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Abstract. In this paper, an image-based robust controller for tracking control of 
robot manipulators using a single camera is proposed. The proposed controller 
has robustness to parametric uncertainties of the robot manipulator and 
compensation for uncertainties included in the image Jacobian. The stability of 
the closed-loop system is proved by Lyapunov approach. The performance of 
the proposed method is demonstrated by experiments on a 5-link robot 
manipulator with two degree of freedom.  
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1   Introduction 

Robot control using vision based controller has been regarded as one of highly 
attracted research area these days. Among them, visual feedback technique based on 
the robot control was applied to the robot working in unstructured environments so 
that this application was received attention from many researchers as a solution for 
the position and motion control of robot manipulators under the such environment. 

Kelly proposed an image-based direct visual servo controller for camera-in-hand 
robot manipulators, which is a simple structure based on a transpose Jacobian term 
plus gravity compensation[1]. In the camera-in-hand configuration, the camera 
supplies visual information of the object to the controller. The objective of this visual 
feedback control scheme is to move the robot manipulator to the desired in the image 
plane obtained by the camera [2-3]. However since robot dynamics was not included 
in the control input, the visual servo controller has a drawback that is sensitive to the 
load variations and disturbances. In that reason, we consider applying the robust 
control schemes to compensate such uncertainties.  

Robust control schemes for robot manipulators are required to achieve good 
tracking performance in the presence of parametric uncertainties such as load 
variations and unmodeled joint friction[4]. A robust tracking controller has been 
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designed to compensate the uncertainty in the camera orientation and to ensure 
globally uniformly ultimate boundedness[5-6]. 

When the robot manipulators recognize the objects through a camera, noises 
generated by the lighting or the distance errors can cause parameter fluctuation even 
though there is no actual movement of the objects. If Jacobian uncertainty exists, it is 
hard to achieve the expected control performance with the robust control method 
which only considers uncertainty of the robot dynamics. Therefore, in the robot vision 
system where uncertainty of bounded Jacobian exists, a controller that compensates 
its uncertainty is required. 

In this paper, we propose an image-based robust controller under Jacobian 
uncertainty to compensate uncertainties of the robot dynamics and Jacobian due to 
load variations, lighting or disturbances. The closed-loop stability including the whole 
robot dynamics is shown by the Lyapunov method. The proposed controller is applied 
on a two degree of freedom 5-link robot manipulator to show the performance of the 
closed-loop system. 

2   Robot and Camera Model 

In the absence of friction, the dynamic equation of an n-link rigid robot manipulators 
can be expressed as[7] 

τ=++ )(),()( qGqqqCqqM  (1) 

where nRq ∈  is the vector of joint displacements, nR∈τ  is the vector of torques 

applied to the joints, nnRqM ×∈)(  is the symmetric positive definite inertia matrix, 
nRqqqC ∈),(  is the vector of centripetal and Coriolis torques, and nRqG ∈)(  is 

the vector of the gravitational torques. 
The robot dynamic model (1) has the following properties. 

 

Property 1: For the unknown constant parameter vector pR∈θ , the dynamic 
equation (1) can be expressed linearly  

( ) τθ ==++ qqqYqGqqqCqqM ,,)(),()(  (2) 

where pnRqqqY ×∈),,(  is the known regression matrix. 
 

Property 2: The matrix ),(2)( qqCqM −  is skew-symmetric. 

We consider a CCD camera mounted at the end-effector of the robot manipulator. 

Let cP0  be the origin of the camera coordinate frame with respect to the robot 

coordinate frame and t
cP  be the position of object with respect to the camera 

coordinate frame. Then the feature point [ ]Tt
c

t
c

t
c

t
c zyxP =  with respect to the 

camera coordinate frame is represented by 

)( 00
0 ct

c
t

c PPRP −=  (3) 



504 C.S. Kim et al. 

where cR0  is the orientation of the camera frame with respect to the robot coordinate 

frame. 

We assume that the feature point t
cP  in the camera frame projects onto the point 

[ ]Tyx=ξ  on the image plane by a perspective projection as follows[8] 
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where f  is the focal length of the camera, α  and β  are scaling factors in pixels per 

meter due to the camera sampling. 

3   Image-Based Robust Control 

In image-based robot control, the control problem is to design a controller to move the 
end-effector in such a way that the actual image features reach the desired ones 
specified in the image plane. In this section, we consider the image-based robust 
control problem of the robot manipulator with bounded Jacobian uncertainties and 
parametric uncertainties due to unknown payload or unmodeled friction.  

