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Abstract:

The aim of this paper is to create a complex model of a robotic manipulator in a multiphysics simulation
environment and design its control exclusively using the built-in resources of this environment, without the
application of external analytical or numerical methods for calculating controller parameters. The introductory
chapter sets the goal and emphasizes the importance of control systems in technical practice. At the same
time, the basic parameters of the modeled mechanism and the characteristics of the operation that the
simulated system is to perform are specified. In the following chapters, a simulation model of the mechanism
is derived. The kinematic structure of the robotic arm, the number of degrees of freedom, as well as key
dynamic characteristics that significantly affect the behavior of the system during movement are described.
This model forms the basis for subsequent virtual implementation in the simulation environment. The next
part is devoted to the implementation of the simulation model, where the mechanism structure consists of a
stationary base, three rotating links and an end effector. The chapter describes in detail the specified motion
profiles and boundary conditions of the simulation, which reflect realistic loading and operating modes of the

system.
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INTRODUCTION

The control of three-arm (3-DOF) robotic manipulators is
an important area in robotics, with applications in
industrial automation, medicine or autonomous systems.
Classical control methods, such as PID control and sliding
mode, are often used to achieve accurate trajectory
tracking and robustness to disturbances [1]. Adaptive and
intelligent control techniques offer flexibility in
controlling systems with unknown dynamics and provide
better performance under complex conditions [2].
Dynamic modelling of manipulators, for example using
Denavit-Hartenberg convention and Newton-Euler
formulations, is essential for accurate design of control
algorithms [3]. In recent years, simulation tools have been
increasingly used to design and verify the control of 3-DOF
robotic arms [4]. Practical applications, such as three-arm
handling systems for drones or planar robotic arms, place
high demands on design, manufacturing, and control [5,
6].

In the field of automated control, controllers play an
important role in ensuring the correct operation of
systems. Their task is to compare the desired value with
the actual output value and, based on the error that has
arisen, to create a control intervention that minimizes this

deviation. Among the most widespread and most widely
used are PID controllers, which consist of three basic
components — proportional (P), integrator (l), and
derivative (D). The proportional part reacts to the current
error, the integrator fixes any ongoing mistakes over time,
and the derivative part anticipates how the error will
change, helping to reduce sudden shifts and make the
system more stable. [1] Correct adjustment of individual
controller parameters (P, I, D) is essential for achieving the
desired system behavior, stability, and response speed.
Various methods are used to design these parameters,
such as the Ziegler-Nichols method, the pole-zero
method, the Skogestad method (SIMC), or the dynamic
inversion method. In practice, simplified types of
controllers are also often used. The P-controller
(proportional) responds only to the magnitude of the
error and is suitable for systems where a certain
permanent deviation can be accepted. The PI controller
combines the proportional and integral components and
ensures stable control with zero steady-state error, and is
often used, for example, in temperature or flow control.
The PD-controller is suitable in cases where a fast
response without significant overshoot is important, but
complete elimination of the error is not a priority. In
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dynamically changing conditions or in systems whose
model is not exactly known, adaptive controllers are used.
They can adapt their parameters in real time based on the
behavior of the system. They are used, for example, in
robotics, aviation or VC process control with variable
loads. For systems with nonlinear behavior or with a
difficult-to-define model, it is appropriate to use fuzzy
controllers. These are based on rules derived from system
observation and operate with linguistic descriptive rules
such as "if the error is large, increase control
intervention." These controllers are suitable for smart
home systems, air conditioning units, or automated
appliances. [7, 8]. In the paper “PD/PID-fuzzy logic
controller-based tracking control of 2-link robot
manipulator” [9] presents a PD-Fuzzy logic control
approach for trajectory tracking of a 2-link robotic
manipulator subject to uncertainties and disturbances.
Using the error and its derivative as inputs, the fuzzy logic
controller compensates disturbances, providing accurate
tracking in real-time. The system was modeled
mathematically via Euler-Lagrange equations, and
simulations conducted in MATLAB demonstrated minimal
tracking errors. Results show rapid error convergence to
zero after 0.05 s and 0.07 s for joints 1 and 2, respectively,
confirming the effectiveness of the proposed method.
Future extensions could involve applying this control
strategy to multi-link manipulators and adaptive fuzzy
sliding mode control systems. If the control objective is to
optimize a certain performance indicator of the system
(e.g., minimizing energy, time, or error), it is appropriate
to use optimal controllers, such as the LQR (Linear
Quadratic Regulator). This type of control requires an
accurate mathematical model of the system but allows for
high control quality, especially in more demanding
applications [8]. The selection of a suitable controller
depends on the specific system, the desired control
properties, the availability of the model, and the
computational  capabilities. In most  industrial
applications, a properly designed Pl or PID controller is
sufficient, while for more complex or adaptive tasks, more
advanced control methods are appropriate. In Paper
,Tracking Control of Robotic Manipulators With Uncertain
Kinematics and Dynamics” [10] the authors propose an
observer-based control strategy utilizing two terminal
sliding-mode observers to estimate uncertain kinematics
and unknown torques, including gravitational and
frictional effects. Based on these estimates, a nonlinear
controller compensates uncertainties, ensuring zero
tracking error in finite time. The method was validated
numerically and experimentally using a 7-DOF industrial
robotic manipulator. Results demonstrated the
controller's high accuracy, convergence, and robustness,
effectively guaranteeing precise trajectory tracking
despite system uncertainties. Next paper [11] addresses
control challenges of flexible link systems, aiming to
balance transient position performance with minimal tip
vibration using a PID controller tuned via Multiobjective
Differential Evolution (MODE). MATLAB-based
optimization provides Pareto-optimal solutions for both

