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Piotr GIERLAK 1 

ADAPTIVE CONTROL OF THE SCORBOT-ER 4PC 
MANIPULATOR 

The problem of the manipulator tracking control is not trivial because the manipu-
lator is a nonlinear object, whose parameters may be unknown and variable. The 
control law should enable the manipulator to behave correctly even when opera-
tional conditions are changeable. The adaptive control system meets this require-
ment. In this paper, both kinematic and dynamic equations of motion for the Scor-
bot-ER 4pc are presented. The adaptive control algorithm was derived for this ma-
nipulator. The presented control and adaptive laws guarantee practical Lyapunov 
stability. The results of verification of theoretical investigations are presented. Ex-
periments were carried out on a work station which consists of the Scorbot-ER 4pc 
robotic manipulator, a computer with Matlab and dSPACE ControlDesk software 
and a DS1006 digital signal processing board. In the experiments, the specified 
point of the manipulator has moved on a desired circular path and the gripper of 
the manipulator was loaded in variable ways. The operation of adaptive control 
system was compared with the computed moment method. From the result of the 
comparison we can see that, in practice, the adaptive control gives better results. 

Keywords: robotic manipulator, manipulator’s dynamics, adaptive control system, 
Lyapunov stability 

1. Introduction  

Robotic manipulators are devices which find different applications in many 
domains of the economy, for example in industry. The requirements in relation 
to precision and autonomy of manipulators are increasing as well as the tasks 
performed by them are more and more complex. The control of such complex 
systems is very problematic. Manipulators are objects with nonlinear dynamics, 
often with unknown and variable parameters which operate in changeable condi-
tions. A change in operating conditions may result from the variation of mass 
and the mass moment of inertia of the objects which are carried by the gripper. 
The control system has to generate such control signals that will guarantee the 
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execution of movement along a path with desired precision in spite of the operat-
ing conditions. 

In the control systems of contemporary industrial manipulators the comput-
ed torque method [1-3] for nonlinearity compensation is used. However, these 
approaches require precise knowledge about mathematical models of the control 
objects, such as the mathematical structure of motion equations with coefficients 
connected with geometry, mass, mass moment of inertia of links. Determining 
friction coefficients in kinematic pairs is especially difficult. Moreover, in such 
an approach, parameters in the compensator have nominal values so the control 
system acts without taking into account the changeable operating conditions. 

In connection with the present difficulties, adaptive control techniques [1-7] 
were developed. These methods require a structure of mathematical models of 
the control objects but no parameters are needed. 

2. Description of the Scorbot-ER 4pc robotic manipulator 

The Scorbot-ER 4pc robotic manipulator is shown in fig. 1a. The manipula-
tor has rotational kinematic pairs. It is driven by direct-current motors with gears 
and encoders, which allow to determine angular velocities and the angles of 
rotation of links. The manipulator arm has 3 degrees of freedom (DOF) whereas 
the gripper has 2 DOF. In this paper we modeled the gripper as discrete mass 
located at the end of the last link of the arm (point C – see fig. 1b). In the re-
mainder of the paper we will consider only 3 DOF of the arm. 

 
a) b) 

       
Fig. 1. The Scorbot-ER 4pc robotic manipulator (a), the scheme of the 
manipulator (b) 

 
Theposition and velocity of the point C in the Cartesian coordinate system 

is expressed in the following way: 
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where: xC, yC, zC – coordinates of point C, vCx, vCy, vCz – projections of velocity of 
point C, e, lj – geometrical parameters (j = 1, 2, 3), sj = sinqj, cj = cosqj – transla-
tion matrix of ai distance along axis x, jq&  – the angular velocity of j-th links. 

In a practical task, the desired path and velocity of point C in a workspace 
is defined, the projections of velocity may be calculated. Then, based on the eq. 
(2), a desired trajectory in a joint space may be determined, by solving the in-
verse kinematics problem. The dynamics of the Scorbot-ER 4pc manipulator can 
be expressed in the Lagrange form [1, 3, 9]: 

( ) ( ) ( ) ( ) d+ + + + =M q q C q,q q F q G q τ u&& & & &  (3) 

where: q – a vector of generalized coordinates (angles of rotation of links),  
M (q) – the inertia matrix, ( )C q,q q& &  – the centrifugal and Coriolis vector, 

( )F q& – the friction vector, G(q) – the gravity vector, τd – a vector of disturb-

ances bounded by , 0,d b bτ < >  u – control input vector. 

