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Abstract In this paper, we propose an adaptive fault-

tolerant visual control scheme for robotic manipulators

with possible actuator failures in an uncalibrated en-

vironment. Most existing visual control approaches for

robot system does not take into acount actuator fail-

ures, which may prominently affect the transient per-

formance of the system in practice. In order to mod-

erate the detrimental and adverse effects of actuator

failures on the system, a new adaptive algorithm is pro-

posed to compensate stuck-type failures occurred in ac-

tuators. Moreover, by proposing a decoupling method,

the uncertain parameter model of actuator failure is

successfully separated from the dynamics model while

the two models are coupled in most existing results(e.g.
[33], [34]). And the stability of the dynamic system and

the convergence of the image error are proved by the

Lyapunov analysis method. Finally, the proposed con-

trol scheme is applied to simulation model of 3-DOF

manipulator, and the effectiveness and stability of the

controller is verified by comparing and analysing the

tracking performance of the manipulator under differ-
ent failure parameters.
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1 Introduction

Over the past few decades, visual servo control has at-

tracted considerable attentions for its various applica-

tions such as positioning control, tracking control, and

target grasping. Some remarkable results have been re-

ported in [1]- [16]. In [7], by integrating visual data into

the servoing process, the robot can achieve the desired

position and orientation from arbitrary initial position

and the inverse kinematic calculation was successfully

avoided. In [8], an accurate procedure as well as al-

gorithm have been proposed to deal with the uncer-

tainties caused by unknown extrinsic camera parame-

ters. It was found that camera calibration procedure

was very tedious and costly. To remove this obstacle,

a serious of uncalibrated visual servoing methods have

been proposed in [11]- [16]. To further deal with un-

known parameters, in [13], an adaptive visual servoing
controller was proposed for uncalibrated environment,

and adaptive algorithms were designed to estimate un-

known camera parameters online. It should be noted

that a common assumption was made in [13] that the

visual depth information is time invariant or slowly time
varying, yet such an assumption is very restrictive and

only valid for the 2-D or low speed 3-D motion of feature
point. To remove this restriction, In [14], by designing

a new depth-independent interaction matrix, the un-

known camera parameters were successfully linearized

and estimated online. Subsequently, Chien et al. fur-

ther presented a novel parameter update law to deal
with the unknown time-varying depth information and

the decoupling of Euclidean homography was not re-
quired. Note that one of the differences between the
approach in [14] and the one in [15] lies in the estima-

tion strategies of depth information. In [14], the depth

information was caculated by using estimated camera
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parameters, while in [15], it was directly estimated by

designing adaptive mechanism. Furthermore, Zeyu et

al. [16] proposed an uncalibrated visual servo method

based on projective homography, in which a novel task

function based on the element of projective homogra-

phy is devised to realize visual servo. However, the pre-

vious works mentioned above did not take into account

the effect of actuator failure on control performance. In
practice, the high reliability and safety of systems have
become necessary requirements for the further appli-

cation of robots. Thus, actuator failure compensation

have become one of active topics in the field of robot.

To address this challenge problem, up to date, some

interesting approaches have been presented, including

multiple model control in [17] [18], fault detection and
diagnosis design in [19] [20], slide mode control in [21]-

[24]. Besides these, adaptive control is also a promising
technique [25]- [32]. A remarkable feature of adaptive

control is that the unknown faults-related information

and system uncertainties are estimated online by adap-

tively adjusting the controller parameters. In [28], a di-

rect adaptive state feedback control method was pro-

posed to compensate actuate failure in single output

or multiple output linear systems. For nonlinear sys-

tems, in [30]- [32], a series of adaptive fault-tolerant con-

trollers were designed by utilizing backstepping-based

iteration method. As a specific application of nonlinear

system, the study of robot fault-tolerant control has

also achieved remarkable results in [33]- [35]. In [33], by

combing multiple individual failure compensators with

the adaptive control technique, a new controller was de-

veloped for cooperative robotic system. Yet, one prob-

lem should be noted is that with a complete parameti-

zation of failure pattern, the number of estimated pa-

rameters would increase exponentially as the number of

failure patterns increase, which may severely affect the

system transient response. To remove this restriction,

in [34], a dynamic controller structure is newly pro-
posed to reduce the number of possible actuator failure

patterns such that the adaptation of uncertain parame-

ters can be more efficient. Furthermore, E. F. Kececi et

al . [35] synthetically investigated fault-tolerant control

problem of redundant manipulator systems. However,

the above studies in [33]- [35] are not applicable for
complex robot systems such as visual servoing robot.

