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ABSTRACT

This work introduces the design of an
adaptive tracking control strategy for a 6-
DOF Staubli TX2-60L industrial robot
manipulator operating under dynamic model
uncertainties caused by variable payloads. A
complete kinematic and dynamic model of
the robot is derived wusing Denavit—
Hartenberg parameters and the Lagrangian
formulation, respectively. To address the
limitations of conventional control methods
under payload variations, an adaptive
controller is designed, which continuously
updates its parameters based on real-time
tracking errors. A Lyapunov stability
analysis is conducted to rigorously establish
that the closed-loop system guarantees
convergent tracking errors and bounded
internal states. Simulation studies with
different payload scenarios, including no
load, step load variation, and continuous load
changes, show the performance of the
proposed control strategy. The results
confirm that the adaptive controller
maintains precise trajectory tracking and
robust stability despite significant model
uncertainties, highlighting its suitability for
industrial pick-and-place and high-precision
automation tasks.

Keywords: Robot manipulator, kinematic
model, dynamic model, variable payloads,
adaptive control, stability analysis.

INTRODUCTION

Industrial robot arms are widely used in
numerous applications due to their superior
speed, precision, and reliability [1]. Their
robust mechanical design, ease of
maintenance and the ability to operate
continuously without significant errors make
them highly suitable for hazardous tasks that
pose risks to human life, as well as for
automation processes aimed at reducing
human workload [2, 3]. The integration of
advanced motor and sensor technologies
further enables these systems to achieve the
high levels of accuracy required in delicate
operations such as welding, laser cutting, and
pick-and-place tasks [3]. To perform such
precision-demanding tasks, robot arms must
be equipped not only with sophisticated
actuation and sensing capabilities but also
with powerful control architectures. Robots
that combine these features have become
indispensable assets in modern industry.
This study addresses the design of a robust
controller for industrial robot arms that
perform tasks where both accuracy and
safety are paramount. One of the main
challenges in controlling such systems is
maintaining stability and precision in the
presence of uncertainties or variations of the
dynamic model of the robot arm [4].
Although the conventional PID controller
remains one of the most widely applied
methods, it has notable limitations: its
simplicity makes it prone to performance
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degradation and even instability under fast or
high-acceleration movements in uncertain or
disturbed environments [5]. To overcome
these limitations, recent research has
increasingly focused on advanced adaptive
control strategies, which provide greater
resilience and reliability in dynamic
industrial settings.

A wide range of adaptive control strategies
have been explored in the literature to
address uncertainties 1in robotic arm
dynamics. Traditional manipulator control
systems often fall short of meeting the
increasing demands of modern industrial
applications, motivating the adoption of
adaptive neural network—based methods that
improve trajectory tracking under system
uncertainties and external disturbances [6].
Similarly, Adaptive Degrees-of-Freedom
(DoF) Mapping Control, particularly when
integrated with feed-forward multimodal
feedback, has been shown to reduce task
completion time, minimize mode switches,
and lower perceived workload [7]. In the
aerospace  domain, fuzzy-compensated
sliding mode control has been demonstrated
to reduce trajectory tracking errors in flexible
space manipulators, outperforming classical
sliding mode control methods under
nonlinear uncertainties and disturbance
torques [8]. For collaborative settings, two-
loop adaptive control structures that combine
sliding mode control for load-side
uncertainties with model reference adaptive
control for motor-side dynamics have also
yielded notable performance improvements
[9]. In soft robotics, reinforcement learning—
driven adaptive control schemes have
emerged to address stochastic behavior and
the training-to-reality gap, enabling precise
task execution and resilience even under
actuation damage [10]. Likewise, adaptive
neural network controllers based on radial
basis function (RBF) models and Lyapunov
stability analysis have been applied to multi-
DoF  manipulators in logistics and
agriculture, ensuring stable and robust
motion control [11]. Other work has
introduced Fourier series—based adaptive
observer—controllers to guarantee stable pose

