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Finite-Time Command Filtered Adaptive Control
for Robot Manipulators in Random Vibration
Environment

Xinyu Song, Lin Zhao and Guozeng Cui

Abstract—This paper introduces a finite-time tracking control
algorithm for robot manipulator systems in a random vibration
environment, which addresses the challenges of parameter uncer-
tainty and input saturation. The algorithm combines command
filtered adaptive backstepping with neural networks to approx-
imate unknown nonlinear dynamics and avoid the singularity
problem of traditional finite-time backstepping methods. An
error compensation mechanism based on the fractional power
function is also introduced to improve trajectory tracking accu-
racy, and the algorithm is shown to ensure practical finite-time
stability in mean square. Numerical simulations demonstrate that
the effectiveness of proposed method.

Index Terms—Adaptive neural control, command filtered back-
stepping, stochastic robot manipulators, finite-time convergence

I. INTRODUCTION

Robotic manipulators are increasingly used in industrial
production, agriculture, and other fields [1], [2]. Achieving
high-precision tracking of a given manipulator trajectory is
critical, as manipulators are not limited to fixed-point oper-
ation [3]-[7]. Backstepping methods combined with adaptive
neural/fuzzy techniques [4], [5] are commonly used to control
manipulator systems (MSs), which are modeled as nonlinear
systems with strong uncertainty. However, the complexity ex-
plosion problem (CEP) of backstepping methods has prompted
the development of improved methods, such as command
filtered backstepping (CFB) [8]. In this method, a command
filter is added to roughly represent the differentiation of the
virtual signal. It is then applied to asymptotic control for
flexible robotic manipulators [7], with an error-compensation
mechanism to lessen approximation error. However, these
algorithms mainly consider the deterministic case for MSs.

Stochastic disturbances during manipulator motion in trans-
portation equipment can invalidate or reduce the performance
of controllers designed according to deterministic models. [9],
[10] described the stochastic Lagrangian dynamics equations
for multi-joint MSs in random vibration environments and
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designed a controller based on backstepping. While [11]
designed an adaptive CFB controller for stochastic multi-
joint manipulator systems (SMJMSs), it requires a completely
known inertia matrix, making the uncertainty model and
control algorithm conservative. Besides, the control algorithms
in [9]-[11] can only achieve asymptotic convergence.

Compared to asymptotic control algorithms, finite-time con-
trol provides stronger robustness and higher control accuracy
[12], and also requires proper fractional power based controller
design. However, existing finite-time control algorithms for
robot arms, such as [13], [14], do not consider random
vibrations, and it is a challenge to design algorithms that
enable finite-time control of stochastic manipulators. Although
the finite-time backstepping control (FTBC) can achieve mean-
square finite-time stability of stochastic nonlinear systems
[15], [16], the singularity problem caused by the fractional
power function in the virtual control signal differentiation
renders the controller unusable. In order to enable high-
precision tracking of SMIMSs with uncertain parameters and
input saturation, we present a new finite-time command filtered
adaptive neural backstepping (FTCFANB) controller in this
study.

1) Compared with the asymptotic control methods based
on traditional backstepping and CFB in [9]-[11], this paper
proposes a novel finite-time CFB control method for SMIMSs,
a new finite-time command filter backstepping control method
is proposed in this paper. A new virtual control signal and error
compensation mechanism based on the fractional power func-
tion are designed to improve convergence speed and steady-
state performance while ensuring finite-time convergence.

2) Compared with the asymptotic control in [11], the
uncertainty of the inertia matrix is taken into account as
well. The inertia matrix is finely divided, and the system’s
uncertain nonlinear dynamics are approximated using neural
networks (NNs). In addition, compared with [9]-[11], this
paper additionally takes input saturation into account and
addresses its effects by adding an auxiliary system, making
the MSs under consideration in this paper more applicable in
real-world settings.

II. PRELIMINARIES AND SYSTEM DESCRIPTIONS
A. Preliminaries and some lemmas

The continuous-time stochastic system can be described as
follows:

dx(t) = F(x(t))dt + &(x(t))dw(t), x(to) = x0, (1)
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where w(t) € R™ is an independent standard Wiener process,
x(t) € R™ is state variable of the stochastic system, xq is the
initial condition.