In fact, up to now, how to deal with the fault-tolerant

visual control problem of robot in uncalibrated environ-

ment still remains open.

Motivated by the observation above, in this paper,

we present a new adaptive fault-tolerant visual con-

troller for robot manipulators. One of the major dif-

ficulties is how to extract control sigal from input sig-

nal and actuator failure disturbance. To overcome this

problem, a novel decoupling-based method is first pro-

posed in this paper. Based on the Lyapunov analysis

method, it can be proved the image tracking error is

asymptotically convergent to an arbitrarily small region

of the origin. In summary, the study has the following

main contributions:

• Compared with the previous control scheme in the

literature, e.g. [13], our raised one addtionally con-

tains a quadratic feedback of the track errors, and an

adaptive actuator failure compensation mechanism.

In particular, the nonlinear scaling term correspond-

ing to the depth can be compensated online by the
quadratic feedback. Moreover, the adaptive actua-
tor failure compensation mechanism is used to can-

cel the overlarge failure disturbances errors, and the

development of such a failure compensation mecha-

nism does not depend on any prior of thr actuator

failures. Therefore, for applications in an unknown
environment, the proposed control scheme is more
feasible than those traditionally proposed.

• The separation of uncertain parameters model of ac-

tuator failure and the dynamic model is successfully

achieved by proposing a novel decoupling-based met-

hod, while the two models are coupled in most ex-

isting results(e.g. [33], [34]). Subsequently, an adap-
tive mechanism is developed to cancel the degrad-

ing effect caused by actuator failures. As a result,

the proposed controller is more robust than exiting

ones.

• By taking nonliner dynamics into account, a new
Lyapunov positive- definite function is constructed,

based on which it can be proved that the image
tracking error converges to a small neighborhood of
origin asymptotically. without stringent assumption

on image position tracking errors.

The rest of the paper is organized as follows. In Sec-

tion II, we introduce the model of visual servo manip-

ulator based on uncalibrated camera and fomulate the

control problem. In Section III, we propose a decou-

pling method to simplify the control input from dy-

namic model of the manipulator with actuator failure.

In Section IV, an novel adaptive controller and adap-
tive scheme are proposed to realize the control objec-
tive, and stability of the system is proved by Lyapunov

analysis method. Finally, In Section V, The proposed

controller is applied to simulation model of 3-DOF ma-

nipulator to verify the stability and effectiveness of the

controller.

Notations and definitions: bold capital letters

and lowercase letters represent matrices and vectors, re-

spectively. A scalar, vector, or matrix and a hatˆaccom-

panied with a bracket (t) mean that its value varies with
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Fig. 1: Robot and camera model

time and estimated by algorithm, respectively. More-

over, Let Ik×k and 0m×n to represent the k×k identity

matrix and m× n zero matrix respectively.

2 Problem Statement and Preliminaries

In this section, we formulate the studied control prob-
lem, and review some basic knowledge on visual servo-
ing systems.

2.1 Robot And Camera Model Description

In this paper, we consider the robot model and vision

system as shown in Fig.1. The robot joints are driven
by concurrent actuators, which are described in detail

in the third section of this paper. Camera setup is fixed
near the robot, and a feature point marked on the end-
effector is being traced by the vision system, the posi-
tion on the image plane of the vision system is denoted

by y(t). To clearly describe control problem, we made

the following assumptions:

1. The internal parameters of the camera are not cali-

brated.

2. The external parameters of the camera, i.e. the trans-

formed matrix between the robot and the camera,

are unknown.

3. Unknown actuator fauilure disturbances may exist

in the input mechanism of the robot system.

Control Problem: Given the desired position yd of

the feature point on the image plane, a visual servo con-

troller with actutator failure compensation is designed

for the robot under the assumption mentioned above,

so that the projection position y(t) of the feature point

on the image plane is asymptotically to the desired po-

sition yd.

2.2 Robot kinematics and visual model

As shown in Fig.1, we set up three coordinate systems,

namely the robot base frame, the end-effector frame,

and the camera frame, to represent the relationship be-

tween the robot motion and the visual system. The joint

angle of the manipulator is expressed by a n× 1 vector

q(t), where n denotes the number of DOFs. The homo-

geneous coordinate of the feature point with respect to

the robot base frame by a 4 × 1 vector x(t). From the

forward kinematics of the robot, we have

ẋ(t) = J(q)(t)q̇(t), (1)

where J(q)(t) denotes the Jacobian matrix of the robot.

