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ABSTRACT In this paper, an adaptive global event-triggered control scheme for uncertain robotic systems,
capable of guaranteeing adjustable tracking performance, is developed. Compared with most of the existing
results, the proposed control exhibits some features. Firstly, to improve the transient tracking performance
without the requirement of large control effort, a time-varying scaling diagonal matrix and an error
transformation are constructed so that each element of the tracking error has its own convergence rate, which
can be adjusted by selecting the design parameters. Secondly, due to the consideration of decreasing the
consumption of network resources, some additional diagonal matrices embedded in the new closed-loop
system make the new control gain matrix not symmetric and positive definite, then the stability analysis
becomes rather more challenging. To solve this issue, an alternative Lyapunov function is constructed to
circumvent the above obstacles. The effectiveness of the proposed approach is verified by a 2-DOF robotic
manipulator.

INDEX TERMS Accelerated adaptive control, event-triggering mechanism, robotic systems, error
transformation.

I. INTRODUCTION
In order to improve the quality of products in the manu-
facturing industry and to safely implement the dangerous
yet significant tasks in the practical systems, the rigid robot
manipulators have got a broad application in many fields [1]–
[5]. Therefore, the study of uncertain robots has received
great attention in both research and industry communities
during the past decade. There are a lot of efficient methods
in the literature, such as gravity-compensation control [6],
adaptive control [7], computed torque control [8], [9], sliding
mode control [10] and other control methods [11]. However,
for the above existing literature, the corresponding methods
for uncertain robotic systems are based on fixed periodic
time-driven sampling. Noting that this fixed periodic form of
sampling may procedure redundant control input, then it will
result in the waste of communication resources. Hence, how
to effectively use the communication bandwidth has been one
of the most interesting topics in the field of robotic control.
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Since the event-triggered-based strategy has the ability to
decrease the consumption of network resources, there are
many results on event-triggered control of nonlinear/linear
systems [12]–[17]. In [12], by using the hybrid system
tools, an event-triggered stabilization control for a class of
nonlinear systems was developed. However, the precondition
of corresponding stability analysis is that the considered
system must satisfy the input-to-state stability (ISS), which
is difficult to identify this point. To avoid the ISS condition,
in [15] an adaptive backstepping control with event-triggered
rules were designed simultaneously for a class of strict-
feedback nonlinear systems. Inspired by the idea of event-
triggering mechanism, some meaningful results for robotic
systems have been proposed in the past decade. In [18],
by utilizing the event-triggering strategy and some hybrid
theory techniques, a tracking control method was proposed
for mobile robots in the presence of malicious denial-of-
service attacks. In [19], a neuro-adaptive event-triggered
feedback control framework for uncertain robot manipulators
was developed so that the system output tracks the predefined
trajectory closely. Furthermore, to solve the problem ofmodel
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predictive control (MPC) optimization problem in online
computation and communication resources, a novel MPC-
based trajectory tracking controller for mobile robots was
proposed in [20] by using the event-triggering mechanism.
Nevertheless, how to improve the transient tracking perfor-
mance of robotic systems is not considered in the above
works.

Furthermore, some researchers focus on improving the
transient tracking performance of uncertain robotic manip-
ulators [7], [21], [22]. In [7], an improved prescribed
performance control was developed for state-constrained
robotic systems such that the tracking error converges
to a pre-given region within a prescribed time. In [21],
by relaxing the assumption on controllability of the system
and the requirement for a priori knowledge on the reference
trajectory, a novel prescribed performance fault-tolerant
control strategy for Euler-Lagrange systems in the presence
of output constraint and actuator faults was presented.
In [22], by constructing an error-based transformation,
an adaptive prescribed performance control approach for
robotic manipulators was developed so that the tracking error
is able to converge to a pre-specified residual set with a pre-
given decay rate. However, the implementation of the works
in [7], [21], and [22] must rely on the initial conditions and
the corresponding results belong to semi-global results. If the
reference signal or the initial state is changed, we must re-
select the design parameters and re-implement the control
algorithm. To relax the requirement on the initial condition,
a filtered-error-based adaptive control scheme for uncertain
robots was developed in [23], however, the issue of commu-
nication resources is not considered and only the transient
performance for filter error (rather than the tracking error) is
ensured.