Definition 1: [15] If there exists a positive constant € and a
stochastic settling time T'(e, xo) < oo such that V¢ > to + T,
the system (1) satisfies E[|x(t)|?] < ¢, then the equilibrium
x(t) = 0 is practically finite-time stable in mean square
(PFTSMS).

Definition 2: [15] We define a differential operator L
associated with the stochastic system (1) as follows: For a
function V(x) € C? LV(x) is given by %F(X(t)) +
LTr{®(x(1)) ‘31‘; ®(x(t))}, where Tr is the trace of matrix.

Lemma 1: [6] Given a continuous function f(z) € R”™
on a compact set (), there exists a radial basis function
(RBF) NN HTB(z) such that the maximum approximation
error is bounded by € > 0, ie., sup|f(z) - H'B(z)| <

zEQ

€. The RBF basis function vector is defined as B(z) =
[b1(2),b2(2),...,br (2)]T, where K is the number of NNs

nodes, and H € REX" is the weight matrix. Each basis
_(Z_'Yi)j(z_'ﬁ)]

function is defined as B;(z) = exp]| o=
1,2,..., K, where v; = [yi1,..-,7%n]) " is the center vector and
w; 1s the width.
Lemma 2: [8] There exists (Zf{:l |zi])" < Zfil |2 <
K'=m (K |z i=1,--- K for z € Rand 0 < k < 1.
Lemma 3: [15] For p,q € R, a > 0,b > 0 and a(p,q) > 0,
a aa(p,q)|s|®t? ba(p, % |g|ot?
p|olgl® < (pfllb\ 4 balpg) ®lq["

Lemma 4: [15] If there are three positive constants A, ', k €
(0,1) and two k., —functions 3; and (3 ,which make a C?
function V' (x(t)) such that

{ Aullix@®l) = V(x(®) < Aallx(®)]),0 < s <,
W(x(1)) = W(x(1)) < =A [{ W (x(v))dv +T(t = s).

Then, for V¢ > T, there holds |x(¥)|]] < e
(i—r)/x
where T' = 7(17;1)0A {Vlm(X(O)) - (7(171;)A) }’6 =

Brt[(IT/((1=o)A)) ], 0 <o < 1.
Lemma 5: [17] For nonsingular matrix A e R " if it
exists A = A + AA, there holds

A~V = A7 4+ AA, )

where AA = —A"TAA(I, + AAA)"TA
Lemma 6: [9] The inequality 27y < %MF + zea ly|? holds
for any vectors x,y € R™ and any positive scalar ¢ and p > 1,
p

where ¢ = o1

B. System descriptions

Following the same line as in [9], [10], we consider the
dynamics model of SMJMSs as

M(q)§+ C(q,4)q + h(q) = sat(u) + A(q)¢, 3)

where ¢ € R” represents the generalized coordinates of the
system, M(q) € R™ ™ is the symmetric positive definite
inertia matrix, C(gq,¢) € R"™*"™ is the Coriolis/centrifugal
matrix, h(q) € R" is the potential force, A(¢g) € R™ and
A(q)¢ is the random excitation force caused by the white noise
& € R™ with bounded variance.

uw € R™ is the control force acting on the sys-
tem and sat(u) = [sat(u1),sat(ug),-- ,sat(u,)]’ is
the input saturation function vector satisfies sat(u;) =
{ u.i’ Jui| < uf , where v > 0 are known con-
sign(ug) * ul, |u;| > uf g
stant. Define n(u;) = u} * tanh(

Uj
as u = sat(u) = n(u) + 7i(u), where n(u),7j(u) € R, and
i(us)| = |sat(us) — n(us)| < max {u;max(l — tanh(1)),
U;,min(1 — tanh(1))} £ 7, and denote 7 = [71, 72, - - - , Tn]-

Assumption 1: Suppose £ is a white noise vector with
bounded variance.

Assumption 2: M is positive and symmetrical, and M can
be divided into the nominal part and the unknown part.

Assumption 3: For the nominal part M, there are bounds
such that Myin||2]|? < 2T Mz < Mpayx||z||?, where z € R”,
The positive constants M. and My, are known. For
an unknown component AM, there exists an unidentified
AM* > 0 such that |[AM| < AM*.