and force regulation in systems with
unmodeled dynamics and unmeasurable joint
velocities [12]. Extending robotic arms onto
mobile platforms has also been studied,
where model reference adaptive control
strategies improve trajectory tracking
robustness against model uncertainties [13].
In heavy industrial contexts, fractional-order
model reference adaptive control
(FOMRAC) has been proposed as a more
resilient alternative to conventional MRAC,
showing superior results in positioning
accuracy and disturbance rejection [14].
Adaptive backstepping control has likewise
been applied to flexible joint arms, with
Lagrange—Euler modeling confirming robust
tracking without overshoot, even under
parameter variations and input saturation
[15]. Fault tolerance has been addressed
through robust hybrid predictive control
(HFTPC), where actuator faults and time
delays in hybrid electric—pneumatic systems
are mitigated using linear matrix inequality—
based stability conditions [16]. Cooperative
manipulation has also been advanced
through distributed controllers with online
payload estimation and wrench-synthetic
trajectory tracking, ensuring bounded
tracking errors despite uncertain grasp
positions and external disturbances [17].
Further contributions include the
development of robust adaptive fuzzy sliding
mode controllers, which combine fuzzy logic
approximation with adaptive parameter laws
to improve accuracy and disturbance
rejection in serial manipulators [18]. Path
planning innovations, such as improved
RRT-Connect algorithms with adaptive step
strategies and multi-tree sampling, have
enhanced efficiency in application-specific
tasks like exhaust emission detection [19].
Finally, in compliant industrial interactions,
adaptive control frameworks integrating
dynamic movement primitives (DMPs),
impedance  control, and  admittance
adaptation have demonstrated stable force
regulation and improved conformity in
precision tasks such as surface grinding [20].
As can be seen from the above studies, there
has not been much research in the literature
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on the adaptive control of industrial robot
arms. Although there are studies on adaptive
control of robot arms, particularly in
response to uncertainties in dynamic models,
the precise control of robot arms in industrial
applications, particularly in response to
variations in their payloads, has not been
adequately studied. This study focuses on
adaptive control of industrial robot arms,
particularly in response to changes in their
payloads. In this paper, we present the
development and validation of an adaptive
tracking control strategy for a 6-DOF Staubli
TX2-60L industrial robot manipulator
subjected to dynamic model uncertainties
caused by wvariable payloads. First, the
complete kinematic and dynamic models of
the manipulator are derived using the
Denavit-Hartenberg method and the
Lagrangian  formulation,  respectively,
providing the mathematical basis for control
design. Building upon this, an adaptive
controller is designed with online parameter
adjustment to address the limitations of
conventional control methods under
changing load conditions. The stability of the
proposed control method is rigorously
verified through Lyapunov-based analysis,
ensuring convergence of position and
velocity tracking errors. Finally, extensive

Z i

e,

simulation studies under different payload
scenarios, including no load, step load
variations, and continuous load changes, are
conducted to demonstrate the robustness and
effectiveness of the controller in maintaining
precise trajectory tracking and stable system
responses.

KINEMATIC MODEL OF STAUBLI
ROBOT ARM

Forward Kinematics Model

Kinematics is the branch of mechanics that is
concerned with describing the motion of
bodies without reference to the forces that
cause this motion. This process requires
computation of the time derivatives,
including velocity, acceleration, and higher-
order terms of the robot’s position variables.
In robotics, the kinematic model provides a
mathematical framework to  describe
geometric relationships and movement
between the joints of a manipulator. This
modeling is essential for calculating the
necessary joint motions to track a desired
trajectory. The Denavit-Hartenberg (DH)
parameters define the relative robot joints’
transformation  matrices, forming a
systematic foundation for representing
kinematic chains. An industrial Staubli TX2-
60L robot manipulator is illustrated in Fig. 1.

Fig. 1: Staubli TX2-60L industrial robot manipulator.
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Fig. 2 shows the assigned frames of the Staubli robot manipulator.
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Fig. 2: Schematic of the Staubli Robot Manipulator with frame assignments.

Table I presents the DH parameters of the Staubli robot manipulator.

TABLE I: Denavit-Hartenberg (DH) Parameters.

i o ai—1 (m) di_y (m) 6
| 0 0 0 0,
) 0 0 0,
3 0 ar d3 6
4 75/2 0 d4 94
5 —x/2 0 0 05
6 m/2 0 de0 g

The link frames and their corresponding
parameters are defined in Fig. 2 and Table 1.
Once the link frames and associated link
parameters are specified, formulating the
kinematic equations becomes
straightforward. With the values of the link
parameters, the individual link
transformation matrices can be calculated.
These matrices are then multiplied

sequentially to obtain the overall
transformation matrix that relates frame {N}
to the base frame {0}.

| T =927 N T [ (D ]

The link-to-link transformation matrices are
calculated using the DH parameters provided
in Table I. As a result of these calculations,
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the transformation matrix from the base to

the
individual

end-effector is

link-to-link

determined. The
transformation

matrices for each joint are given below.