Motivated by the above works, in this paper we
propose an accelerated adaptive event-triggering control
strategy for uncertain robotic manipulators. To improve
the transient performance of the tracking error without
involving large control effort, different from the nor-
mally employed filtered-error-based methods, we propose
a time-varying scaling diagonal matrix and construct a
novel error transformation to facilitate the control design.
Moreover, to reduce the communication resources for
signal transmit, an event-triggering mechanism is utilized
for control design. The contributions of this paper are
summarized as:
• To our best knowledge, it is the first time to design
a global adaptive event-triggered control method for
uncertain rigid robotic systems, which is able to
guarantee the adjustable transient tracking performance
without involving large initial control input;

• By imposing a time-varying diagonal matrix, with the
aid of error transformation, the developed control not
only ensures the global result but also guarantees that
the tracking error converges to an adjustable region with
a pre-specified convergence rate, which is at the user’s
disposal; and

• Due to the introduction of time-varying diagonal matrix
and the event-triggering mechanism, the new virtual
control gain matrix does not satisfy the positive definite
property, which dramatically increases the difficulty of
stability analysis. In this paper, by utilizing the infor-
mation of available matrices, an alternative Lyapunov
function candidate (rather than the quadratic one) is
constructed, so that the stability of closed-loop systems
is ensured.

The remaining of this paper is given as follows.
In Section II, some preliminaries and the event-triggering
mechanism, as well as the control goals, are introduced,
respectively. To improve the transient tracking performance
and to reduce the communication resources, an adaptive
control scheme for uncertain robotic systems is developed in
Section III, which ensures that all signals in the closed-loop
systems are globally bounded. In Section IV, a simulation
study on the 2-DOF robotic manipulator is carried out, which
verifies the effectiveness of the developed control scheme.
Finally, we conclude this paper in Section V.
Notation: R represents the set of real numbers, R+ denotes

the nonnegative real numbers, Rn is the set of n-dimensional
real vectors, Rn×n represents the set of n × n real matrices,
and Z+ is the positive integer set. || · || represents the
Frobenius norm of matrix · and Euclidean norm of vector ·,
respectively.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. DYNAMICS MODEL
The dynamic model of rigid robotic systems is described in
the following form:

H (x1)ẍ1 + C(x1, x2)x2 + Gg(x1)+ Gτ (x2) = u (1)

where x1 ∈ Rm and x2 ∈ Rm denote the joint position and
velocity vectors, respectively, H (x1) ∈ Rm×m is the inertia
matrix which is symmetric and positive definite, C(x1, x2) ∈
Rm×m represents the centripetal-coriolis matrix,Gg(x1) ∈ Rm

is the gravitation vector, Gτ (x2) = Gf + Gd with Gf being
the static or dynamic frictional force and Gd ∈ Rm being the
external disturbance, and u = [u1, u2, · · · , um] ∈ Rm is the
control input.

Let x1 = [x11, · · · , x1m]T ∈ Rm and ẋ1 = x2 =
[x21, · · · , x2m]T ∈ Rm, then (1) becomes{

ẋ1 = x2,
ẋ2 = Mu+ F(·)

(2)

where M (·) = H−1(x1) and F(·) = M (−Cx2 − Gg − Gτ ).
Furthermore, the considered robot systems have the following
well-known structural properties [8], [9], [24]:
Property 1: The inertia matrix H and its inverse matrixM

are positive definite and symmetric. In addition, there exist
some positive constants λmax and λmin such that

λmin ≤ ‖M‖ ≤ λmax, (3)

λmin‖x‖2 ≤ xTMx ≤ λmax‖x‖2, ∀x ∈ Rm (4)
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Property 2: For any x1 and x2, there exist some positive
constants γ1, γ2, and γ3 such that{

‖H (x1)‖ ≤ γ1, ‖Gg(x1)‖ ≤ γ2,
‖C(x1, x2)‖ ≤ γ3‖x2‖

(5)

B. EVENT-TRIGGERING MECHANISM
To decrease the communication burden, motivated by the
results in [15] and [25], we design an event-triggered
mechanism in the controller-to-actuator channel, which is
described as:
• Control input:

uk (t) = vk
(
tkj
)
, ∀t ∈

[
tkj, tk,j+1

)
(6)

for k = 1, · · · ,m.
• Event-triggering mechanism:

tk,j+1 = inf {t ∈ R+,

|vk (t)− uk (t)| ≥ $1k |uk (t)| +$2k}

(7)

for ∀j ∈ Z+, in which 0 < $1k < 1 and $2k > 0 are
design parameters, tk,j+1 is the corresponding time of event
triggering, vk (t) is the ‘‘virtual’’ control law which is a
continuous signal, ěk (t) is the measurement error between
vk (t) and uk (t), i.e., ěk (t) = vk (t) − uk (t), tkj is the update
time in the k-th actuator channel, namely, if (7) is triggered,
the corresponding time instant will be marked as tk,j+1 and
the virtual signal vk

(
tk,j+1

)
will be transmitted to the k-

th actuator. In all, for ∀t ∈
[
tkj, tk,j+1

)
, the control signal

is always kept as a constant and no signal is transmitted
from the controller to the actuator, i.e., uk (t) = vk

(
tkj
)
for

∀t ∈
[
tkj, tk,j+1

)
.