According to Assumption 2 and Lemma 5, it can be known
that M ~1(q) = M~ 4+AM. After 1 = ¢, x5 = ¢ are defined,
the equations in (3) may be rewritten as follows:

), then u can be expressed

dl‘l = mgdt
dry = [M~'sat(u) + p]dt + prodw 4)
Yy =1,

where o = —M~1(q)[C(g, §)z1 + h(q)] + AMsat(u), § =
M~*(q)A(q). w is an m-dimensional independent standard
Wiener process. The power spectral density of the white noise
& is iw, where w € R™*™ is a positive matrix.

Remark 1: This paper considers the dynamic model of
SMIJMSs proposed in reference [9], [10] is considered, and it is
assumed that the random vibration is caused by white noise &.
However the variance of £ is not assumed to be bounded in [9],
[10], which is usually required in the actual environment. This
paper considers the design of finite-time tracking controller
under Assumption 1.

III. CONTROLLER DESIGN

The tracking errors z; is defined as follows:
21 =T1 —qd, %2 = T — @, ®)

in which @ = [11,%21, * ,¥n1]t € R™ is the output
of finite-time command filter (FTCF) with the virtual signal
a =[ay,as, ,a,]T as the input. ¢; € R is the desired
trajectory and its first derivative ¢4 are known, smooth and
bounded functions. The FTCF is designed as

%,1 =G
L
Gi=—o01 Y1 —aql?sign (i1 —a;) + 92 (6)
Vi = — 028ign (Yi2 — G) -

Remark 2: Tt should be noted that [18] provides a method
for choosing the parameters g1 and gs, according to which o0q
and oo should both be of adequate size and g5 is selected first.

Lemma 7: [18] If the parameters o1, g2 are chosen appro-

priately, 1; 1 = oy,0 and ¢; = ¢ o can be reached in a finite
time without input noise, where o; = ;0. The inequalities
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1
|1/111 — Oy O| < @z:z =TT and |Xz _dz O| ZE? = T2
hold in finite time if the input noise satisfies |al a0 <E,
where ©; > 0 and Y; > 0 are constants.
The virtual signal v and controller w are designed as

3 .
a=—cv" — 1(14‘]?1)01 +qd — p, (7N
_ “ 3 5 é’UQBTB
u=M(—covs”™ — (1k2 + Z)Uz I ) 3

where 0 < kK < 1, k; > 0,¢; > 0,(i = 1,2) are designed
constants. The Matrix B is the basis function of RBF NN,
6 = max{||H||?} is a constant, where || - || is the 2-norm of
the vector, H € RX*X" is the weight matrix. Define g as an
estimate of 6, and the updating process for 0 is as follows:

: A
0=—10+ Z(v§v2)2BTB, )
T

where ¢ > 0 is a constant.
Additionally, we incorporate an error compensation mech-
anism, denoted by ¢;, as defined by

gG=-kiag—as+(@—a)+s

. (10)
S = —kaga — cagy

with ¢;(0) = 0(¢ = 1,2).p is an auxiliary system which has
the function of anti-saturation. It is defined as follows

p=—p+M In(u) - (11)

Remark 3: Based on the FTCF in (6), the & and its first-
order derivative (v are obtained using the virtual controller o as
input. Actually, the FTCF is a first-order Levant differentiator
presented in [18], which can not only achieve the fast filtering
for «, but also ensure the stability in finite time. And the FTCF
was first applied to the finite-time control of stochastic manip-
ulator systems, addressing the singularity issue encountered by
traditional FTBC in [15], [16].

Remark 4: An auxiliary system (11), which can ensure
that the real control input w can be designed, is included to
the controller design in order to combat the impact of input
saturation on control performance.

M.

IV. FINITE-TIME STABILITY ANALYSIS

Theorem 1: Consider the SMJMSs (3) subject to Assump-
tions 1-3, by selecting FTCF as in (6) and constructing virtual
signals « and controller u as in (7)-(8), an adaptive updating
law is designed as in (9), along with an error compensation
mechanism in (10) and an auxiliary system in (11), then all
signals in the closed-loop system are mean-square bounded in
finite time, and the tracking error z; is PFTSMS.