Rotation to Euler equations to find the roll,
pitch, and yaw angles are given in Equations
10, 11 and 12.

a = arctan 2 (135, 133) | (10)
B = —arcsin(r3;) an
y = arctan 2 (1, 115) | (12)

GG =S5 0 0 )
O — St 6 0 0‘
1 0 0 1 0
0 0 0 1
G —s2 0 0 3)
207 =8, —¢; 1 0
L 0 0 0 1
€3 —S3 0 a, “)
27 — S3 6 0 0
3 0 0 1 dj
0 0 0 1
¢, —S4 0 0 %)
3p 0 0 -1 —d,
N Sy Cy 0 0
0 0 0 1
s =S5 0 O 6)
5 _55 _CS 0 0
0 0 0 1
¢ —S¢ O 0 @)
s — 0 0 -1 —dg
6 S¢ Cg 0 0
0 0 0 1

Where s; = sinf; and c; = cosf;. Equation 8
shows the homogeneous transformation
matrix from the base to end-effector. By
applying this equation, the rotation and
position components can be determined
through matrix multiplication using the
angles 01, 02, 03, 04, 05, and Oe.

| gT = (1)T21T§T43T§T65T | ® |

The wupper-left 3 x 3 part of the
transformation matrix in Equation 8 gives the
rotation matrix of the robot arm, while the
upper-right 3x1 part provides the position
vector of the  end-effector.  The
transformation matrix 2T is given in
Equation 9. By using the upper-left 3x3 part
of the transformation matrix, the roll (a),
pitch (B), and yaw (y) angles can be
calculated, and the upper-right 3x1 part gives
the X, Y, and Z position of the end-effector.

or =

21

131
0

T2 T3 Dy

732
0

33
0

Pz
1

i1 Tz T3 px‘ )

Inverse Kinematics Model

Inverse kinematics is a fundamental concept
in robotics that allows for the determination
of joint variables necessary for a robotic
manipulator to reach a specified end-effector
position and orientation in three-dimensional
space. By providing the desired spatial
coordinates and orientation of the end-
effector, inverse kinematic  analysis
systematically computes the required joint
angles or displacements, enabling the robot
to accurately perform complex tasks such as
pick-and-place operations, path following,
and precise manipulation within its
workspace. This approach forms the basis for
trajectory planning and advanced control
strategies in robotic systems.

The algebraic solution technique, which is a
type of closed-form solution method, applied
for the Staubli robot manipulator model. In
solving the inverse kinematics equations,
both the transformation matrix from the base
to the end-effector and the individual link
transformation matrices are utilized. This
approach enables the direct calculation of the
joint variables required for the end-effector
to achieve a desired pose.

In order to find the angles of the first three
joints, the joint six was ignored to provide the
necessary equations since it has no effect on
the position vector. For the last three joints,
the angles were calculated using the
transformation matrices of the whole system.
The joint angles 0; and 03 are calculated
using the equation given below in Equation
13. 61 is calculated by equating the (2,4)
elements on both sides of Equation 13. 03 is
calculated by equating the (1,4) elements and
(3,4) elements on both sides of Equation 13.

L1e7-157) = $rzrirer | 09) |
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For the joint angle 0, the sum 0,103 is
obtained by equating the (1,4) and (2,4)
elements of both sides in Equation 14. Since
0; is already known, 6 is found by
subtracting 03 from 0,+0s.

| 972371 = 3127 | (19) ]

For the joint angle 04, its value is determined
by equating the (1,3) and (3,3) elements from
both sides of Equation 15.

| 972071 = 3r¢rsr [ (15) |

The angle 0s is calculated by equating the
(1,3) and (3,3) elements of Equation 16.

| 07297 = 47T | (1) |

The angle 0¢ is calculated by equating the
(3,1) and (1,1) elements of Equation 17.

| 272011 =57 [ (17) |

DYNAMIC MODEL OF STAUBLI
ROBOT ARM

Dynamic modeling is a critical aspect of
robotic system analysis as it provides a
mathematical framework for describing the
relationship between joint torques and the
resulting motion of the manipulator. Unlike
kinematic analysis, which only considers
geometric relationships, dynamic modeling
includes inertial, Coriolis and centrifugal
forces, and the effects of gravity. This
comprehensive approach enables accurate
prediction and control of a robot’s motion,
especially in tasks that require high speed or
precise force application. In this study,
Lagrange based dynamic analysis method is
used. Kinetic energies and potential energies
were calculated for each link.