As the value of control signal must be updated to vk
(
tkj
)

at the triggering time instant tkj, it is seen from (7) that, for
∀t ≥ 0, one has

|vk (t)− uk (t)| ≤ $1k |uk (t)| +$2k (8)

When uk (t) ≥ 0, we have

−$1kuk (t)−$2k ≤ vk (t)− uk (t) ≤ $1kuk (t)+$2k (9)

it is easily checked that

vk (t)− uk (t) = ρ1k (t)$1kuk (t)+ ρ2k (t)$2k (10)

with ρ1k (t) and ρ2k (t) being time-varying continuous param-
eters and satisfying |ρ1k (t)| ≤ 1 and |ρ2k (t)| ≤ 1. Moreover,
there exist some positive constants ρ1k and ρ2k such that
|ρ̇1k (t)| ≤ ρ1k and |ρ̇2k (t)| ≤ ρ2k . The similar result can also
be ensured for the case uk (t) < 0. Therefore, it is reduced
that

vk (t) = [1+ ρ1k (t)$1k ] uk (t)+ ρ2k (t)$2k (11)

which can be rewritten in another form:

uk (t) =
vk (t)

1+ ρ1k (t)$1k
−

ρ2k (t)$2k

1+ ρ1k (t)$1k
(12)

Then (12) becomes:

u(t) = η1(t)v(t)+ η2(t) (13)

where

η1(t) = diag
{

1
1+ ρ1k (t)$1k

}
∈ Rm×m, (14)

η2(t) =
[
−

ρ21(t)$21

1+ ρ11(t)$11
, · · · ,−

ρ2m(t)$2m

1+ ρ1m(t)$1m

]T
,

(15)

v(t) = [v1(t), · · · , vm(t)]T (16)

Substituting (13) into (2), one obtains{
ẋ1 = x2,
ẋ2 = F +Mη1v+Mη2

(17)

Remark 1: Note that 1−$1k ≤ 1+ρ1k (t)$1k ≤ 1+$1k
and |ρ2k (t)$2k | ≤ $2k , then it follows that

1
1+$1k

≤
1

1+ ρ1k (t)$1k
≤

1
1−$1k

which implies that η1 is positive definite and η2 is bounded,
i.e., there exist positive constants η

1
, η1, and η2 such that

η
1
≤ ‖η1‖ ≤ η1 and ‖η2‖ ≤ η2.

C. OBJECTIVES AND ASSUMPTIONS
Define the position tracking error as

E = x1 − yd = [e1, e2, · · · , em]T (18)

where yd = [yd1, yd2, · · · , ydm]T ∈ Rm is the reference
signal. The goal of this paper is to develop an event-triggered
strategy for rigid robotic systems such that:

1) all signals of the closed-loop robot dynamics are
globally bounded;

2) the tracking performance on tracking error can be
improved by adjusting the design parameters; and

3) the Zeno behavior [26] can be avoided in the sense
that there exists a finite time t∗k > 0 so that the inter
execution interval tk,j+1 − tkj is lower bounded by t∗k ,
∀j ∈ Z+.

To achieve the above control goals, the following assump-
tions and lemma are imposed.
Assumption 1: The desired trajectory yd and its time

derivatives y(i)d , i = 1, 2, 3, are known, bounded, and
piecewise continuous.
Assumption 2: The system states x1 and x2 aremeasurable.
Assumption 3: There exists an unknown positive constant

γ4 such that ‖Gτ (x2)‖ ≤ γ4(1+ ‖x2‖).
Remark 2: We give a detailed explanation about Assump-

tion 3. In this paper, Gf ∈ Rm denotes the static and/or
dynamic frictional force and Gd (t) ∈ Rm is a bounded
external disturbance. In the existing literatures for robotic
systems, the frictional dynamic Gf covers the following
several types [27], [28]:

Gf = θ1x2 + θ2sgn(x2) (19)

Gf = θ1
(
θ2 + e−θ3‖x2‖ + θ4‖x2‖

)
sgn(x2), θ3 > 0 (20)
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with θi (i = 1, · · · , 4) being unknown parameters. From the
forms of friction in (19) and (20), it is obvious that

‖Gf ‖ ≤ c1 + c2‖x2‖ (21)

where ci (i = 1, 2) are non-negative and bounded constants.
As Gd is bounded, then there exists a positive constant c3 so
that ‖Gd‖ ≤ c3. Hence, Gτ can be upper bounded by

‖Gτ‖ ≤ ‖Gf ‖ + ‖Gd‖ ≤ c1 + c2‖x2‖ + c3 ≤ γ4(1+ ‖x2‖)

(22)

where γ4 = max{c1+c3, c2} is an unknown parameter, which
implies that Assumption 3 is reasonable.
Lemma 1 [29]: Considering the dynamic system with the

positive constants γ , σ , and the non-negative function h(t):

ẇ(t) = γ h(t)− σw(t), w(0) ≥ 0 (23)

then it is not difficult to prove that w(t) ≥ 0 for ∀t ≥ 0 and
w(0) ≥ 0.