The coordinates of the feature point with respect to the

camera frame are represented by cx(t). Then

cx(t) = Tx(t), (2)

where T denotes the homogeneous transformation ma-

trix from the robot base frame to the camera frame,

and notes that T represents the external parameters of

the camera:

T =

(
R p

01×3 1

)

,

where R is 3× 3 rotation matrix and p is 3× 1 trans-

lation vector. Let the homogenous coordinates of the
projection of the fea ture point on the image plane be

expressed as

y(t) =





u(t)

v(t)
1



 ,

where u(t) and v(t) represent the pixel coordinates of
the feature projection on the camera image plane. Un-

der the perspective projection model

y(t) =
1

cz(q(t))
ΩTx(t), (3)

where Ω is a 3× 4 matrix determined by the camera’s

internal parameters.

Ω =





α −α cotϕ u0 0

0 γ
sinϕ

v0 0

0 0 1 0



 , (4)

where α and γ are scalar factors on the image plane,

and ϕ is the angle between the u and v axes. (u0, v0)

represents the position of the main point of the camera.

cz(q(t))) is the depth of the feature point with respect

to the camera frame. Represented by M the product
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of the matrix Ω and the homogeneous transformation

matrix T, that is

M = ΩT

=





αrT1 − α cotϕrT2 + u0r
T
3 αpx − α cotϕpy + u0pz

γ
sinϕ

rT2 + v0r
T
3

γ
sinϕ

py + v0pz

rT3 pz



 ,

(5)

where rTi represents the i-th row vector of the rotation

matrix, and (px, py, pz) is the coordinate of p, The ma-

trix M is called perspective projection matrix and and

its dimension is 3 × 4. Note that matrix M is only re-
lated to internal and external parameters, independent

of the position of the feature point. Then (3) can be

written as

y(t) =
1

cz(q(t))
Mx(t). (6)

The depth formula of feature point is given by

cz(q(t)) = mT
3 x(t), (7)

where mT
3 is the 3-th row vector of perspective projec-

tion matrix M.

When the intrinsic parameters and extrinsic param-

eters are not calibrated, the perspective projection ma-

trix M should be estimated by the coordinates of the
feature points and their projections. Since the matrix

M contains 12 unknown elements, the coordinate of at
least 6 feature points and their projections are neces-

sary to estimate the matrix M. However, it should be

noted that the important properties of the matrix M

were given in [14].

Property 1: Given the coordinate of sufficient fea-

ture points and their projections, the matrix M can

only be determined as a proportion.
This property can be easily explained by the matrix

βM is a solution of (6) for any nonzero parameter β if

M is a solution for (6).

y(t) =
Mx(t)

mT
3 x(t)

=
βMx(t)

βmT
3 x(t)

, (8)

From Property 1, no matter what estimator is used,

the result is not unique. Therefore, we can fix a com-
ponent in the unknown matrix M, such as pz, so 11

elements need to be estimated. Represent 11 unknown
parameters as a vector θ, which is composed of internal

and external parameters of the camera, as follows

θ = (m11,m12,m13,m14, . . . ,m31,m32,m33)
T

(9)

where mij represents the unknown element of the ith

row and jth column of matrix M.

Property 2: The rank of the perspective projection

matrix M is 3.
To map robot motion from joint space to image

space, by differentiating (6), we gain the following ve-

locity mapping relation:

ẏ(t) =
1

cz(q(t))
(Mẋ(t)− y(t)cż(q(t))

=
1

cz(q(t))
A(y(t))ẋ(t),

(10)

where A(y(t)) is a 3× 4 matrix that can be written as

follows:

A(y(t)) = M− y(t)mT
3 =





mT
1 − u(t)mT

3

mT
2 − v(t)mT

3

01×4



 . (11)

Since there is no depth factor 1
cz(q(t)) in matrix A(y(t))

, so we call it depth independent interaction matrix [14].

Furthermore, the components of matrixA(y(t)) are lin-

ear with those of matrix M, and the rank of matrix M

is 3. Consquently, it can be proved that A(y(t)) has a

rank of 2.
Property 3 : For any homogeneous vector s, the

product A(y(t))s can be linearized as the product of

Ψ (s,y(t))θ:

A(y(t))s = Ψ(s,y(t))θ, (12)

where Ψ is a regression matrix independent of camera

parameters and θ is the parameter vector representing
the components of M.