objectives. The proposed MODE-based PID controller is
benchmarked against an LQR controller supplied by
QUANSER. Results from simulations and experiments
indicate that while the LQR controller offers superior
transient position responses, the MODE-PID controller
significantly reduces tip vibration. Combining these
advantages with the PID controller’s simplicity and ease of
implementation makes it preferable. Next article [6]
presents a differential evolution (DE)-based method for
dual-arm cooperative manipulation tasks in robotic
systems. The approach utilizes Denavit-Hartenberg
kinematic representation, eliminating the need for
Jacobian inversion, thus effectively avoiding singularities
and handling joint limit constraints through penalty
functions. Simulation and real-world experiments using a
dual-arm KUKA Youbot validated the approach. The
proposed method significantly outperformed
conventional methods in handling singularities and
diverse robotic configurations, proving its suitability for
redundant/non-redundant, revolute/prismatic systems.
Future research includes extending the methodology to
systems with multiple manipulators. In the following
article [12], SS-ASMC (strong and stable adaptive sliding-
mode control) with two coupled adaptive laws provides
fast stable switching gains, resulting in high tracking
accuracy and increased robustness. Using time-delayed
estimation and pole placement, it eliminates the need for
a detailed model, while Lyapunov analysis confirms BIBO
stability and simulations on robotic manipulators show
superiority over existing approaches. In the following
article [13], an adaptive admission law was proposed that
dynamically adjusts the robot stiffness in critical areas of
the workspace (singularities, joint constraints, and
workspace), ensuring safe and smooth manual
interaction. Experiments with constraint activation test
and 3D tracing confirm better accuracy, speed, and user
satisfaction compared to traditional admission parameter
tuning strategies. In the following article [14], dual-loop
hierarchical control combines an external optimal
kinematic loop controller with an internal adaptive NN-AC
dynamic controller, which provides both globally optimal
trajectories and cost-effective action inputs. The
kinematic control algorithm uses closed-loop optimal
control via analytical solution of the HJB equation while
maintaining feedback tracking, while the dynamic module
minimizes long-term costs through online learning.
Lyapunov analysis and experiments on a 7-DOF Barrett
WAM in a warehouse environment confirmed stability,
robustness, and smoother, more economical trajectories
compared to standard methods. In the following paper
[15], they compare the basic ABC and the improved
MGABC algorithm for optimizing PID gains for a 3-DOF
rigid manipulator using a new Lyapunov-based objective
function. MGABC achieves faster convergence and better
escape from local optima than the basic ABC. The
optimized PID with LBF provides significant improvements
in path tracking, robustness against disturbances and load
variations even without vibration at flexible joints.
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MATHEMATICAL MODEL OF THE MANIPULATOR