III. MAIN RESULT
A. ERROR TRANSFORMATION
To improve the tracking performance of robotic systems,
different frommost existing works, by introducing a diagonal
matrix β we construct the following error transformation:

ζ = βE (24)

where β = diag{βi} ∈ Rm×m is a time-varying scaling matrix
and the element of β is defined as

βi(t) =
1

(1− bif )κi(t)+ bif
, i = 1, 2, · · · ,m (25)

with 0 < bif < 1 being a design parameter and the real
function κi(t) ∈ R satisfying the following properties:
• The initial value of κi(t) is 1, i.e., κi(0) = 1;
• κi(t) > 0 is strictly monotonously decreasing with
respect to (w.r.t.) time for ∀t ∈ [0,∞) and converges
to zero as t →∞, i.e., lim

t→∞
κi(t) = 0.

• κ
(k)
i (t), k = 0, 1, 2, 3, is known, bounded, and piecewise
continuous; and

• lim
t→∞

κ
(k)
i (t) = 0 for k = 1, 2, 3.

It is not difficult to show that many functions satisfy the
above properties, i.e., κi = exp(−t), 1

1+t2
, 1

1+t2+t3
. With

such a function κi, it is easy to prove that the time-varying
function βi(t) has the following features:
1) The initial value of βi(t) is 1, i.e., βi(0) = 1;
2) βi is monotonically increasingw.r.t. time and converges

to a positive constant 1
bif

as t → ∞, namely,
βi ∈ [1, 1/bif ); and

3) β(k)i (i = 1, 2, 3) is known, bounded, and piecewise
continuous for ∀t ≥ 0.

Remark 3: According to the properties of βi(t), it is
readily verified that the diagonal matrix β(t) is positive
definite and invertible, so is β−1. Furthermore, its derivatives
β(k), k = 1, 2, 3, are available for control design.

Noting that E = x1 − yd , then its time derivatives are

Ė = ẋ1 − ẏd = x2 − ẏd (26)

and

Ë = ẋ2 − ÿd (27)

Then the derivatives of ζ as defined in (24) along (26)
and (27) are

ζ̇ = β̇E + βĖ = β̇E + β (x2 − ẏd ) (28)

and

ζ̈ = β̈E + β̇Ė + β̇Ė + β (ẋ2 − ÿd )

= β̈E + 2β̇Ė + β (ẋ2 − ÿd ) (29)

To facilitate the control design, different from the normally
employed tracking-error-based filtered error, we introduce
the following ζ -based filtered error:

z = λ1ζ + ζ̇ (30)

where λ1 > 0 denotes a design parameter. Then the derivative
of z along (28)-(29) is

ż = λ1ζ̇ + ζ̈

= λ1ζ̇ + β̈E + 2β̇Ė + β (ẋ2 − ÿd ) (31)

Substituting the expression of ẋ2 as shown in (17) into (31),
one has

ż = λ1ζ̇ + β̈E + 2β̇Ė − β ÿd + β(F +Mη1v+Mη2)

= βMη1v+ β(F +Mη2)+1 (32)

with

1 = λ1ζ̇ + β̈E + 2β̇Ė − β ÿd (33)

being computable for control design.

B. CONTROL DESIGN
Due to the consideration of improving tracking performance
and reducing communication burden, the diagonal matrices
β and η1 are imposed in the new system dynamics (32),
it makes the normally employed quadratic function 1

2 z
T z

not applicable for stability analysis, then how to design an
effective control algorithm and to select a proper Lyapunov
function candidate to guarantee the stability is a challenging
topic. This is because that, although the matrices β, M , and
η1 are all positive definite, the multiplication βMη1 may
not be positive definite, then the traditional control methods
in [30]–[32] for MIMO nonlinear systems are no longer
available.

To circumvent the obstacles caused by the event-triggering
rule and the error transformation and to decrease the difficulty
of control design, instead of 1

2 z
T z, we construct the following

positive definite function

V1 =
1
2
zT�z (34)

VOLUME 10, 2022 32227



L. Zhang et al.: Time-Varying Transformation-Based Adaptive Tracking Control of Uncertain Robotic Systems

as a part of Lyapunov function candidate, where� is defined
as � = η1β

−1
= diag{ωk}

ωk = η1kβ
−1
k =

(1− bkf )κk (t)+ bkf
1+ ρ1k$1k

Its derivative is

V̇1 = zT�ż+
1
2
zTϒz (35)

with ϒ = diag{εk} = d
dt� =

d
dt

(
η1β
−1
)
, where

εk =
d
dt

(
η1kβ

−1
k

)
=

d
dt

(
(1− bkf )κk (t)+ bkf

1+ ρ1k$1k

)
Noting that κk and its derivative κ̇k are bounded, it is readily
seen that εk is bounded, then it implies that there exist some
positive constants εk and ϒ so that |εk | ≤ εk and ‖ϒ‖ ≤ ϒ .