The kinetic energy of the im link is given in
Equation 18.

1 1 18
k; = Emivavi +EwiTICiwi (18)

The initial term quantifies the translational
kinetic energy of the link’s center of mass,

whereas the subsequent term characterizes
the rotational kinetic energy about that
center.

Equation 19 shows that the total kinetic
energy is summed over all kinetic energies of
the links.

) =iki (19)

i=1

Equation 20 expresses the total kinetic
energy of the robot manipulator in joint
space. Here, 6 is the joint velocity vector, and
M(0) represents the nxn inertia matrix, which
depends on the joint positions 6.

(20)

k(8,6) = %e’TM(e)é

The potential energy of the iw link is given in
Equation 21.

‘ u; = —m?QTOPci T Urey; ‘ 2D ‘

where g is the gravity vector, Pc; is the base
frame position vector of the im link’s center
of mass. As shown in Equation 22, the total
potential energy is obtained by summing the
potential energy contributions from each
individual link.

n
u=Zul~

i=1

(22)

The Lagrangian of the manipulator is given
in Equation 23.

[ £(6,6) = k(0,6) —u(0) | (23) |

Equation 24 represents the fundamental
dynamic equation of the robot manipulator,
relating joint torques to the kinetic and
potential energy of the system through the
Lagrange formulation

d <6k> ok u_ ¢4
di\a0) 96 "o _ "
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The manipulator’s dynamic equations are
formulated as a function of the joint angles
and their derivatives with respect to time, that
is, in joint space, and can be represented in
the general form shown in Equation 25

| t=M®)6+c(,0)6+G6(6) | 25 |

where C (8, 0) is a nxn Centripetal-Coriolis
matrix and G(0) is a nx1 gravitational vector.

In robotic dynamic modeling, the equations
of motion can be linearly parameterized in
terms of a regression matrix and a vector of
dynamic parameters. This allows the
dynamic model to be expressed in the form t
=W (6,6, 6) ¢, where W is the regression
matrix and ¢ is the vector of constant
dynamic parameters such as masses, inertias,
and link lengths. Furthermore, the matrix
M'(8)—-2C (8, 8) is skew-symmetric, which is
a key property used in Lyapunov-based
stability analysis to show that certain energy
terms cancel out, ensuring the boundedness

of the system and convergence of the
tracking errors.

ADAPTIVE CONTROLLER AND
STABILITY ANALYSIS

This chapter presents the design of an
adaptive control algorithm for the Staubli
robot manipulator. Adaptive control methods
are used to deal with uncertainties in system
dynamics such as changes in payload,
unmodeled dynamics and  parameter
changes. The proposed adaptive controller
updates its parameters online in response to
real-time errors between the desired and
actual  trajectories, ensuring  robust
performance even in the presence of
significant model uncertainties. The stability
of the robot’s closed-loop system is
rigorously established through a Lyapunov
analysis, from which sufficient conditions
are derived to ensure asymptotic
convergence of the tracking error and
uniform boundedness of all internal error
terms. The block diagram of adaptive control
is represented in Fig. 3.

L

da ] Controller

> Arm

€

The position error term e represents the
deviation from the desired position
trajectory, while the velocity error term e’
denotes the deviation from the desired
velocity trajectory, as defined in Equations
26 and 27. The auxiliary error-like term is
also defined in Equation 28

[e=0,-10,](26)]

+/:'_"\, -
N
Fig. 3: Block diagram of adaptive control.

e=0,—-60,| (27
r=é+2Ae | (28)

where A € R™™ positive definite control gain
matrix.