Proof: Establish the compensated tracking error signal v;
to complete the finite-time stability proof

V] =21 —G1,V2 =23 — G2 — p. (12)
According to Ito formula we get
dvy = (xg — g — ¢1)dt
dvy = (M 'sat(u) + ¢ — La — ¢ — p)dt + pwdw. (13)
where ¢ = ¢ — 8171

Step 1: Thinking about the stochastic system (4), the
stochastic Lyapunov function is created as V= (vl v1)2.
Based on Definition 2, there exists

LVi = v Yoo T (a+ 20 + (@ — @) — 4g — <1). (14)

Substituting virtual signal (7), error compensation mecha-
nism (10) into (14) and according to the Lemma 6, we have

LVi < — vy oo T + eror T T
1 k (15)
+ *(Uvaz)z + fl(C1T§1)2'
4 4
According to the Lemma 2 and Lemma 3, we have
vlTvlvlTvl ’01 Ul Zvls 1+K = 'Ul Ul) 2’{ (16)
w 3 3t ®
v oo T ™ < H+3(v1 'Ul)SJg + _7_3(9 <1)3Jg (17
Substituting (16)-(17) into (15), one has
C1R T 3+rK C1KR T 3+kr
LV <-— 2 2
1 < /<;+3(U1 v1) +/<;+3(§1 S1)
) 1 (8)
+ Z(WTUQ)Q + Z(§1T§1)2~
Step 2: Choose Vo= V1—|— (vg U2)2+§—i as the Lyapunov

function, where A\ > 0 is a constant. Substitute (10)-(11) and
(13), we have

LVy, =LV; + vavgng(Mflu + @ — La+ p+ kogy + 252"
- 00 1 o
+ M~ () - U 5{80 (2uava ™ + v  v2l)p}.

19)
According to Assumption 3 and ||7j(u)|| < 7, then applying
Young’s inequality in Lemma 6, one has

w2 vyt M () < oo P17

3 3 =T =\2

< S0 4 M < T+ T
3k mIFZO)
kv Tvguy Ty < TQ(U2T02)2 + ZQ(<2T§2)2~ (21)

And according to the property of norm, that is

1. _ _ m, _ _
§{<PT(2U2712T +v2Tual) g} < §||90T(2U2U2T + 02 020 B

mA/m v/ m
<= v2 w2 B.
(22)

_ _ 3Im
" (20202 + w2 v2l)g|| <

Substituting (20)-(22) into (19), one has
LVy <LV; 4 vy vgvo T(Mu+ o — La+ p

3 T
+ 1(1 + k2)va + c262") — Y + f(QTQ)Q
3ry/r (7" 7)°

2 V2 ’U2||¢ SDH + M4 :

min

(23)

+

Then, letting $=vs" (¢ — L) + 2™/ | 5T ||, we adopt a
RBF NNs H'B(X) to approximate it. For Ve > 0, one has

¢ =H"B(X)+6(X),]0(X)| <e. 24)
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By using Young’s inequality in Lemma 6, we get
(1)2 ’U2)H B(X) + (Uvaz)(S(X)

- (0 )| H|B"B

- 4T

where 7 > 0 is a constant. Substituting (8) - (9) and (25) into
(23) yields

(v2 v2) @
(25)

+T+4(v2 v2)? + €7,

2
5 34k 3+N
LVVQ S - Z KJC+K/3 Uvaz 7 + Z /:f3 Si 1 Tz

=1 (26)

+Z 7<) (nn)

o (i"6:)?
Then, we choose V= Z St

i=1
to verify the stability of the error compensation mechanism.
Lemma 7 states that the inequality || — «|| < 71 holds for a
finite time. Combining this with Lemma 6, one has

+ t9t9+ +T+€.

as the Lyapunov function

_ 3 1
LV <= (k1 = J)(a"a)” = (k2 = (2" w2)?
2 (27
« 1
- ZQ(%T z)3+ +-m®
‘ 4
i=1
Moreover, we get & LG9 < — £ 62 + -0 Then, we define

V =V, +V and have

3 3
—(fkl—f)(cl ) = (ha— 7
4 2 4 4 28)

where I = [[M 7|3 (777)* + 7 + &% + gm* + 356%.