To estimate the perspective projection matrix M,
we need to select at least five different positions of the

feature point. It is assumed that five positions x(tj) of

the feature point and its corresponding projection y(tj)

at time instant tj(j = 1, 2, 3, 4, 5). Define the following

time-varying error vector:

e (tj , t) =y (tj) m̂
T
3 x (tj)− M̂x (tj)

=y (tj)
(
m̂T

3 −mT
3

)
x (tj)

−
(

M̂− y (tj)m
T
3

)

x (tj) ,

(13)

where M̂ denotes the estimation of the matrix M. Note

that e(tj) ∈ R3×1 is a vector whose third component
is always zero. From equation (6) and equation (7), we

have

y (tj)m
T
3 x (tj) = Mx (tj) . (14)

Then, from Property 3, equation (13) can be rewritten

as

e (tj , t) = y (tj)
(
m̂T

3 −mT
3

)
x (tj)− (M̂−M)x (tj)

= W (x (tj) ,y (tj))∆θ(t),
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(15)

where ∆θ = θ̂ − θ represents the estimation error. θ̂ is

a vector of the estimated parameters corresponding to
the estimated matrix M̂. The matrixW (x (tj)y (tj)) ∈

R3×11 is indepent of the unknown parameters. To sim-

plify the notation, let

W (x (tj) ,y (tj)) = W (tj) .

Remark 1: Assume that five different positions

x(tj)(j = 1, 2, 3, 4, 5) which result in e(tj , t) = 0 at the

projection of the robot motion. Then the rank of the

estimated matrix M̂ is 3 if three of the five image coor-

dinate y(tj) are not collinear. The proof can be referred
in [14].

3 Dynamics of manipulator with unknown

actuator failure

3.1 Conventional Manipulator Dynamics

It is well known that the conventional dynamic of ma-

nipulator can be described as

H(q(t))q̈(t)+

(
1

2
Ḣ(q(t)) +C(q(t), q̇(t))

)

q̇+g(q(t)) = τ ,

(16)

where H(q(t)) ∈ Rn×n is a positive definite inertia ma-

trix. C(q(t), q̇(t)) is a skew symmetric matrix repre-

senting the Coriolis and centrifugal force, the term g(q(t))

denotes gravity, and τ ∈ Rn×1 denotes joint input for

manipulator.

Property 4: For H(q(t)), there exists m1, m1 and

any homogeneous vector s which satisfy

m1‖x‖ ≤ xTH(q(t))x ≤ m2‖x‖.

Property 5: For any homogeneous vector s, it can
be obtained that following equation satisfy

sTC(q(t), q̇(t))s = 0.

3.2 Dynamics of manipulator with unknown actuator
failure

In the case of concurrent actuation, at the i-th joint,

i = 1, 2, ..., n, mi actuators are concurrently connected,

and the number of concurrently actuators mi at each

joint is different. Therefore, the torque input at the i-th
joint can be given

τi = τi1 + τi2 + · · ·+ τimi

where τij is the torque applied by the j-th actuator of

the i-th joint.

Failure pattern can be modeled as

σij =

{

1, if actuator fails;

0, otherwise,
(17)

where σij is the failure mode of the j th actuator of the i
th joint of manipulator, j = 1, 2, · · · ,mi. A widely used

actuator failure model [35] is

τ̄ij(t) = τ̄ij , t ≥ tij , (18)

where τ̄ij represents the unknown constant torque value

generated by the failure actuator, which is applied to
the design and analysis of adaptive controller.

A basic existence assumption of the adaptive com-

pensation scheme for unknown system and failure pa-
rameters is as follow

• The number of actuator failures imultaneously is ad-

mitted at most mi − 1, and without the knowledge

of failure parameters, the remaining actuators can
still adaptively adjust controls to achieve a desired

objective.

The torque input of the j-th actuator of the i-th

joint of the manipulator can be written as

τij = (1− σij)vij + σij τ̄ij , (19)

where vij is the applied control input to be determined.

