggers to track the reference signal rapidly.
However, as the process progressed, the system reached a
relatively stable state, significantly increasing the average time
interval between trigger events. Furthermore, the control input
based on the STETM exhibited a vibration-shielding effect.
These findings underline the significance of implementing the
STETM in MEMS gyroscope control applications.

V. CONCLUSION

This article effectively addressed the challenge of develop-
ing fixed-time fuzzy vibration reduction control for stochastic
MEMS gyroscopes. The combination of the CFBBD with the
ECM in the proposed approach was aimed at addressing the
issue of complexity explosion and compensating for filtering
errors. Moreover, the QPPF was designed to drive the tracking
error towards a small neighborhood of zero within a predefined
period and reduce control vibrations. The employment of the
STETM ensured efficient resource utilization and vibration
filtration without sacrificing control accuracy. The simulation
results substantiated the effectiveness and superiority of the
proposed control strategy in attaining the desired control
performance of MEMS gyroscopes.
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