A robotic arm is a more complex electromechanical
system that exhibits complex coupling and nonlinear
properties. In order to evaluate the overall performance
of the robotic arm, its mechanical properties and the
control system scheme must be taken into account. For
the traditional design approach, it is necessary to use
repeated iterations. This method is not only challenging
to improve the mechanical properties of the robotic arm,
but can also consume a large amount of financial and
human resources, which is particularly problematic if the
design of the mechanical system is performed
independently of the control system, without finding
relationships between them [16, 17].

However, if we build a virtual prototype before building a
real model, we can perform kinematic and dynamic
simulation of the robotic arm, which will allow us to
improve the mechanical system of the machine by
simulating the control system. This approach will greatly
shorten the development cycle and promote the solution
of the dynamic problems of the robotic arm and improve
the efficiency of research and development.

A robot kinematic representation is a mathematical
description of the kinematic structure of the robot.
Probably the most common mathematical representation
of robot kinematics is the Denavit_Hartenberg (DH)
conventionThe robotic arm with three degrees of
freedom has three rotary joints: the base joint, the big-
arm joint and the elbow joint. The kinematic
representation of this type of RR is represented using the
modified D-H method. Fig. 1 shows us the D-H
configuration of the RR with the parameters and
configurations that will be used for dynamic calculations
and control design [17, 18, 19].
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Fig. 1 D-H manipulator configuration

Denavit-Hartenberg method is used to analytically
describe the kinematics of robotic arms and manipulators
using homogeneous transformation matrices. This formal
approach systematically defines the interrelationships
between the links of serial kinematic chains, thus
facilitating computations for forward and inverse
kinematics [20, 21].

Defining the general form of the homogeneous
transformation matrix (73T):

l_liT —
cos 6; —sin6; 0 a_4q
sinf; cosa;_; cosf;cosa;_; —sina;_; —sina;_,d;
sinf;sina;_; cos@;sina;_; cosa;_4 cosa;_q d;
0 0 0 1

where:
0; is angle about the z-axis zi-1,
d; displacement along the axis zi-1, which defines the
distance between the starting points of two consecutive
coordinate systems,
a; length of the articleor the distance between the axes
zi-1 a zi along the axis xi a ; rotation of the coordinate
systems zi-1
zi along the axis xi.
The homogeneous matrix for the end-effector (3T) has
the form:
T

sin(t, + t3) cos(ty) cos(ty + t3) cos(ty) —sin(ty) cos(ty) (a; + a, sin(ty))
_ |sin(tz +t3)sin(t;) cos(t, +t3)sin(t)  cos(ty)  sinty (a; + ag sin(ty))

cos(t, + t3) —sin(t, + t3) 0 a, cos(t,)
0 0 0 1

CREATE A MODEL OF THE MANIPULATOR IN THE MSC
ADAMS/VIEW SIMULATION ENVIRONMENT

This chapter focuses on the detailed procedure for
designing the robotic arm model in the MSC Adams/View
simulation environment. The resulting model was then
subjected to analysis, with all calculations and
verifications performed through numerical simulation. A
key aspect within the design was the correct choice of the
geometric and mass parameters of the model, as well as
the determination of an adequate simulation duration to
capture all relevant phenomena.