The mathematical model holds standard properties of revolute rigid ma-
nipulator dynamics [1]. Matrixes in the eq. (3) have the following form [9]: 
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where 
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Parameters pi take the form: 
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where: mj – a mass of j-th link, mC – a mass of a gripper, lj – the length of 
 j-th link, lCj – the distance between the center of mass of j-th link and joint j – 1, 
e – an eccentric of the second joint, Ijxx, Ijyy, Ijzz – are mass moments of inertia of 
j-th link with respect to xj, yj, zj axis, respectively, fj – a coefficient of viscous 
friction in j-th kinematic pair, κj – a moment of dry friction in j-th kinematic 
pair. 

3. Adaptive tracking control 

Assumed that the desired trajectory of the manipulator motion in the joint 
space is known. The desired trajectory Qd consists of generalized coordinates 

1 2 3( ) [ ( ) ( ) ( )]T
d d d dt q t q t q t=q  and the first and second time derivatives,  

i.e. [ ] .T T T T
d d d dq q q=Q & &&  The tracking control is defined in such a way, that for the 

desired trajectory the tracking error is introduced [1-3, 5-7]: 

( ) ( ) ( )dt t t= −e q q  (7) 
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The purpose of the control system is the realisation of such control signal u, 
which will minimise the tracking error and will cause that q(t) will follows the 
qd (t). Defined a filtered tracking error s and an auxiliary signal v as: 

= +s e Λe&  (8) 

d= +v q Λe&  (9) 

where Λ – a diagonal positive definite design matrix. 

The dynamics of the manipulator (eq. (3)) can be rewritten in terms of the 
filtered tracking error as:  

( ) ( ), d= − − + +M q s u C q q s f τ& &  (10) 

where f is a nonlinear manipulator function, which may be written in the linear 
parametric form as: 

( ) ( ) ( ) ( ) ( ), , , ,v= + + + =f M q v C q q v F q G q Y q q v v p& & && &  (11) 

where ( ), , ,vY q q v v p& &  – a regression matrix. 

In standard use, in robotics it is a proportional-plus-derivative (PD) control 
law with nonlinearity compensation, given by the equation:  

( ) ˆ, , ,D v= +u K s Y q q v v p& &  (12) 

where term: 

( )D D= +K s K e Λe&  (13) 

has a mathematical structure like a PD controller, and the term ( ) ˆ, , ,vY q q v v p& &  

approximates nonlinear function f. In control law (12) estimation �� of a real 
vector p is used, because the real vector of parameters is unknown. The closed-
loop system becomes: 

( ) ( ) ( ), , , ,D v d= − − + +M q s K s C q q s Y q q v v p τ& & & %&  (14) 

where an estimation error is given by the equation: 

ˆ= −p p p%  (15) 

A scheme of closed-loop system is presented in fig. 2. 
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Fig. 2. Schematic structure of the adap-
tive control system 

 
In order to derive adaptation law of the parameters, the Lyapunov stability 

theory is applied. We assumed the positive definite Lyapunov function candi-
date, which is a quadratic form of the filtered tracking error and the parameter 
estimation error [2]: 

( ) 10.5 0.5T T
pL −= +s M q s p Γ p% %  (16) 

where: pΓ  – a regression matrix. 

Time derivative of L is: 

( ) ( ) 10.5T T T
pL −= + +s M q s s M q s p Γ p&& && % %  (17) 

Substituting eq. (14) into eq. (17), and taking into account, that ( )M q&  –  

( )2 ,C q q&  is a skew-symmetric matrix, we have: 

( )1 , , ,
TT T T

D d p vL − = − + + +
 

s K s s τ p Γ p Y q q v v s&& % % & &  (18) 

Defining an adaptive law as [10]: 

( )ˆ ˆ, , ,
T

p v pk= −p Γ Y q q v v s Γ s p& & &  (19) 

where k > 0, and taking into account, that the vector of the real parameters sa- 
tisfies the constraint: 

maxp≤p  (20) 

we may write ��  as: 

ˆT T T
D dL k= − + +s K s s τ s p p& %  (21) 

Because inequality:   
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2
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is true, so ��  satisfies the condition: 
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where KDmin – is the minimum singular value of K D. 

This result means, that the time derivative of the function L along the solu-
tions of the eq. (14) is negative outside a compact set. The adaptive law (19) 
guarantees that estimates of parameters will be bounded without persistency of 
the excitation condition. According to a standard Lyapunov theorem extension 
[10], both s  and p%  are uniformly ultimately bounded. 