In the presence of parametric uncertainties
within the dynamic model, an adaptive
controller is used to compensate for these
uncertain or time-varying parameters and
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ensure that the desired control objectives are
achieved.
The adaptive controller t(t) is designed as

lt=Kr+Wwd | (9 |

where Ky € R™™ is a constant diagonal and
positive definite control gain matrix, r(t) € R"
is an auxiliary error-like term, W is 6x78
regression matrix, and ¢~ € RP is the
estimation of the unknown parameter vector
¢. The estimation of @" is updated based on
the adaptive law given in Equation 30.

[$=rwrr | GO

where I' € RP*P is a constant diagonal and
positive definite adaptation gain matrix. For
stability analysis, the Lyapunov function
V(t) selected by considering the inertia
characteristics of the robot and the defined
error terms (both for controller and adaptive
law) is given as

(€2))

V= Lpys + 1471“1&)
2 2

where @~ € RP is the parameter estimated
error and is defined as

FEr el

The time derivative V'(t) of the Lyapunov
function V(t) is taken as

(33)

. 1 .. —_—
V=r"Mr + ETTMT + ¢TI 1

Substituting the above robot dynamics and
error equations into equation 33, using the
adaptation rule 30, the parameter error term
32, and the robot dynamics and skew-

symmetric properties, V' can be rewritten in
the following form after mathematical
manipulations

|V =—rTK,r | (34) |

Since K is positive definite, inequality V' <
0 shows that V' is negative semi-definite.
The Lyapunov function V is positive definite
and lower bounded, while V' is negative
semi-definite. In this context, Barbalat’s
Lemma is applied as

7 =010

lim Apnin {Kv}||7”||2 =0 or limr=0 (36)

Finally, from equation 28, it can be said that
both the position error e and the velocity
error ¢ converge to zero.

lime=20

t— oo

and ggézolon‘

The stability analysis confirms that the
position error e and the velocity error e’
converge asymptotically to zero, while the
parameter estimation error remains bounded.
Consequently, the proposed adaptive
controller ensures asymptotic tracking of the
desired trajectory.

SIMULATION STUDIES AND
RESULTS

In this section, simulation studies are
performed to evaluate the performance of the
developed adaptive control scheme in the
presence of dynamic uncertainties. Fig. 4
shows the adaptive controller in MATLAB
Simulink.

dom @ .
W_calculator
-
L -
L
|~ Dynamic
Orf B, e ofus . e H
ot | xd_ddot qd_ddot Controller
Trajector K .
Fig. 4: Adaptive control in Simulink.
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The controller gains mentioned in the
Adaptive Controller Section and included in
Equations 28, 29 and 30 are given below.

K, = diag[500,500,500,500,500,500] | (38)
A = diag[600,600,600,600,600,600] | (39)
[ =5x1(78) (40)

In the simulation study, three different test
cases are designed by varying the payload
mass connected to the end-effector of the
robot manipulator. These variations are
aimed at evaluating the controller’s ability to

compensate  for  changing  dynamic
parameters. The results are analyzed in terms
of joint tracking accuracy and control effort.
The results obtained confirm that the
adaptive controller successfully maintains
system stability and provides accurate
trajectory tracking under different load
conditions.

Case 1

In Case 1, simulation is designed without any
weights on the end-effector. Fig. 5 shows the
result of this case.

.10 Joint Position Errors

10

Joint 1 [rad]
Joint 2 [rad]
Joint 3 [rad]
Joint 4 [rad]
6 I ~Joint 5 [rad]
Joint 6 [rad]

Joint Errors [rad]
N

Time [sec]
Fig. 5: Joint position errors for case 1.

In this case, as can be seen in Figure 5, all
joints of the robot arm perform the desired
joint positions perfectly for 10 seconds.

Case 2

In Case 2, the robot manipulator with its end-
effector is simulated picks up a load of 1
kilogram in the third second and places it
down in the seventh second. Fig. 6 shows the
result of this case.

<104 Joint Position Errors
10 T T T T T v
Joint 1 [rad]
a8t Joint 2 [rad]
Joint 3 [rad]
Joint 4 [rad]
6 Joint 5 [rad] E
Joint 6 [rad]
= L
e ¢
<
g 21
w
= R =
S 0OF e — >4
2 g5 — -
4 B <2 /// 1 i
3 . .
o 1 2 3 “ 6 7 8 9 10

Time [sec]

Fig. 6: Joint position errors for case 2.
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In this case result shown in Figure 6, the
instantaneous change in the load carried by
the robot arm affected all joints, although
very slightly, but it still performed the
desired joint movements almost perfectly for
10 seconds.