Based on Lemma 3, choosing p = %, qg =1, a =
5123, i l-a= L a(%q) = 5. it follows that
(L) <& C 41 o (%_Hg)*m. Letting 3k; — 3 = 0, we

obtain k; = 2, similarly ky = % Substituting that into (28), it
is straightforward to show that

2
Gk T, \2)3te
LV < _;Hg((vm v;)?) 7
21_ N (29
3¢; T \g 3tk 0% k43 r
;H+3((9 )?) Uoy) * +T
where I =T + 1 "‘(H43)—%§
Letting A = min{4 = Cfs,4~+ ,f’j13,L}, then we have
LV < —AV" (30)

Denoting V' (z(t)) = V, the It6 formula allows us to obtain
the following result for 0 < 51 < 59

E[V(z(s2))] = EV (z(s1)) + /S2 E[LV (z(t))]dt. (31)

Taking equation (30) into (31) and applying the Jensen’s
inequality, then substituting it into (31) yields

B[V (x(s2))] — E[V (x(s1))]
< —A/ [E[V ()] T dt +T(s2 — 51).

S1

(32)

Let x(z(t)) = EV (x(t)), we obtain the setting time
— K 1—k
T = ﬁ[[EV(x)}lT f(ﬁ)m] exists, such that

E[V (2(t))] < € for vt > T, € = 4(;;-55)75. Using the

mathematical expectation property, we can conclude that the
inequality [E||v;|*]* < E (Juil*) < F (Z?ﬂ(vﬁm?
4e holds for all ¢ > T. Thus, for V&t > T E|v|

2Ve Bl < 2VeE|6]2 < 26 and |
2E oy ||? + 2|t |2 < 4/e t > T.

Remark 5: When the parameter « in the control algorithm
is in the range (0, 1), the closed-loop system studied in this
paper can be achieved finite-time stability, which calls for
the inclusion of fractional power functions in both the error-
compensation mechanism ¢; and the virtual control signal
o. When x = 1, the closed-loop system can only converge
asymptotically over time, which can be seen as a specific
example of finite-time control, but is no longer able to achieve
finite-time convergence.

Remark 6: The mean square of tracking error E||zl [|? is less
than 4./¢ when t > T, where ¢ = 4((1 )A)“+3 and T =

m[[EV(mO)] = (m) H+3]. In order to guarantee
a lower I', we can use tiny A and ¢, while higher parameters
c¢; and ¢ can guarantee a larger A. Smaller I" and larger A can
guarantee a reduced mean squared error E||z1||? and a faster

convergence rate for the closed-loop system.

<
<
<

V. SIMULATION RESULTS

Assuming no air resistance, we considered a sys-
tem of double-linked manipulators suspended from a ran-
domly vibrating ceiling to verify the proposed method,
with the system (3), in which ¢ = [q1,¢], M(q) =
[Myn] € R?*2 and C(q,4) € R?*? are given by
My = (my + mo)l?, Mi2 = malilacos(qa — q1), Moy =
malilacos(qa — q1),Mas = mol3,C11 = 0,012 =
—malilasin(ge — q1)G2Ca1 = malila cos(ga — ¢1)¢1, Cor =
L,h(g) € R? and A(q) € R?**? are given by
hi = (m1 + ma)glysin(q1),ha = maglasin(ga), A11 =
—mylycos(q1) + 0.5malysin(qr)sin(2(g2 — q1)), A1z =
—malysin(qr) — 0.5malycos(qr)sin(2(¢2 — q1)),A21 =
mala sin(qr ) sin(2(g2 — q1)), Aoa = —maly cos(q1) sin(2(gz —
q1)). [m1,ma] = [0.6,0.8] and [l1,l2] = [0.8,1.2] respec-
tively correspond to the mass and length of the pendulums,
and the units are kg and m. The value of acceleration of
gravity g is 9.8, and the unit is m/s?. The input saturation

for controller u = [uj,uz] are considered as sat(u;) =
Ui, \uz| S 15 . .
{ sign(u;) % 15, [us] > 15 ° Consistent with reference [10],

power spectral density w of white noise ¢ is considered by
01 0
0 0.1
set as follows: k1 = 2)ke = 1/3, 13 = 7.5,ls = 25,
01 = 750, 02 = 180, ¢« = 100, by = by = 1, and k = 3/5. The
number of neurons for the RBF NNs is 10, the basis function
centers are evenly distributed in [—2,2] x x [—2,2], and
the width is set to 4.

