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SUMMARY

This thesis is concerned with the development and evaluation of motion control strategies in
task space for a redundant robotic arm, with a particular focus on the use of P, PI, PD, and
PID controllers. The motion control strategy was developed for the Franka Emika Panda robot,
with the reference being given in task space coordinates. The results demonstrate the efficiency
of the trajectory generation method, which employed a trapezoidal velocity profile to guaran-
tee smooth and precise movements while synchronizing all joints for time-efficient operation.
However, the trajectory generation method is inadequate when confronted with dynamic and
unpredictable environments. Among the controllers, the P controller exhibited superior perfor-
mance, demonstrating minimal overshoot, brief settling times, and high accuracy. The PI, PD,
and PID controllers, although effective, exhibited limitations such as oscillations and longer

settling times.

Keywords: motion control, PID controller, redundant robotic arm, trajectory generation,
libfranka
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PROSIRENI SAZETAK

Ovaj rad prati razvoj i evaluaciju strategija kontrole kretanja redundantne robotske ruke im-
plementacijom proporcionalnog (P), proporcionalno-integralnog (PI), proporcionalno-derivativnog
(PD) 1 proporcionalno-integralno-derivativnog (PID) kontrolera. Svaki od kontrolera bit Ce is-
pitani testovima te Ce biti analizirana dobivena toc¢nost, statiCka greSka i vrijeme smirivanja,
kao i stabilnost robotske kretnje. Za implementaciju koda koristi se redundantna robotska ruka,
Franka Emika Panda, koja zbog svog dodatnog, sedmog stupnja slobode gibanja ima povecanu
fleksibilnost, odnosno istu pozu prihvatnice moguce je postici u vise konfiguracija. To donosi
izazove u rjeSavanju problema inverzne kinematike.

Rad pocinje primjerima iz prakse, te je u uvodu takoder objaSnjen cilj ovog rada. Zatim
je u drugom poglavlju navedena tehnicka pozadina, objaSnjen je na¢in komunikacije robota
s racunalom 1 na koji nacin korisnik moZe pomocu libfranka biblioteke upravljati robo-
tom. Osim toga dan je pregled drugih metoda kontrole kretanja robota. U treCem poglavlju
objasnjene su metode koriStene za izradu ovog rada. Nadalje su u ¢etvrtom poglavlju objaSnjeni
parametri pomocu kojih e se ocjenjivati uspjeSnost testova. Rad zavrSava pregledom provede-
nih testova i zaklju¢kom.

KoriStenjem libfranka biblioteke, dobiva se mogucnost slanja naredbi, kao i pristup po-
dacima ocitanih sa senzora na robotu u stvarnom vremenu, brzinom od 1 kHz. Tako se moze
postici vrlo precizna i to¢na kontrola robota. Osim toga, za razliku od drugih biblioteka koriStenih
za kontrolu robotskih manipulatora, 1ibfranka omogucava korisniku da upravlja najnizim ni-
voom robotskog hardwarea, ¢ime se mogu bolje iskoristiti njegove moguénosti.

Za kretanje robota, prvo ¢e se razviti point-to-point generator trajektorije s trapezoidnim
profilom brzine, koji kretanje dijeli na faze ubrzavanja, stalne brzine i usporavanja. Takav
profil omogucava mirnije pokretanje 1 zaustavljanje, bez trzajnih pokreta (engl. jerk motion), te
optimalno koriStenje vremena za prelaz velikih udaljenosti koriStenjem jednolike brzine gibanja,
kao $to je prikazano na slici [3.1] Ovakva metoda kretanja robota izvrsna je za primjene u
industrijskim uvjetima, gdje su poslovi repetitivni, okoliS je predvidljiv 1 bez prepreka [1]].

Za raCunanje rotacijskog kretanja koriStena je spherical linear interpolation (SLERP) me-
toda. Pomocu nje moguce je izraCunati potrebnu rotaciju izmedu dvije orijentacije prihvatnice,
izrazene u kvaternionima, kako je prikazano formulom[0.1} U ovoj formuli bitan je i parametar
interpolacije ¢, pomocu kojeg je moguce odrediti trazenu rotaciju izmedu pocetnog kvaterniona
q1 1 konacnog ¢ [2].