A meaningful actuation design is that all actuators have

the same control signal, i.e. equal actuation scheme:

vi1(t) = vi2(t) = · · · = vimi
(t) = vi(t),

when applied to the joint input of robot in (19), we
have

τi =

mi∑

j=1

(1− σij)vi +

mi∑

j=1

σij τ̄ij . (20)

Introduce the parameter martrix B and vector h as

B = diag (d1, d2, · · · , dn) , di =

mi∑

j=1

(1− σij)

h(t) = (h1, h2, · · · , hn)
T
, hi =

mi∑

j=1

σij τ̄ij .

(21)

From (20)(21), we express the control signal τ (t) as

τ (t) = B(t)v(t) + h(t), (22)

where B ∈Rn×n is a positive gain matrix, v represents
the n× 1 joint input signal to be designed, h(t) denotes
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the unknown constant torque generated by the failure

actuator, which is a n× 1 constant vector.

To simplify the design of the control law, an un-

known parameter vector λ is introduced, and λ satisfies

the following equation:

λi =
1

di

v(t) = λ̂v(t),

(23)

where λ̂ is the estimation of λ, so we define that λ̃i =

λ̂i − λi is the estimation error of λi. Moreover, it is

obvious that v̄(t) replaces v(t) as the control law to be
designed. Substituting (21)(23) into (22), the specific

process of separating the control signal v̄(t) is as follows

τ (t) = B(t)v(t) + h(t)

=








d1
d2

. . .

dn















v1
v2
...

vn







+








h1

h2

...

hn








=










1
λ1

1
λ2

. . .
1
λn




















(

λ̃1 + λ1

)

v̄1
(

λ̃2 + λ2

)

v̄2

...
(

λ̃n + λn

)

v̄n











+








h1

h2

...

hn








=








v̄1
v̄2
...

v̄n







+








d1λ̃1v̄1
d2λ̃2v̄n

...

dnλ̃nv̄n







+








h1

h2

...

hn







.

Therefore, the input signal of the actuator with fail-

ure can be written in the following form:

τ (t) = v̄(t) + h(t) + r(t). (24)

where r(t) can be considered as system input distur-
bance:

r(t) =








d1λ̃1v̄1
d2λ̃2v̄2

...

dnλ̃nv̄n








.

Substituting (24) into (16), the robot dynamics equa-

tion can be given the following form:

H(q(t))
..
q(t)+

(
1

2

.

H(q(t)) +C(q(t),
.
q(t))

)
.
q+g(q(t))

= v̄(t) + h(t) + r(t).

(25)

Remark 2: According to (25), the control inputs

of manipulator system with unknown actuator failure
are simplified as v̄(t), h(t) and r(t). The uncertain pa-

rameter B is not required to be within known interval,

term h(t) is bounded and unknown.

4 Adaptive Image-Base Visual Servoing

Controller for Manipulator with Actuator

Failure Compensation

In this section, to drive the manipulator such that fea-
ture point asymptotically approaches to the desired po-
sition, an novel visual servo controller with actuator

failure compensation is desiged. To handling the uncer-

tainty of parameters, adaptive schemes are proposed

to estimate unknown parameters online. Moreover, the

stability of the proposed controller is theoretically proved

by Lyapunov analysis method.

4.1 adaptive fault-tolerant visual controller

The expected projection position of the feature point

on the camera image plane is defined as yd, which is

a known constant vector. y(t) is used to represent the

real-time projection position of the feature point dur-

ing the motion of the manipulator. Define the following

image error vector ∆y(t):

∆y(t) = y(t)− yd. (26)

The third line of ∆y(t) is always zero.

Fig.2 visually presents the block diagram of image

visual servo closed-loop control with actuator failure. In
the control process, the embedded sensor firstly collects
the desired state variables from the robot, such as joint

velocity, joint angle, image coordinates, etc. Then, the

adaptive algorithm updates the unknown parameters

according to the values of the collected state variables,

thus making the controller constantly update the out-
put values. Next, the controller output performs esti-
mated actuator failure compensation, and finally drives
the projection of feature points (the output of the con-

trolled object) to track the desired time-varying trajec-

tory.

In order to ensure the control performance of the

system, the following control law is proposed

v̄(t) = g(q(t))−K1q̇(t)− JT (q(t))

×

(

ÂT (y(t)) +
1

2
m̂3(t)∆yT (t)

)

B∆y(t)− ĥ(t).

(27)
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Fig. 2: System block diagram.