4. Experimental results 

In order to confirm the behaviour of the proposed adaptive control system, 
an experiment was performed. The workstation consists of the Scorbot-ER 4pc 
robotic manipulator, PC computer with Matlab and dSPACE ControlDesk soft-
ware, and DS1006 digital signal processing board. 

In the experiment, the point C of the manipulator has moved on a desired 
circular path (fig. 3a), defined in the following way: 

( ) ( )2 2 2 0

const.
C O C O

C

x x y y R

z

− + − − =


= 
 (26) 

where: xO = 0.36 m, yO = 0 m – coordinates of the center of the circle. 

Desired velocity of the point C (fig. 3b) is given by the equation: 
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where: vmax = 0.12 m/s – a maximal velocity, c = 10 1/s – a design coefficient, 
0 65 st ∈ − – the time, t  – coefficients selected in accordance with rule 1 .i it t− <  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. The desired path (a), the 
desired velocity of the point C (b) 

 
The desired trajectory in a joint space was obtained by solving the inverse 

kinematics problem for the desired path and velocity. This trajectory is shown in 
fig. 4. During the experiment, the gripper of the manipulator (point C) was load-
ed in the following way: for time t < 30 s the gripper was loaded by an addition-
al mass, which was equal to 0.75 kg, and for t ≥  30 s the additional mass was 
increased to 2.5 kg. Design parameters in the control system were assumed as 
follows: K D = diag{0.5 0.5 0.5}, ΛΛΛΛ = diag{2 2 2, ˆ (0) ,=p 0  k = 0.1, Γ =  
= diag{0.015 0.015 0.65 0.65 0.65 0.3 0.25 6.5 15 15 0.035 0.15 0.15}. Signals 
generated by the control system during the experiment are shown in fig. 5. 

At the beginning of the experiment, signals generated by compensator (fig. 
5c) were not accurate, because the initial parameter estimates were set to zero, 
and the signals generated by the PD controller (fig. 5b) take an important part in 
the total control signals (fig. 5a). Then, the influence of PD signals decreases 
during the experiment, because the parameter estimates adaptation. 

In the initial movement phase (about 8 s), tracking errors of joint angles 
(fig. 6a) and tracking errors of angular velocities (fig. 6b) have the highest val-
ues. Afterwards they are decreased during the adaptation of parameter estimates. 
After 30 s of the experiment, tracking errors temporarily increased. It is caused 
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by the change of the gripper load. Then, tracking errors are reduced during adap-
tation of control system to the new working conditions. 

 

 
Fig. 4. The desired trajectory in a joint space: a) angles of 
rotation of links 1, 2, 3, b) angular velocities of links 1, 2, 
3, c) angular accelerations of links 1, 2, 3 

 
In figure 7. estimated characteristics of parameters are shown. They were 

set to zero in the initialization process, and adapted during the movement of the 
manipulator. After 30 s, values of parameters estimates change, which is caused 
by change of working conditions. In figure 8. real path (fig. 8a) and velocity of 
point C (fig. 8b) are shown. 

In the initial movement phase, the real path and velocity of point C differs 
from the desired, later they near the desired path and velocity. 

In the second experiment we set up non-zero values of parameter estimates 
– we used final values from the first experiment. In this case, the compensator  
generated adequate signals even in the initial movement phase, and tracking 
 

a) 

b) 

c) 
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Fig. 5. Control signals: a) total control signals,  
b) signals generated by the PD controller, c) signals 
generated by compensator 

 

 
Fig. 6. Tracking errors: a) tracking errors of joint 
angles, b) tracking errors of angular velocities 

a) 

b) 

c) 

a) 

b) 
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Fig. 7. Estimated characteristics of parameters: 
a) 1 7ˆ ˆ ,p p− b) 8 10ˆ ˆ ,p p− c) 11 13ˆ ˆp p−  

 

 
Fig. 8. Performance of movement in a workspace:  
a) the desired (black line) and the real (red line) path of 
point C, b) the desired (black line) and the real (red 
line) velocity of point C 

a) 

b) 

c) 

a) 

b) 
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errors (fig. 9.) were smaller than in the first experiment. In the workspace, preci-
sion of movement was also higher, so the real path and velocity (fig. 10.) were 
close to the desired path and velocity of point C, even in initial phase of experi-
ment. 