Substituting (32) into (35), one has
V̇1 = zT η1Mη1v+ F (36)

where F = zT η1(F +Mη2+ β−11)+ 1
2 z
Tϒz is the lumped

uncertainty.
According to the Properties 1-2 of robotic systems and

Assumption 3, together with the definition of F , we have

‖F(·)‖ ≤ λmax

[
γ3‖x2‖2 + γ2 + γ4(1+ ‖x2‖)

]
≤ λmaxmax{γ2, γ3, γ4}(2‖x2‖2 + 3)

≤ aφ (37)

where

a = λmaxmax{γ2, γ3, γ4}

is an unknown parameter and

φ = 2‖x2‖2 + 3

is an available function for control design.
Upon using the Young’s inequality, together with

Remark 1, one has

zT η1F ≤ ‖z‖‖η1‖‖F‖ ≤ a2η21‖z‖
2φ2 +

1
4

(38)

zT η1Mη2 ≤ ‖z‖η1λmaxη2 ≤ η
2
1λ

2
maxη

2
2‖z‖

2
+

1
4

(39)

zT η1β−11 ≤ ‖z‖‖η1‖‖β−11‖

≤ η21‖z‖
2
‖β−11‖2 +

1
4

(40)

Furthermore, note that

1
2
zTϒz ≤

1
2
ϒ‖z‖2 (41)

Therefore, F can be upper bounded by

F ≤ b‖z‖28+
3
4

(42)

with

b = max
{
η21, ϒ, a

2η21, η
2
1λ

2
maxη

2
2

}
(43)

8 = φ2 +

∥∥∥β−11∥∥∥2 + 3
2

(44)

Then (36) becomes

V̇1 ≤ zT η1Mη1v+ b‖z‖28+
3
4

(45)

The global adaptive event-triggered controller is designed
as:

v = −
(
c+ b̂8

)
z (46)

where c > 0 denotes a design parameter, b̂ is the estimate of
unknown parameter b and is updated by the following form:

˙̂b = γ ‖z‖28− σ b̂, b̂(0) ≥ 0 (47)

with γ and σ being positive design parameters. Furthermore,
it must be emphasized that as γ ‖z‖28 ≥ 0, with the aid of
Lemma 1, it is guaranteed that b̂(t) ≥ 0 for ∀t ∈ [0,∞) and
b̂(0) ≥ 0.
The stability analysis of the closed-loop robotic systems

under the proposed adaptive controller (46)-(47) is summa-
rized in the following theorem.
Theorem 1: Consider the uncertain robotic system (2)with

event-triggering mechanism. Suppose Assumptions 1-3 hold,
if the event-triggered adaptive control scheme as designed
in (46)-(47) is applied, then it is ensured that:
1) all signals in the closed-loop robot dynamics are

globally bounded;
2) the tracking performance can be improved by adjusting

the design parameters; and
3) the Zeno behavior is avoided.
Proof: According to the definition of adaptive con-

troller (46), it is seen that

zT η1Mη1v = −
(
c+ b̂8

)
(η1z)TM (η1z) (48)

where the fact that zT η1 = zT ηT1 = (η1z)T is utilized.
As M is positive definite, it leads to (η1z)TM (η1z) ≥

λminzT η1η1z. It is seen from Remark 1 that the diagonal
matrix η1η1 is also positive definite, then there exists a
positive constant λη so that z

T η1η1z ≥ λη‖z‖
2, which implies

from (48) that

zT η1Mη1v ≤ −λ
(
c+ b̂8

)
‖z‖2 (49)

with λ = λminλη. Thus, (45) becomes

V̇1 ≤ −λ
(
c+ b̂8

)
‖z‖2 + b‖z‖28+

3
4

= −λc ‖z‖2 + b̃‖z‖28+
3
4

(50)

with b̃ = b− λb̂ being the parameter estimate error.
To prove the stability of the considered systems, we select

the following form of Lyapunov function candidate:

V = V1 +
1

2λγ
b̃2 (51)

with γ > 0. Then the time derivative of V along (50) yields

V̇ ≤ −λc ‖z‖2 + b̃‖z‖28+
3
4
+

1
λγ

b̃
(
ḃ− λ ˙̂b

)
(52)
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Note that b is an unknown constant, it follows that ḃ = 0,
then (52) further becomes

V̇ ≤ −λc ‖z‖2 + b̃‖z‖28+ 3
4 +

1
γ
b̃
(
−
˙̂b
)

(53)