Case 3

In Case 3, 1 kilogram of weight is linearly
loaded into a bucket in the end-effector of the
robot arm from the beginning to the fourth
second, this weight is maintained between
the fourth and sixth seconds, and the
unloading of the bucket from the sixth
second to the end is simulated and Fig. 7
shows the result of this case.

<104 Joint Position Errors
10
Joint 1 [rad]
8 Joint 2 [rad]
Joint 3 [rad]
Joint 4 [rad]
6 Joint 5 [rad] 4
Joint 6 [rad]
B 4
=
e 2
(]
E &
S = = — TE— —_— S — "
S of —==
-2 ~
-4 -
-5
o 1 2 3 = (5] T3 8 = 10

Time [sec]

Fig. 7: Joint position errors for case 3.

In this case shown in Figure 7, the controller
has adapted very well to changes in the loads
carried by the robot arm over time and
performs the desired joint movements with
almost zero error for 10 seconds.

DISCUSSION

In the first case, the robot arm was able to
follow the desired joint trajectories with
remarkable precision for the entire 10-second
duration, showing almost no noticeable
position error. This shows that the adaptive
controller performs effectively under
nominal conditions without additional
payload disturbances. In the second case, a
sudden 1 kg payload was applied to the end-
effector. Although this instantaneous change
slightly affected all joints, the controller
quickly adapted and the robot continued to
track the desired trajectories with only
minimal deviation, maintaining stable and
accurate motion. The third case introduced a
linearly varying payload over time, which
posed a more challenging scenario for the
controller. Even under these gradual
changes, the adaptive controller responded
smoothly, continuously adjusting to the

shifting dynamics and keeping the tracking
error very close to zero across all joints.
Together, these results highlight the
robustness and adaptability of the proposed
control approach, showing that it can
maintain precise and reliable performance
even under sudden or continuously varying
payload conditions.

CONCLUSION

This study has presented the design, analysis,
and validation of an adaptive tracking control
strategy for a 6-DOF Staubli TX2-60L
industrial robot manipulator operating under
dynamic uncertainties induced by varying
payloads. Beginning with the derivation of
the complete kinematic and dynamic models
through Denavit-Hartenberg parameters and
Lagrangian formulation, a solid theoretical
foundation was established for developing a
control framework capable of handling
parameter  variations and unmodeled
dynamics. Building on this foundation, an
adaptive controller was designed to update its
parameters online, allowing the system to
respond effectively to  unpredictable
disturbances and payload changes that are
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commonly encountered in  industrial
environments.

The stability of the proposed approach was
rigorously demonstrated through Lyapunov-
based analysis, showing that both position
and velocity tracking errors converge
asymptotically ~ while the  parameter
estimation errors remain bounded. This
theoretical guarantee was further supported
by comprehensive simulation studies, which
evaluated the controller under three distinct
scenarios: nominal operation  without
payload, abrupt step changes in load, and
continuous linear variations in payload. In all
cases, the adaptive controller proved capable
of maintaining precise trajectory tracking
and stable system behavior, even under
sudden or gradually changing conditions.
These results highlight the controller’s
robustness, adaptability, and suitability for
real-world industrial applications where high
reliability and precision are non-negotiable.

Beyond the technical achievements, the
findings also point to broader implications
for robotics in modern manufacturing.
Industrial manipulators are increasingly
required to operate in dynamic and
unpredictable  environments, often in
collaboration with human workers or in tasks
where payloads and external conditions can
change rapidly. By demonstrating a control
approach that adapts in real time to such
uncertainties, this work contributes toward
bridging the gap between theoretical control
methods and the practical demands of
Industry 4.0. The adaptability and robustness
achieved here not only enhance operational
accuracy but also improve safety and reduce
downtime, thereby supporting the growing
need for intelligent, resilient, and human-
centered automation systems.

In conclusion, the proposed adaptive control
strategy has demonstrated strong potential
for enabling industrial robots to operate
reliably and efficiently in the face of dynamic
uncertainties. By uniting solid theoretical
analysis with practical validation, this work
lays a foundation for future advancements in
adaptive and intelligent robotic systems,
contributing to the vision of resilient,

flexible, and human-aware automation in
next-generation manufacturing
environments.
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