SLERP(q1,q2,1) = q1(q7 ' q2)' (0.1)

Za kontrolu kretanja koristit ¢e se upravljacki zakon u kojem je ukljucen i feed-forward
kao i feed-back upravljanje. Iako je referenca zadana u vanjskim koordinatama, na robota ¢e se

naredbe slati koristeci unutarnje koordinate. Tako je napravljeno jer, iako 1ibfranka biblioteka
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dopusta korisniku da referencu Salje i u vanjskim koordinatama, vecina drugih biblioteka za
upravljanje robotskim manipulatorima nema tu moguénost. Tako rad postaje fleksibilan, te
se upravljacki zakon bez promjena moZze primijeniti na drugim robotima koji koriste razlicite
upravljacke biblioteke.

Za definiranje greske, kretnja je podijeljena na translaciju i na rotaciju, te ¢e svaka biti po-
sebno tretirana. Za translaciju ¢e put koji robot mora prijeci biti diskretiziran pomocéu parametra
diskretizacije i. To se radi kako bi se robotu mogli slati to¢no odredeni segmenti puta u svakom
uzorku te se tako kontrolira brzina kretanja robota. Dohvacanjem trenutne poze robota, moguce
je racunati greSku koja e se slati u kontroli zakon.

Rotacijsko gibanje ponovno je radeno pomocéu SLERP() metode, a interpolacijski parametar
t matematicCki je vezan za parametar i, kako bi se osiguralo da se obje kretnje odvijaju jednakom
brzinom.

Pseudokod koji ¢e biti napisan u C++ moguce je vidjeti u algoritmu

0 =6,(t)+Ky0.(t) + Ki /Ol O, () dt + K;0.(1) (0.2)

Testovi su provedeni tako da se robot kretao od jedne poze do druge, te su vanjske koordinate
bile zabiljeZene na grafovima od[5.1]do[5.9]

Generator trajektorije kretnju robota provodi vrlo fluidno, s velikom to¢no$¢u. Kretanje
je napravljeno brzo i efikasno, sinkroniziraju¢i zakret svakog zgloba robota. Iako je ovakvo
kretanje vrlo efikasno, bez naglih pokreta, ograni¢ena mu je uporaba, jer robot nije u stanju pri-
lagoditi se nepredvidivom okolisu s preprekama. 1z tog razloga pojavljuje potreba za kontrolom
kretanja.

Analizom grafova dobivenih u testovima, moguce je primijetiti da najbolje performanse ima
P kontroler, koji ne pokazuje prebacaj, te ima vrlo kratko vrijeme smirivanja i veliku to¢nost.
Osim toga, P kontroler nema oscilatornog ponasanja, kakvo je moguée vidjeti u testovima s
PI kontrolerima. Takoder se robot ne pocinje kretati u suprotnom smjeru od reference Sto je
vidljivo kod PD kontrolera, uz brze vrijeme smirivanja.

PID kontroler je takoder pokazao prebacaj, uz povece vrijeme smirivanja, bez obzira na
namjeStanje parametara.

Ovim radom pokazan je nacin na koji se moze implementirati kontrola kretnje na redundant-
noj robotskoj ruci pomoc¢u C++ koda. Evaluirani su P, PI, PD i1 PID kontroleri pomocu testova
kretanja robota. Iscrtavanjem grafova kretnje robota ustvrdeno je da od navedenih kontrolera,

najbolju performansu ima P kontroler.
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1. INTRODUCTION

1.1. Overview of robotic systems and applications

The advent of robotic arms has had a profound impact on numerous sectors, including man-
ufacturing and healthcare. These automated systems offer unparalleled precision, reliability,
and efficiency, making them invaluable assets in a multitude of applications. Among the nu-
merous varieties of robotic arms, those which can be described as redundant are distinguished
by their exceptional flexibility and dexterity. In contrast to standard robotic arms, which possess
a limited number of degrees of freedom (DoF), that are sufficient for performing specific tasks,
redundant robotic arms exhibit an augmented number of DoF, exceeding six, enabling them
to attain the same objective through a multitude of configurations. This redundancy presents
a range of potential applications, rendering them highly valuable in environments that require
flexibility, adaptability, and fault tolerance [3].

In essence, redundancy in robotic arms can be defined as the presence of additional joint
variables that exceed the minimum requirements necessary for performing a given task. To
illustrate, while a conventional task may necessitate the control of a robot’s position and orien-
tation in three-dimensional space via a mere six degrees of freedom, a redundant robotic arm
may possess seven or more degrees of freedom. This redundancy enables the arm to circumvent
obstacles, optimize its posture for energy efficiency, and accommodate mechanical limitations
without compromising task performance. Such capabilities have significant implications for a
number of real-world applications [4].