Invoking the adaptive law as given in (47) into (53), one
has

V̇ ≤ −λc‖z‖2 + b̃‖z‖28+
3
4
+

1
γ
b̃
(
−γ ‖z‖28+ σ b̂

)
= −λc‖z‖2 +

3
4
+
σ

γ
b̃b̂ (54)

As b̂ = b−b̃
λ

, then it follows that

σ

γ
b̃b̂ = σ

γ λ
b̃(b− b̃) = σ

γ λ

(
b̃b− b̃2

)
(55)

By utilizing the Young’s inequality, we have b̃b ≤ 1
2 b̃

2
+

1
2b

2,
then

σ

γ
b̃b̂ ≤

σ

2γ λ

(
−b̃2 + b2

)
(56)

which indicates that

V̇ ≤ −λc‖z‖2 −
σ

2γ λ
b̃2 +2 (57)

with 2 = 3
4 +

σ
2γ λb

2 being an unknown positive constant.
As� is also positive definite and bounded, then there exist

positive constants λ� and λ� such that

λ�‖z‖
2
≤ zT�z ≤ λ�‖z‖2 (58)

it is checked that

−λ�‖z‖2 ≤ −zT�z (59)

which leads to

−λc‖z‖2 ≤ −
λc

λ�
zT�z (60)

Then (57) becomes

V̇ ≤ −
2λc

λ�

1
2
zT�z−

σ

2γ λ
b̃2 +2 ≤ −0V +2 (61)

where

0 = min
{
2λc

λ�
, σ

}
> 0

Solving the equation (61) on [0, t], one has

V (t) ≤
2

0
+

(
V (0)−

2

0

)
exp(−0t) (62)

Then we guarantee the following results.
Wefirst prove that all signals in the closed-loop systems are

bounded. It is from (62) seen that V (t) is bounded, then from
the definition of Lyapunov function candidate, one has z and
b̃ are bounded. As b̃ = b− λminb̂ and b and λmin are positive
constants, then it is shown that b̂ is also bounded. In addition,
note that z = λ1ζ + ζ̇ , then it is not difficult to prove
that ζ and ζ̇ are bounded. According to the boundedness
of β and β̇, together with Assumption 2, it is ensured that

E and Ė are bounded, which further implies that x1 and
x2 are bounded. As the matrices η−11 and ϒ are bounded,
then the computational function8 is also bounded, then from
the definitions of control law and adaptive law as defined
in (46)-(47), respectively, it follows that v and ˙̂b are bounded
for ∀t ≥ 0.
Next we analyze the tracking performance of each

component of the tracking error. Denote z = [z1, · · · , zm]T ∈
Rm and ζ = [ζ1, · · · , ζm]T ∈ Rm, then it follows from (30)
that

ζ̇i = −λ1ζi + zi, i = 1, · · · ,m (63)

Solving the above equation yields

ζi(t) = ζi(0) exp(−λ1t)+ exp(−λ1t)
∫ t

0
exp(λ1τ )zi(τ )dτ

(64)

Note that |zi| ≤ ‖z‖ ≤ z with z being a positive constant,
then (64) becomes

|ζi(t)| ≤ |ζi(0)| exp(−λ1t)+
z
λ1
≤ |ζi(0)| +

z
λ1
= Bi (65)

As E = [e1, · · · , em]T ∈ Rm and ζi = βiei, then ei = β
−1
i ζi,

i = 1, 2, · · · ,m, which further expresses as{
ei(t) = β

−1
i (t)ζi(t) = bif ζi(t)+ (1− bif )κi(t)ζi(t)

|ei(t)| ≤ β
−1
i (t)|ζi(t)| ≤ bif Bi + (1− bif )κi(t)Bi

(66)

and {
ei(t) = bif ζi(t) as t →∞
|ei(t)| ≤ bif |ζi(t)| ≤ bif Bi as t →∞

(67)

It is shown from (66) that the tracking error ei includes two
components: the first one is bif ζi(t), it is seen from the above
analysis that bif ζi(t) is always within the residual region
bif Bi during the whole control process. The second one is
(1−bif )κiζi(t), the decay rate is not only governed by the term
ζi(t), but more importantly influenced by the real function
κi(t). Here we must emphasize that this function κi is not
only at user’s disposal but also is independent of system initial
conditions and any other design parameters. Hence, we have
the freedom to choose the real function κi properly to improve
the decay rate and mode for (1 − bif )κiζi(t), so that the
transient tracking performance of ei(t) can be significantly
improved.