The first term is to counteract the gravity of the ma-
nipulator, the second term is the velocity feedback in
the joint space of the manipulator, where K1 ∈ Rn×n

is a positive definite velocity gain matrix, the third and

fourth terms are the image error feedback of the sys-

tem, where Â(t) is the estimation of the depth indepen-
dent interaction matrix A(t), m̂(t) is the estimation of

the third row of the perspective projection matrix, and

B ∈ R3×3 is a positive definite position gain matrix, the

last term is to compensate the unknown constant toque

after the actuator failure, where ĥ is the estimation of

the unknown constant torque h. Substituting (27) into

the robot dynamics (25), the closed-loop dynamics of
the system are orgnized as follows

H(q(t))q̈(t) +

(
1

2
Ḣ(q(t)) +C(q(t), q̇(t))

)

q̇(t)

=−K1q̇(t)− JT (q(t))

(

AT (y(t)) +
1

2
m3∆yT (t)

)

×B∆y(t)− JT (q(t))

×
[(

Â(y(t))−AT (y(t))
)

+
1

2
(m̂3(t)−m3)∆yT (t)

]

B∆y(t)

− h̃(t) + r(t)

(28)

where h̃ = ĥ − h represents the estimation error of h.
From the method of Property 3, it can be concluded

that:

−JT (q(t))

[(

ÂT (y(t))−AT (y(t))
)

+
1

2
(m̂3(t)−m3)

×∆yT (t)
]
B∆y(t) = Y(q(t),y(t))∆θ(t),

(29)

where ∆θ = θ̂−θ, representing the estimation error of

unknown parameter θ and Y(q(t),y(t)) is a regression
matrix independent of unknown parameters.

Remark 3: It should be noted that the depth infor-
mation 1

cz(q(t)) does not appear in the control law. The

quadratic term ∆y(t) of equation (27) of the proposed

control law is to compensate for the effect caused by the

removal of depth information. Two important charac-

teristics that distinguish our controller from other con-

trollers are that our controller uses a depth indepen-

dent interaction matrix and contains quadratic terms

and failure compensation in the control algorithm.

4.2 Estimation of the Unknown Parameters

In this subsection, adaptive algorithms are proposed

to estimate the unknown parameters online. The basic
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idea is to combine the Slotine-Li algorithm with an on-

line minimization of error in the gradient descending

direction [14].

We select m positions on the trajectory of the fea-
ture point, such that m equations like equation (15) can

be obatained. The update law of unknown parameter θ
is given as follows:

d

dt
θ̂(t) = −Γ−1{YT (q(t),y(t))q̇(t)

+

m∑

j=1

WT (tj)K3e (tj , t)







(30)

where Γ ∈ R11×11 and K3 ∈ R3×3 are positive definite

diagonal gain matrices. Note that the first term is de-
signed by the Slotine-Li algorithm and the second term

denotes online minmization of the errors in the gradient
descending direction.

Furthermore, for actuator failure compensation, the
adaptive rules of unknown parameters λ̂i and ĥi(t) can

be designed by Slotine-Li algorithm

d

dt
λ̂i(t) = −q̇Ti (t)P

−1
i v̄i(t), (31)

d

dt
ĥi(t) = Q−1

i q̇i(t), (32)

where P ∈ Rn×n and Q ∈ Rn×n are positive definite

diagonal gain matrices.

Remark 4 : To guarantee the asymptotic stabil-

ity of the system, we introduce the last term on the
right side of equation (30), it can ensure full rank of

the estimated perspective projection matrix M̂, which
has been proved in [14]. However, one condition for this

term to ensure the full rank of the matrix is the selec-

tion of positions of feature points, when selecting the

five positions of the feature point, if it is not possible to

find that any three of their projections are collinear, the

estimated perspective projection matrix M̂ has a rank

of 3. In [14], two methods were given for the selection,
we can apply them for our project.

4.3 Stability Analysis

Now we prove that when the developed adaptive fault-

tolerant controller is applied to the plant (25), the closed-

loop signal boundedness and asymptotic image tracking
are guaranteed.

Theorem 1: The controller law (27) updated by the

adaptive laws (30)-(32), when applied to robot model in

Fig.1, guarantees the closed-loop signal boundedness as

well as asymptotic output tracking: limt→∞ ∆y(t) = 0,

despites parameter uncertainties in the system in addi-

tion to unknown failure index, failure times and failure
values.