In industrial settings, redundant robotic arms are commonly utilized for tasks such as weld-
ing, assembly, and material handling. The additional degrees of freedom afforded by redundant
robotic arms provide enhanced maneuverability, enabling the arms to operate in constrained or
cluttered spaces where traditional robots might struggle. Furthermore, redundancy enhances
fault tolerance, allowing the robot to continue functioning even if one of its joints fails. This
is particularly valuable in manufacturing processes where downtime due to equipment failure
can lead to significant productivity losses. Extensive research has been conducted on the use
of redundant robotic arms in industry, with findings indicating that they can improve both task
accuracy and overall performance [J5], [6].

In addition to their use in industry, redundant robotic arms have been instrumental in ad-
vancing healthcare, particularly in minimally invasive surgery. In these intricate surgical proce-
dures, surgeons must meticulously maneuver around vital structures, frequently within confined
anatomical spaces. The additional flexibility afforded by redundant arms permits more precise
control of surgical instruments, thereby reducing the risk of damage to surrounding tissues. The
use of redundant robotic arms could enhance surgical outcomes by providing enhanced control

during complex procedures, thereby making them an increasingly essential tool in the medical
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field [7].

Furthermore, redundant robotic arms are proving to be invaluable in the field of space explo-

ration. The unique challenges presented by space environments include weightlessness, extreme
temperatures, and limited accessibility for human intervention. The superior adaptability of re-
dundant arms has been employed in a variety of missions to facilitate maintenance, assembly,
and repair operations on spacecraft and satellites. To illustrate, the Canadian Space Agency’s
”Canadarm?2,” illustrated in Figure [1.1] a redundant robotic arm utilized on the International
Space Station, has been pivotal in facilitating a multitude of operations, including spacecraft
docking and station component repair. The additional degrees of freedom allow for precise ma-

nipulation in the absence of gravity, thereby underscoring the critical role redundancy plays in

space robotics [8]].

Figure 1.1: Canadarm? at the ISS in the orbit above the Pacific Ocean [8]

Ongoing research is investigating the potential for redundant robotic arms to be optimized
for autonomous systems in ways that extend beyond their immediate applications. In the context
of autonomous driving and personal robotics, these robotic arms could be utilized to perform
complex tasks that require a high level of adaptability and environmental interaction. As the
scope of tasks delegated to autonomous robots expands, the capacity to make dynamic ad-
justments in real time will become a crucial necessity. The incorporation of redundancy into
autonomous systems has been shown to enhance decision-making processes by providing a
multitude of potential pathways for task completion [9], [10]].

While redundant robotic arms offer numerous advantages, they also present certain chal-

lenges. The principal challenge is the complexity of controlling them. The increased number of
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degrees of freedom necessitates the management of a more expansive set of variables, thereby
imposing greater computational demands on the control algorithms. Researchers have been ac-
tively engaged in the development of optimized control strategies for redundant robots, with the
objective of achieving a balance between computational efficiency and the robot’s capacity to
adapt to changing environments [11].

Recent advances in artificial intelligence and machine learning provide promising avenues
for developing more efficient control mechanisms that can fully leverage the advantages of

redundancy [9].

1.2. Objective and scope of the thesis

The objective of this thesis is to develop and evaluate motion control strategies that are based
on the robot’s position in task space as the primary reference point. In particular, Proportional-
Integral (PI), Proportional-Derivative (PD), and Proportional-Integral-Derivative (PID) con-
trollers will be implemented and evaluated with the objective of achieving precise motion con-
trol in a robotic system. The efficacy of these controllers will be evaluated based on key per-
formance metrics, including settling time, overshoot, and precision. The experiments will be
conducted using the Franka Emika Panda robotic arm, with the control algorithms implemented
via the 1ibfranka library within a C++ framework.

The principal objective of this study is to optimize the proportional (P), integral (I), and
derivative (D) control parameters to achieve optimal system performance. A series of system-
atic tests will be conducted to evaluate the robot’s performance in executing repeated move-
ments. The resulting data will be analyzed to determine the optimal parameter configurations.
The outcomes of this research are expected to contribute to the refinement of motion control
methodologies, offering insights that may prove valuable for applications in precision robotics,

including fields such as automated manufacturing and robotic-assisted surgery.

1.3. Thesis organization

This thesis opens with an overview of the Franka Emika Panda robot, with a particular
emphasis on its control through the use of the 1ibfranka library. The fundamental principles
of communication between the robot and the computer will be explained, and will be followed
by a review of relevant robotic motion control techniques. This review will include a discussion
of advanced motion control strategies, some of which are beyond the scope of this work but
offer useful context.