Furthermore, it is also seen from (67) that the steady-state
performance of tracking error can be improved by decreasing
the design parameter bif and the size of Bi. Noting that
the size of Bi relies on the design parameter λ1 and the
size of zi, then it is shown that the size of zi may effect
the steady-state tracking performance. Noting that (57) can
be expressed as V̇ ≤ −λc‖z‖2 + 2, then it is easily
proved that z will enter into and remain within the compact
set �z :=

{
z ∈ Rm

∥∥∥‖z‖ ≤ √2+µ
λc

}
, where µ is a small

positive constant. As the size of z is proportional σ , and
reversely proportional to c and γ , then increasing the design
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FIGURE 1. The diagram of control design procedure with event-triggered mechanism.

parameters c and γ and decreasing σ will lead to smaller z.
In addition, it is seen from (65) that larger λ1 may also lead
to smaller ζi. Then increasing c, γ , λ1 and decreasing σ may
decrease the magnitude of zi. However, larger cmight lead to
larger control effort. Therefore, certain compromise between
control performance and control effort should be made in
practice as with many other adaptive control methods.
Finally we show that the Zeno behavior [26] is avoided.

As ěk (t) = vk (t)− uk (t), it is deduced that:

d
dt
|ěk | =

d
dt

(
ěk ∗ ěk

) 1
2 = sign(ěk ) ˙̌ek ≤ |v̇k | (68)

From the definition of v(t) as shown in (46), we have
v̇k =

∂vk
∂zk
żk +

∂vk
∂8
8̇ + ∂vk

∂ b̂
˙̂b. As żk , 8̇, and ˙̂b are all

continuous functions, then it is indicated that v̇k must be
continuous. Noting that v̇k is a function of all bounded closed-
loop signals, then there exists a constant χk > 0 so that
|v̇k | ≤ χk . According to the presented event-triggering
mechanism, it follows that ěk

(
tkj
)
= 0 and lim

t→tk,j+1
ěk (t) =

$1k |uk (t)| + $2k > $2k , then we obtain that there exists
a lower bound of inter-execution interval t∗k and it satisfies
t∗k ≥

$2k
χk

. Therefore, the Zeno behavior is avoided. The proof
is completed. �
To recap the main design procedure, a control diagram that

clearly illustrates the structure of the control loop is presented
in Fig. 1.
Remark 4: If the error transformation (24) is not imposed,

i.e., β = I , the proposed adaptive control scheme (46)-(47)
reduces to

ζ = E
z = λ1ζ + ζ̇
u = −(c+ b̂8)z
˙̂b = γ ‖z‖28− σ b̂, b̂(0) ≥ 0

8 = φ2 + ‖1‖2 +
3
2
,

φ = 2‖x2‖2 + 3, 1 = λ1Ė − ÿd

(69)

then (69) is a special case of (46)-(47) and is refereed to as the
traditional event-triggered control method. Under this control
scheme, although the boundedness of all signals in the closed-
loop systems can be ensured, there is no any systematically
guidance for improving the transient tracking performance.
The normally method is to adjust the design parameters by
the method of trial and error, however, this may lead to a

large magnitude of control law in the initial period. In this
paper, by constructing a time-varying scaling matrix and
introducing a meaningful error transformation, the proposed
control not only ensures the boundedness of all signals
but also achieves adjustable transient performance without
involving large control inputs, which is very important for the
control implementation in the practical engineering systems.
Remark 5: Compared with the [33]–[36] with or without

event-triggered mechanism, the main difference is that in
this paper the tracking transient performance is considered,
which implies that the corresponding methods are no longer
applicable. In this paper, by imposing a time-varying scaling
function matrix in the control design, together with an event-
triggered mechanism and an alternative form of Lyapunov
function, the proposed method not only circumvents the
obstacle caused by the event-triggered mechanism, but also
guarantees the adjustable tracking performance for uncertain
robotic manipulators.
Remark 6: Compared with the existing literature about the

robotic control, the main contributions and the shortcoming
of this study are discussed in the following:
• Due to the consideration of transient tracking perfor-
mance, the original filtered-error-based control scheme
is no longer applicable as the normally method on
improving the transient performance is to adjust the
design parameters by the method of trial and error,
leading to a largemagnitude of control input in the initial
period and a adverse effort on the actuator. In this paper,
in order to achieve the adjustable transient performance
without involving large control law, by imposing a
time-varying diagonal matrix, together with a error
transformation, the developed global approach is able to
ensure that the tracking error converges to an adjustable
region with a adjustable decay rate without involving
large control input;

• Noting that the diagonal matrices β and η1 are imposed
in the new system dynamics (32), it makes the control
gain matrix βMη1 not symmetric and positive definite
at all, which further implies that the quadratic function
1
2 z
T z is no longer applicable for stability analysis.

Therefore, in this paper, different from the normally
employed quadratic function, an alterative Lyapunov
function candidate 1

2 z
T�z is constructed so that not only

the difficulty caused by the time-varying diagonalmatrix
and the event-triggering mechanism is circumvented,
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but also the stability of the closed-loop systems can be
guaranteed.