Through the simulation analysis, it was possible to
accurately identify the required output quantities,
especially by graphically representing the motion
trajectory of the robotic arm and its end effector. The
obtained results serve as a basis for the next steps in the
design of the control system. The main objective of this
stage was to create a functional model of a robotic arm
with three degrees of freedom that can perform
manipulation tasks — namely, moving objects, in this case
cubes, from one platform to another (Fig. 2).

Fig. 2 Model of the workplace with the robotic arm and plotting
the motion trajectory of the effector base

Figure 3 shows the moments required to ensure
movement in each axis. These forces depend on the
dynamics of the motion, the mass and the position of the
individual links. They also point out the areas of greatest
load, which is key in controller design to compensate for
significant dynamic effects.
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Fig. 3 Moments acting on the individual members

The trajectory of the effector motion from different — T
viewing angles is shown in Figure 4a. This visual output
provides a spatial view of the motion profile of the £l /7 P -
effector across the entire workspace of the mechanism. 4 S
In parallel, the correctness of the trajectory N/ :
representation was verified through a post-processing O e e s

module in a software environment, where a comparison )~
plot was generated based on numerical simulation. The '
outputs obtained from the postprocessor (Fig. 4b)
showed complete agreement with the simulation data

exported from the dynamic model, thus confirming the
correct functionality of the visualization tools and also
verifying the accuracy of the proposed model. This
correlation between visual and numerical output is an
important step in model validation and ensures the
reliability of further analyses performed in the MSC
Adams/View environment.

1600 oo w00 200
a) b)

Fig. 4 The trajectory of the effector from the front, top
and the right b) and its comparison in Postprocessor a)
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CONTROLLER DESIGN

Conventional approaches and methods applied in the
production environment are gradually becoming non-
sufficient due to the increasing competitive pressure [22].
Proportional control (P-control) is a simple but often
sufficient way of controlling mechanical systems where
the goal is a fast and robust response to a desired input.
In this paper, the control design focuses on the
implementation and analysis of P-control of manipulator
motion in the ADAMS View environment, which allows
accurate simulation of multibody dynamics and detailed
modelling of motion constraints [23, 24]. The simulation
results show the practicality of using simple control
structures in combination with the advanced simulation
tool ADAMS View, which can be particularly beneficial in
the early design phases of mechatronic systems [25, 26].
This chapter focuses on the design of the control
mechanism for the created robotic arm model. At the
beginning, a control structure will be presented that
shows the relationships between the system elements
and the control circuit. To achieve a stable torque that
ensures the effector remains in the desired position even
when the angle of the robot arm changes in the horizontal
plane, it is necessary to implement a proportional closed-
loop feedback controller according to the control scheme

shown in Fig. 5.

manipulator

i

action variable
Sforce2=u

model

desired angle proportional gain
B Kp

position of
the efector

Fig. 5 The block structure of the control circuit

The control system is implemented in the MSC
Adams/View environment via the Controls Toolkit
module, which provides a library of standardized blocks
for control circuit design. This toolkit allows the creation
and configuration of feedback control loops directly in the
simulation environment without the need for external
interfacing. Within the proposed control structure, the
following are defined as system input signals: the desired
value of the arm rotation and the actual measured value,
based on which a control intervention is generated in the
system. An important part of this is to ensure that torque
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is applied between the effector and arm bodies at the
marker location (Fig. 6). The torque value is calculated by
the control system to keep the effector in a horizontal
position. In modelling, it is important to maintain the
correct definition of the action and reaction terms to keep
the effector in the desired horizontal position.

ity CE

£

NS S|

Fig. 6 Ensuring the application of torque between the effector
bodies and the arms at the marker location

In the following simulation results, the dynamic behaviour
of the designed model will be demonstrated in two
different configurations — without control and with the
implemented control algorithm. The aim of this analysis is
to compare the system response in both cases and to
evaluate the effectiveness of the applied control
algorithm in terms of accuracy and dynamic performance.
The simulations were carried out in the MSC Adams/View
environment, and the post-processing module of this
software was used to process and evaluate the results.
Thanks to this methodology, it was possible to visualize
and quantify the key motion parameters and interactions
of the individual components of the mechanical system,
thus obtaining a comprehensive view of the dynamic
characteristics of the model under different control
conditions.