The time derivative of (4) yields 
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By substituting the time derivative of (3) into (4), the motion of the image feature 
point is expressed as a function of the camera velocities 

( )[ ]TT
c

T
ct

c
img vzqJ ωξξ ,,=  (6) 

where cv  and cω  are end-effector linear velocity and angular velocity, respectively 

and the image Jacobian matrix ( )t
c

img zqJ ,,ξ  is defined by 
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The differential kinematics of a robot manipulator gives the relationship between the 
joint velocity q  and the corresponding end-effector linear velocity cv  and angular 

velocity cω [9]. 
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where )(qJ g  is the geometric Jacobian matrix and )(qJ A  is the analytic Jacobian 

and )(qT  is the rotational matrix of end-effector. 

Substituting (8) into (6) yields the motion dynamics of the image feature point 
described by the robot joint velocity as 

( )qzqJ t
c,,ξξ =  (9) 

where ( )t
czqJ ,,ξ  is the Jacobian matrix defined by 
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Let us denote with dξ  the desired image feature vector which is assumed to be 

constant. We define the image feature error as 

ξξξ −= d

~
 (11) 

Using (9), the time derivative of (11) can be expressed by 

( ) ( )( )qqzqJqzqJ dt
c

t
c ~,,,,
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where dq  is the desired joint velocity vector and qqq d −=~ . 

We take the desired joint velocity dq  as 

( ) ξξ ~
,, KzqJq t
c

d
+−=  (13) 

where K  is positive definite gain matrix and ( )t
czqJ ,,ξ+  is the pseudo inverse 

matrix defined by ( ) ( ) ( )[ ] ( )t
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Substituting (13) into (12) leads to 

( )qzqJK t
c ~,,

~~ ξξξ +−=  (14) 

Now, let us start to design an image-based robust controller to compensate the 
bounded Jacobian and parametric uncertainties of robot manipulators. 

First, we assume that the uncertainty of the parameter vector θ  is bounded as 

ρθθθ ≤−= 0

~
,  0>ρ   (15) 

where 0θ  is the nominal value of θ  and ρ  is a known value. 
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And it is also assumed that the uncertainty of the Jacobian matrix ( )t
czqJ ,,ξ  is 

bounded as 

( ) ( ) ( ) σξξξ ≤−= t
c

t
c

t
c zqJzqJzqJ ,,ˆ,,,,

~
,  0>σ   (16) 

where ( )t
czqJ ,,ˆ ξ  is the estimated value of ( )t

czqJ ,,ξ  and σ  is a known value. 

Next, in order to achieve the control objective that performs tracking control of 
robot manipulator (1) in the presence of bounded parametric uncertainties and 
bounded Jacobian uncertainties, we propose the image-based robust controller as 
follows: 

( )( ) ( ) qkzqJqKuqqqY t
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0 ξξξθτ ++++=  (17) 

where vK  is the symmetric positive definite gain matrix, u  is an additional control 

input that will be designed to achieve robustness to the parametric uncertainty, the 
gain k  is selected to compensate Jacobian uncertainty and ( ) 0,, θdd qqqY  is 

represented by nominal values of ),(),( qqCqM  and )(qG  such that 

( ) )(),()(,, 0000 qGqqqCqqMqqqY dddd ++=θ  (18) 

Substituting (17) into (1) and defining the state vector as TTT q ]~~
[ξ , the closed-