• Although the proposed control of robotic control is able
to achieve the global result with adjustable tracking
performance, it is seen from (65) the control precision of
tracking error depends on some unknown terms, which
cannot be pre-specified by the control scheme. There-
fore, we will focus on studying the global prescribed
performance event-triggered control of uncertain robotic
systems such that the control precision can be pre-
assigned.

IV. SIMULATION VERIFICATION
To verify the effectiveness of the proposed event-triggered
control method, we consider a 2-DOF robotic manipulator
with the following detailed expressions:

H =
[
H11 H12
H21 H22

]
, C =

[
C11 C12
C21 C22

]
Gg =

[
Gg1,Gg2

]T
,

Gf = θ1(θ2 + exp(−θ3‖x2‖)+ θ4‖x2‖)

Gd = [sin(t), sin(t)]T

where

H11 = m1p23 + m2(p21 + p
2
4 + 2p1p4 cos(x12))

+ I1 + I2,

H12 = H21 = m2

(
p24 + p1p4 cos(x12)

)
+ I2,

H22 = m2p24 + I2,
C11 = −m2p1p4x22 sin(x12),
C12 = −m2p1p4x22(x21 + x22) sin(x12),
C21 = m2p1p4x21 sin(x12),
C22 = 0,
Gg1 = (m1p3 + m2p1)g cos(x11)

+ m2p4g cos(x11 + x12),
Gg2 = m2p4g cos(x11 + x12),
τd1 = p5 sin(x11),
τd2 = p6 sin(x12).

The system parameters are are given as:

p = [p1, p2, p3, p4, p5, p6]

= [1, 1, 0.5, 0.5, 0.5, 0.5],

[θ1, θ2, θ3, θ4] = [0.5, 0.6, 0.8, 0.3],

I1 = I2 = 0.5kg · m2,

m1 = m2 = 1kg, g = 9.81m/s2.

The objective in the simulation is to utilize the proposed
event-triggered control scheme (46)-(47) for the 2-DOF
robotic systems such that the system output x1 tracks the
known reference signal yd (t) = [1.2 sin(t), 0.5 sin(t)]T (rad)
with excellent transient tracking performance. To show the
effectiveness of the proposed control, the initial conditions
are given as: x11(0) = 1.3(rad), x12(0) = 1(rad),

FIGURE 2. The evolutions of x11 and yd1.

FIGURE 3. The evolutions of x12 and yd2.

FIGURE 4. The evolutions of e11 and e12.

FIGURE 5. The evolution of control input u1.

x21(0) = −1(rad/s), x22(0) = −1(rad/s), and b̂(0) = 0.
The design parameters for the proposed control are given as
c = 1, λ1 = 1.5, γ = 0.001, σ = 0.1, bif = 0.08, and
κi = exp(−t), i = 1, 2.
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FIGURE 6. The evolution of control input u2.

FIGURE 7. The evolution of parameter estimate b̂.

FIGURE 8. Time interval of triggering event for control law u1.

FIGURE 9. Time interval of triggering event for control law u2.

The simulation results are shown in Fig. 2-Fig. 9. The
evolutions of x1k and ydk are plotted in Fig. 2-Fig. 3,
respectively. The trajectories of tracking errors e11 and e12
are shown in Fig. 4, from which it is seen that under the
proposed control, the tracking error exhibits good tracking

FIGURE 10. The evolutions of tracking error e1 with different real
function κ1.

FIGURE 11. The evolutions of tracking error e2 with different real
function κ2.

performance. In addition, the evolutions of control inputs
u1 and u2 are plotted in Fig. 5 and Fig. 6, respectively.
The trajectory of parameter estimate b̂ is given in Fig. 7.
It is seen that all signals are bounded for ∀t ≥ 0.
Furthermore, the event triggered times for the event-
triggering mechanism in the controller-to-actuator channels
are shown in Fig. 8 and Fig. 9, respectively, from which it is
checked that the numbers of events triggered within 10s are
133 and 431.

Furthermore, to verify that the proposed control is able
to adjust the transient tracking performance by choosing
different real function κi(t), three different functions for
κi (i = 1, 2) are considered, i.e., κi(t) = 1

1+t , exp(−t),
and exp(−3t). For fair comparison, all shared parameters and
the initial values of the developed control scheme are set
to be the same, the simulation results are shown in Fig. 10
and Fig. 11, from which it is seen that different κi(t) can
produce different tracking performance and the evolutions of
tracking error can be adjusted, which confirms our theoretical
analysis.

V. CONCLUSION
In this paper, we have developed a novel adaptive event-
triggered control strategy for uncertain robotic systems with
adjustable transient tracking performance. With the aid of
diagonal matrix β, the tracking error-based transformation
is employed so that the tracking performance caused by the
event triggering mechanism is compensated and successfully
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improved. Furthermore, the proposed control has also
ensured the global boundedness of all closed-loop signals in
robot dynamics.
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