 

 
Fig. 9. Tracking errors from an experiment with non-
zero values of parameter estimates: a) tracking errors of 
joint angles, b) tracking errors of angular velocities 

 

 
Fig. 10. Performance of movement in a workspace from 
an experiment with non-zero values of parameter esti-
mates: a) the desired (black line) and the real (red line) 
path of point C, b) the desired (black line) and the real 
(red line) velocity of point C 

a) 

a) 

b) 

a) 

b) 
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In order to compare adaptive control with the computed torque method, we 
assumed the following control law: 

( )( ) ( ) ( ) ( )1 0 ,d= + + + + +u M q q K e K e C q q q F q G q&& & & & &  (28) 

where: K 0 = diag{225 225 225} – the matrix of the proportional gain, K 1 =  
= diag{30 30 30} – the matrix of the derivative gain. 

Matrixes M (q), ( ) ( ), , ,& &C q q F q  and G(q) have nominal parameters: p1 =  

= p4 = p7 =0.006, p2 = 0.002, p3 = p5 = p6 = 0.011, p8 = p9 = p10 = 0.52, p11 = 
= 0.019, p12 = p13 = 0.018. Tracking errors, obtained in this case, are presented  
in fig. 11. 

 

 
Fig. 11. Tracking errors from an experiment with the 
computed torque method: a) tracking errors of joint an-
gles, b) tracking errors of angular velocities 

 
After 30 s tracking errors of links 2 and 3 have increased, because the grip-

per load changed, but parameters in the compensator were constant. In figure 12. 
path and velocity in the workspace of point C are presented. 

5. Conclusions 

For numerical evaluation of the adaptive control system quality, we used  
a root mean square of tracking errors (tab. 1.), defined as: 

 

a) 

b) 
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where: k – an index of sample, n – a number of sample. 

 

 
Fig. 12. Performance of movement in a workspace from 
an experiment with the computed torque method desired 
(black line) and the real (red line): a) the path of point C, 
b) the velocity of point C 

Table 1. Values of quality ratings 
 

Parameter j εεεεj ψψψψj 

Adaptive control 
1 0.0158 0.0228 
2 0.0095 0.0204 
3 0.0088 0.0164 

Adaptive control 
(non-zero parameters) 

1 0.0036 0.0104 
2 0.0041 0.0162 
3 0.0035 0.0122 

Computed torque 
1 0.0084 0.0152 
2 0.0081 0.0221 
3 0.0233 0.0239 

 
The tracking control of the manipulator is problematic because of the non-

linearities. The most commonly usedtorque computing method requires a precise 

a) 

b) 
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knowledge about the mathematical model structure of the control object and also 
the values of the parameters. In practical applications , while parameters of an 
object may change, this approach is ineffective. In this case, the adaptive control 
system, with pre-adapted parameters ensures better quality of tracking control. 
In both algorithms, the structure of the mathematical model must be known. 
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ADAPTACYJNE STEROWANIE MANIPULATOREM  
SCORBOT-ER 4PC  

S t r e s z c z e n i e  

Sterowanie ruchem nadąŜnym manipulatora nie jest prostym zagadnieniem, poniewaŜ mani-
pulator jest nieliniowym obiektem, którego parametry mogą być nieznane i zmienne. Prawo ste-
rowania powinno uwzględniać te aspekty i umoŜliwiać manipulatorowi poprawne działanie nawet 
wtedy, gdy warunki jego pracy są zmienne. Wymaganie to jest spełnione przy zastosowaniu adap-
tacyjnych układów sterowania. W artykule przedstawiono równania kinematyki i dynamiczne 
równania ruchu manipulatora Scorbot-ER 4pc. Zaprezentowane prawa sterownia i adaptacji gwa-
rantują praktyczną stabilność w sensie Lapunowa. W pracy zamieszczono rezultaty weryfikacji 
prezentowanych rozwiązań teoretycznych. Eksperymenty przeprowadzono na stanowisku, które 
składa się z robota manipulacyjnego Scorbot-ER 4pc, komputera PC z oprogramowaniem Matlab 
i dSPACE ControlDesk oraz karty kontrolno-pomiarowej DS1006. Podczas eksperymentów wy-
brany punkt manipulatora poruszał się po Ŝądanym torze kołowym, a chwytak manipulatora był 
obciąŜany zmiennym ładunkiem. Działanie adaptacyjnego układu sterowania porównano z działa-
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niem układu z zaimplementowaną metodą wyliczanego momentu. Z porównania jakości sterowa-
nia wynika, Ŝe w praktyce lepsze wyniki zapewnia stosowanie sterowania adaptacyjnego. 

Słowa kluczowe: robot manipulacyjny, dynamika manipulatora, adaptacyjny układ sterowania, 
stabilność w sensie Lapunowa 
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