Proof: Assumed that one or more than one actua-

tors fails at time instants (tk, tk+1), k = 0, 1, 2, · · · , N

with t0 = 0, tN = ∞ as the time intervals on which the
actuator failure pattern σ is fixed. By using the positive

definite function on the interval (tk, tk+1), the adaptive

mechanism can be designed. Note that the actuator fail-
ure pattern σ is unchanged:

Vσk
(t) =

1

2
(q̇T (t)H(q(t))q̇(t) + cz∆yT (t)B∆y(t)

+∆θT (t)Γ∆θ(t)

+

n∑

i=1

diPiλ̃
2
i +

n∑

i=1

h̃T
i Qih̃i).

(33)

Closed-loop dynamics (28) multiplies q̇(t) from left

to right and results in:

q̇T (t)H(q(t))q̈(t) +
1

2
q̇T (t)Ḣ(q(t))q̇(t)

=q̇T (t)Y(q(t),y(t))∆θ(t)− q̇T (t)K1q̇(t)

− q̇T (t)JT (q(t))AT (y(t))B∆y(t)

−
1

2
q̇T (t)JT (q(t))m3∆yT (t)B∆y(t))

− q̇T (t)h̃(t) + q̇T (t)r(t).

(34)

It is derived from the equations (7) and (10):

q̇T (t)JT (q(t))AT (y(t)) = ẋT (t)AT (y(t))

= cz(q(t))ẏ
T (t)

= cz(q(t))∆ẏT (t).

(35)

Adaptive Law equation (30) left side multiply ∆θT (t)

results in

∆θT (t)Γ∆θ̇(t) = −∆θ(t)YT (q(t),y(t))q̇(t)

−
m∑

j=1

∆θT (t)WT (tj)K3W (tj)∆θ(t).

(36)

Differentiating the function in (33) yields:

V̇σk
(t) =q̇T (t)

(

H(q(t))q̈(t) +
1

2
Ḣ(q(t))q̇(t)

)

+∆θT (t)Γ∆θ̇(t) + cz(q(t))∆yT (t)B∆ẏ(t)

+
1

2
ċz(q(t))∆yT (t)B∆y(t)

+
n∑

i=1

diλ̃iPi
ˆ̇
λi +

n∑

i=1

h̃T
i Qi

ˆ̇
hi.
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(37)

From (1) and (7), we have

ċz(q(t)) = mT
3 J(q(t))q̇(t). (38)

By combining (33)−(37) and the adaptive rule (29)(30),

we have

V̇σk
(t) = −q̇T (t)K1q̇(t)−

m∑

j=1

∆θT (t)WTK3W∆θ(t).

(39)

From the differential results, for each time inter-
val [tk, tk+1],V is a non-incremental function, so V is

bounded, which means that all closed-loop signals in

V are bounded. Then, the joint acceleration q̈(t) is

bounded from the closed-loop dynamics (28). From the

Barbalat lemma, we conclude that

lim
t→∞

q̇(t) = 0

lim
t→∞

W (x (tj) ,y (tj))∆θ = 0.
(40)

When W (tj)∆θ(t) = 0, the matrix M̂(t) has a

rank of 3. From the closed-loop dynamics (28), the equi-

librium point of the manipulator are as follows

JT (q(t))

(

ÂT (y(t)) +
1

2
m̂3(t)∆yT (t)

)

︸ ︷︷ ︸

D(θ̂(t),y(t))

B∆y(t) = 0.

(41)

It is obvious that D(θ̂(t),y(t)B∆y(t) = 0 at the equi-
librium point. Note that

D(θ̂(t),y(t)) =





m̂T
1 (t) + (0.5∆u(t)− u(t))m̂T

3 (t)

m̂T
2 (t) + (0.5∆v(t)− v(t))m̂T

3 (t)

01×4





T

(42)

Since the rank of M̂(t) is 3, it can be proved that the
rank of D is 2, then ∆y(t) = 0 can be obtained. Con-

squently, the image error will converge to zero as time

approaches infinity, that completes the proof of theorem

1.

Remark 5: It should be pointed out the conver-
gent image error does not mean that the end effector

converges to the desired position. This is because the

projection of all feature point on a ray in 3D space on

the 2D image plane may be the same image coordi-

nate, which may cause the projection position of the

feature point to remain unchanged when the end effec-

tor moves. Therefore, in order to adjust the end effector

in 3D space, it is necessary to select multiple feature

points for control, which will be one of our research

topics in the future.