loop system equation is obtained 

( )( ) ⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥⎦
⎤

⎢⎣
⎡ −−−++−

+−
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
− qkJqKuqqqYqqqCqM

qJK

q
T

vdd
~~~ˆ~~

,,~),()(

~~

~

~
21 ξξθ

ξξ  (19) 

We propose the additional control input u  and the gain k  as 
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where 0>ε  and  0>η  are design parameters. 

Finally, show the robust stability of the proposed control system despite robot 
parametric and Jacobian uncertainty exists. Consider the Lyapunov function candidate 

ξξ ~~

2
1~)(~

2
1 TT qqMqV +=  (21) 

Differentiation of V  along the trajectory of (19) yields 
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The first, if ε>qY T ~  and ηξ >Tq
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where )(min Wλ  denotes the minimum eigenvalue of W . 

The second, if ε≤qY T ~  and ηξ >Tq
~~ , we have 
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For 
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ησχ ≥ , we have 0≤V . 

The last, if ε≤qY T ~  and ηξ ≤Tq
~~ , we have 
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For 
)(2

1

min Wλ
ησερχ +≥ , we have 0≤V . 

Therefore, the control low (17) and (20) guarantees the uniformly ultimate 
boundedness of the closed-loop system. 
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4   Experiments 

The performance of the proposed controller is demonstrated by experiments on a two 
degree of freedom 5-link industrial robot manipulator manufactured by Samsung 
Electronic, co. as shown in Fig. 1. Experimental systems are composed of a industrial 
robot manipulator, the main computer with a MMC(multi motion control) board and 
an image processing board and a CCD camera mounted on the end effector of the 
manipulator. A MMC board mounted in a main computer is used to execute the 
control algorithm. The feature signal is acquired by an image processing 
board(Matrox Meteor II) mounted on a main computer which processes the image 
obtained from a CCD camera and extracts the image feature.  

In these experiments, we assume that a payload of around 5.5 kg  is added to the 

mass 4m  and the other parameters are not affected by this added payload. The object 

was located at a distance ][1 mZ =  in front of the camera and parallel to the plane 

where the manipulator moves. Design parameters are shown in Table 1. 
The experimental results are shown in Fig. 2-5. Fig. 2 and 3 show the tracking 

errors for the proposed method with Jacobian compensation and for the control 
 

 

Fig. 1. Farama-As1 industrial robot manipulator 

Table 1. Design parameters 
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                Fig. 2. Position errors of link 1                            Fig. 3. Position errors of link 2 

 

                Fig. 4. Feature errors of x-plane                        Fig. 5. Feature errors of y-plane 

algorithm without Jacobian compensation. The steady-state errors by the proposed 
method are improved comparing to those by the method without compensation. Fig. 4 
and 5 illustrate the trajectory of feature point on the image plane, which show the 
convergence to the desired feature point by the proposed method is improved. 
Experimental results show that the implementation of the proposed algorithm can 
obtain effective control performance. 

5   Conclusion 

In this paper, an image-based robust controller for robot manipulators was proposed. 
This controller includes the nonlinear control terms to compensate the parametric and 
Jacobian uncertainty. The ultimate uniform stability of the overall closed-loop system 
is proved by using the Lyapunov method. Experiment results on a 5-link manipulator 
with two degree of freedom have shown that the proposed control method has 
effectiveness to control robot manipulators with parametric and Jacobian uncertainty. 



510 C.S. Kim et al. 

References 

1. Kelly, R., Carelli, R., Nasisi, O., Kuchen, B., Reyes, F.: Stable Visual Servoing of Camera-
in-hand Robotic Systems. IEEE/ASME Trans. Mechatronics, 5(1) (2000) 39-43 

2. Espiau, E., Chaumette, F., Rives, P.: A New Approach to Visual Servoing in Robotics. 
IEEE Trans. Robotics and Automation, 8(3) (1992) 313-326 

3. Hashimoto, K.: VISUAL SERVOING. World Scientific (1993) 
4. Dawson, D. M., Qu, Z., Lewis, F. L., Dorsey, J. F.: Robust Control for the Tracking of 

Robot Motion. Int. J. Control, 52(3) (1991) 581-595 
5. Spong, M. W.: On the Robust Control of Robot Manipulators. IEEE Trans. Automat. 

Contr., 37(11) (1992) 1782-1786 
6. Zergeroglu, E., Dawson, D. M., Queiroz, M. S. de., Setlur, P.: Robust Visual-servo Control 

of Robot Manipulators in the Presence of Uncertainty. Journal of Robotic Systems, 20 
(2003) 93-106 

7. Spong, M. W., Vidyasagar, M.: Robot Dynamics and Control. Wiley New York (1989)  
8. Quach, N. H., Ming, L.: Visual based Tracking of Planar Robot Arms: a Scheme using 

Projection Matrix. IEEE International Conference on Robotics. Intelligent Systems and 
Signal Processing, 1 (2003) 588-593 

9. Sciavicco, L., Siciliano, B.: Modeling and Control of Robot Manipulators. McGrawHill 
New York (1996) 


	Image-Based Robust Control of Robot ManipulatorsUnder Jacobian Uncertainty
	Introduction
	Robot and Camera Model
	Image-Based Robust Control
	Experiments
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