The angular velocities w that were generated in actuators
1 to 3 (denoted as MOTION_1 to MOTION_3) of the
robotic arm model prior to the application of control
action via the P-controller are shown in Figs. 7-9. These
plots provide a detailed insight into the dynamic response
of the system in the state without control action, i.e. in
the so-called open loop. The recorded data reveals how
the individual actuators behave under the influence of the
control signals without feedback, allowing a better
understanding of the inherent dynamics of the
mechanism, including possible oscillations, time delays
and stability characteristics before the actual introduction
of control.

&

MOTION 1 angular velocily 7

*

125

Fig. 7 Angular velocity MOTION_1
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The analysis of this time course allows the identification
of several characteristics of the dynamic behaviour of the
system. These parameters provide valuable information
about the response of the system in the uncontrolled
state and serve as an initial frame of reference for later
comparison with the behaviour of the system after the
application of a control intervention. Based on the
obtained data, it is possible to more accurately assess the
effectiveness and benefit of the applied control actuator,
especially in terms of oscillation suppression, rise time
reduction and accuracy of the controlled system. A
modified model of the robotic arm can be seen in Fig. 10,
in which a control mechanism based on a proportional
controller (P-controller) has been implemented. This
modification was implemented in order to provide basic
feedback and to allow more accurate real-time control of
the effector motion. Along with the model, output plots
showing the progress of two key variables are presented:
theta_actual, which represents the actual joint position,
and SFORCE_4, which shows the force applied at a specific
location of the mechanism. These plots provide a detailed
view of the dynamic behaviour of the system during the
simulation with the control on.

During the simulation, small changes in the values of the
observed variables can be observed (Fig. 11, 12), which
arise as a result of the effector's interaction with the
manipulated objects — specifically the cubes, which in this
case serve as load and test elements. These fluctuations
are an expected and natural phenomenon when
simulating the mechanical contacts and dynamic forces
that occur during the manipulation of physical objects.

00 375 75 1125 15.0

1(sech

Fig. 10 Manipulator model with added control

Despite these effects, the implementation of a P-
controller plays a key role in damping these variations,
thus contributing to maintaining the desired trajectory
and overall stability of the system throughout the
simulation cycle. This demonstrates not only the ability of
the system to adapt to external disturbances, but also the
effectiveness of the control algorithm used in ensuring
the accuracy and reliability of the effector motion.

\» ’

Fig. 11 The current and desired manipulator angle
and SFORCE_4 torque at the end position

30 60

50 10.0
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Fig. 12 The current and desired manipulator angle
and SFORCE_4 torque when grasping the green cube

CONCLUSION

The aim of this paper was to design and implement a
control system for a robotic arm model in a simulation
environment, focusing on achieving stable and accurate
motion control without using external computational
methods such as the Ziegler-Nichols method or the poles
and zeros method. The control interventions were
implemented exclusively using tools and blocks available
directly in the MSC Adams/View environment,
demonstrating the ability of this software to handle the
basic implementation of feedback control. In the initial
phase, a three-dimensional model of the robotic arm with
three degrees of freedom was built. The model consisted
of a base, three rotary links and an end effector.
Subsequently, the actuators were added and the
simulation input conditions were defined, which allowed
the geometry of the mechanism and its dynamic
properties to be precisely adjusted. In the next phase,
regulation based on proportional control was
implemented. Through iterative testing of different values
of the control parameters, the motion trajectory was
optimized in order to minimize dynamic fluctuations,
reduce settling time and increase the accuracy of reaching
the desired positions. The obtained results confirm that
effective control of a mechanical system can be realized
even without the use of complex analytical methods,
directly in the simulation environment. This approach is
particularly suitable for the rapid development and
testing of control algorithms in the design of various types
of mechanisms.
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