Choosing the reference signal q; = [1.5sin(t),sin(2¢)]T
and initial conditions ¢(0) = [-0.1,0.25]T, 4(0) =
[—0.3,0.45]T, the desired signal g4 and the trajectory of q are

W = TWoxy = . The control parameters are
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Fig. 2: OTE with the different control algorithms

shown in Fig. 1-1 for the proposed control scheme. As shown
in Fig. 1-2 , the controller output does not exceed the limits
imposed. We create an overall tracking error OTE = ||¢ — q4]|
to compare the performance of convergence between the finite-
time control technique of this study and the asymptotic control
of [11]. Fig. 2 shows the OTE with a different x while keeping
the other parameters the same. The suggested FTCFANB
algorithm clearly outperforms asymptotic control in terms of
convergence rate and tracking precision.

Remark 7: Based on the above guiding principles for
parameter adjustment in Remark 6, we select the simulation
parameters according to the trial-and-error method.

VI. CONCLUSION

This paper presents an adaptive neural control technique
based on the CFB approach to address the finite-time tracking
control of SMJMSs with parameter uncertainty and input sat-
uration. The suggested approach guarantees that the tracking
error is PFTSMS and addresses the CEP and singularities by
using traditional backstepping. In the future, the focus will
be on the output feedback control of stochastic manipulator
systems.

enhanced transparency performance,” IEEE Trans. Ind. Electron., vol. 67,
no. 1, pp. 746-756, Jan. 2020.

[6] F. Meng, L. Zhao, and J. P. Yu, “Backstepping based adaptive finite-time
tracking control of manipulator systems with uncertain parameters and
unknown backlash,” J. Franklin Inst., vol. 357, no. 16, pp. 11281-11297,
2020.

[7] T. Cheng, B. Niu, G. Zhang, Z. Wang, and P. Duan, “Event-triggered-
based adaptive command-filtered asymptotic tracking control for flexible
robotic manipulators,” Nonlinear Dyn., vol. 105, no. 2, pp. 1543-1557,
2021.

[8] J. A. Farrell, M. Polycarpou, M. Sharma, and D. Wenjie, “Command
filtered backstepping,” IEEE Trans. Autom. Contr., vol. 54, no. 6, pp.
1391-1395, 2009.

[9] M. Y. Cui, Z.J. Wu, X. J. Xie, and P. Shi, “Modeling and adaptive tracking
for a class of stochastic Lagrangian control systems,” Automatica, vol.
49, no. 3, pp. 770-779, 2013.

[10] M. Y. Cui, Z. J. Wu, and X. J. Xie, “Output feedback tracking control
of stochastic Lagrangian systems and its application,” Automatica, vol.
50, no. 5, pp. 1424-1433, 2014.

[11] S.Z. Diao, W. Sun, and S. F. Su, “Neural-based adaptive event-triggered
tracking control for flexible-joint robots with random noises,” Int. J.
Robust Nonlinear Control, vol. 32, no. 5, pp. 2722-2740, 2022.

[12] H. Wang, K. Xu and H. Zhang, “Adaptive finite-time tracking control
of nonlinear systems with dynamics uncertainties,” IEEE Trans. Autom.
Contr., doi: 10.1109/TAC.2022.3226703.

[13] D. Zhai and Y. Xia, “Finite-time control of teleoperation systems with
input saturation and varying time delays,” IEEE Trans. Syst., Man,
Cybern., Syst., vol. 47, no. 7, pp. 1522-1534, July 2017.

[14] G. Li, X. Chen, J. P. Yu and J. Liu, “Adaptive neural network-based
finite-time impedance control of constrained robotic manipulators with
disturbance observer,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 69,
no. 3, pp. 1412-1416, March 2022.

[15] F. Wang, B. Chen, Y. Sun, Y. Gao and C. Lin, “Finite-time fuzzy control
of stochastic nonlinear systems,” IEEE Trans. Cybern., vol. 50, no. 6, pp.
2617-2626, June 2020.

[16] H. Wang and Q. Zhu, “Finite-time stabilization of high-order stochastic
nonlinear systems in strict-feedback form,” Automatica, vol. 54, pp. 284-
291, 2015.

[17] K. Lu and Y. Q. Xia, “Finite-time attitude control for rigid spacecraft-
based on adaptive super-twisting algorithm,” IET Control Theory Appl.,
vol.8, no.15, pp.1465-1477, 2014.

[18] A. Levant, “Higher-order sliding modes, differentiation and output-
feedback control,” Int J Control, vol. 76, pp. 924C941, 2003.

Authorized licensed use limited to: Qingdao University. Downloaded on June 03,2023 at 09:35:30 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