5 Simulation study

To desmonstrate the effectiveness of the proposed con-

trol scheme and parameter updating laws. In this sim-

ulation study, we implement the adaptive failure com-

pensation scheme of the 3-DOF manipulator.

5.1 Simulation Conditions

In this simulation, A feature point is selected at the

origin of the robot end coordinate system, the simula-

tion model of the robot is shown in Fig.3. The physical

parameters of robot manipulator are shown in Table.1,

and camera intrinsic parameters are shown in Table.2.
Moreover, We assume the initial and desired coordinate

of the feature point on the image plane are respectively

y0 = (860, 602, 1)T and yd = (692, 196, 1)T .

Table 1: PHYSICAL PARAMETERS OF ROBOT

Parameters Specific Value

link length l1 = l2 = 0m, l3 = 0.15m
joint mass m1 = 0kg,m2 = 17.4kg,m3 = 4.8kg

Table 2: CAMERA INTRINSIC PARAMETERS

Real parameters Inital estimation
α(pixel) 1024 819.2
γ(pixel) 1024 819.2
u0(pixel) 512 409.6
v0(pixel) 512 409.6

The gain parameter in the controller are set to B =

0.015I2×2 and K1 = diag{10, 380, 80}, the gain pa-
rameters in the adaptive law are set as follows: K3 =

0.00001I2×2,Q = diag{10, 1, 0.03},P = diag{500, 500, 500},

Γ = diag{0.0005, 0.0005, 0.0005, 0.0005, 0.0005, 0.0005
0.0005, 0.0005, 50, 50, 50},

the initial values of parameter λ̂ and ĥ in the adap-

tive law are selected as λ̂(0) = (0.5, 0.5, 0.5)T , ĥ(0) =
(0, 0, 0)T .

5.2 Simulation results

In this simulation study, it is assumed that each joint

of the manipulator is jointly driven by two actuators.

We given the follwing actuator failure mode for robot:

within the simulation time T=500s, the third joint ac-

tuator fails once every T ∗=50s, and the failure value
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Fig. 3: The robot simulation model

Fig. 4: Image tracking convergence curve

is set to τ̄31 = 5N , when the simulation continues to
T=400s, the actuator no longer fails.

The tracking performance of the feature point on

the image plane is shown in Fig.4, where red square

represents the expected position of the feature point

on the image plane, while evolutions of image track-

ing error, joint velocity, joint angle and control inputs

are displayed in Fig.5-Fig.7, respectively. It is seen that

with our proposed scheme the image tracking errors are
controlled into a small residual around zero. Moreover,
the closed-loop signals boundedness are guaranteed.

Comparing Fig.5 with Fig. 9, the reuslt shows that

when the values of gain matrices P and Q are modi-

fied, it is obvious that the system image convergence

time approximately the same, however, after actuators

occur failure, Fig.9 shows the image error and the con-
vergence time will increase. Consquently, the values of

gain matrices P and Q in the adaptive law will affect

the effectiveness of actuator failure compensation.

Remark 6 : In real situations, choosing a small

gain in the adaptive law and control law may be ben-

eficial to smooth the transient response of the system,

but it is not conducive to the rapid convergence of the

system image error. Choosing a large gain will reduce

Fig. 5: Image error curves with actuator failure

Fig. 6: Joints velocity of manipulator

Fig. 7: Control inputs of manipulator

the convergence time, but will lead to a large transient

response. To fully balance the advantages and disad-

vantages, the parameters can be fixed empirically. The

controlled system can be simulated with different gain

values. We can select the most appropriate parameters

to ensure the good performance of the system.
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Fig. 8: Joints angle of manipulator

Fig. 9: Image tracking error of

P = diag(1000, 1000, 1000),Q = diag(100, 1, 0.03)

6 Conclusion

In this paper, we propose an adaptive visual tracking

control method for the manipulator. The proposed con-

troller utilize the depth-independent Jacobian matrix

to make the unknown camera parameters present lin-

ear characteristics in closed-loop dynamics of them so
that a novel adaptive algorithm is developed to estimate
these unknown camera parameters. The uncertainty of

actuator failure have also been taken into account and

handled by the adaption laws, upon which, an adaptive

visual servoing controller with actuator failure compen-

sation is established to drive the movements of feature

point. the asymptotical convergence of image tracking
error to zero is proved by the Lyapunov method. Fur-
thermore, the effectiveness and superiority of the pro-

posed control scheme have been illustrated by the sim-

ulation.
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