The following section will examine the methods utilized in this thesis, along with the the-
oretical background of the two primary techniques employed: point-to-point trajectory genera-

tion and task-space motion control. These methods provide the basis for the experimental work

Faculty of Mechanical Engineering and Naval Architecture 3



Aaron Biséevié Bachelor’s thesis

conducted in this research.

The subsequent section will provide a detailed account of the experimental procedures, in-
cluding a description of the monitored parameters that are essential for interpreting the out-
comes. A comprehensive account of the experiments conducted will be provided to establish a
clear correlation between the methods employed and the resulting outcomes.

The results of the experiments are then presented, accompanied by a discussion that eval-
uates the findings in light of existing approaches. A critical analysis will highlight both the
strengths and limitations of the techniques used in this work, offering a comparison with other

research in the field.
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2. BACKGROUND AND RELATED WORK

2.1. Introduction to the Franka Emika robot

The Franka Emika Panda robot, depicted in Figure is a collaborative robot that is fre-
quently utilized in research settings due to its straightforward force and torque control capabil-
ities, as well as its intuitive human-robot interaction. The robotic arm is a 7DoF manipulator,
which is kinematically redundant. This allows the robot to move along more complex trajecto-

ries or rearrange the joint positions while maintaining the end-effector pose [12].

2.2. Overview of the 1ibfranka library

The Franka Emika Panda robot can be interfaced via the 1ibfranka library. The 1ibfranka
library represents the C++ implementation of the client side of the Franka Control Interface
(FCI). It enables communication between the network and the control system, and provides
interfaces that facilitate straightforward interaction with the system, thereby enabling the fol-

lowing actions to be achieved:

Issue of commands that are not time-critical in order to control the hand and configure

the arm parameters.

Execution of real-time commands to run user-defined 1 kHz control loops.

Robot state may be read in order to obtain sensor data at 1 kHz.

Model library can be accessed in order to compute the desired kinematic and dynamic

parameters.

The 1ibfranka library enables the user to control the robot and send real-time commands
at a high frequency, thereby enabling precise control of the robot. Moreover, the user is able to
modify the thresholds for collision detection, Cartesian, and joint impedance. The library con-
tains a robot model store, which facilitates the utilization of the Jacobian and inverse kinematics
in a more straightforward manner than with other robots [[14].

The Figure shows the architecture of the robot-computer communication, which is fa-
cilitated by the libfranka library. Moreover, the robot can be directly controlled using the
libfranka library with both non-real-time and real-time commands [15].

The libfranka library is distinguished from other robot control libraries by its emphasis
on real-time control and its design tailored to the Franka Emika Panda robot. This library
provides a direct interface to the Panda’s hardware, enabling developers to implement advanced

control strategies such as impedance control and force feedback and to fully utilize the robot’s
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Joint 6

Joint 4

Joint 2 Joint 3

Joint 1

Figure 2.1: Franka Emika Panda robot with labeled joints

capabilities. In contrast, other robot control libraries, such as Robot Operating System (ROS)
and Movelt, both used by Universal Robots (UR), offer broader compatibility across different
robotic platforms but often lack the real-time performance and low-level control features that
libfranka provides, rendering them less suitable for high-precision tasks requiring immediate
feedback and adjustments [16].

The 1ibfranka library enables the user to construct motion generators and motion con-
trollers via the use of real-time commands. In this study, both methods will be employed and
evaluated in order to demonstrate the degree of accuracy and precision that can be attained.

Firstly, a point-to-point motion generator utilising Cartesian coordinates in task space will
be implemented in order to facilitate the rapid and precise navigation of the robot from one

point to another. The error margin for the end-point is in the order of magnitude of 1076, As
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Figure 2.2: the Panda robot and FCI architecture [14]

illustrated on Figure[2.3] the desired pose, either in joint or task space is transmitted to the robot
in real time, enabling the robot to reach the end point along the desired path by computing the

required torques in real time.
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PC
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libfranka (e 40 OT 1y 0P O 0
¢, 4¢, T e S Pppc 4,44 'Tpp gV Prp g, Td, ...)
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Motion generators q4
. - ; Controller
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Joint velodity 4, kinematics — ) > External controller T{ A T [

or
Cartesian pose 9T p; . completion EEd Internal joint impedance

Of )
Cartesian velocity ()PEE.r PEE,d Internal Cartesian impedance

Control

Franka Control Interface (FCI)

Figure 2.3: Real time loop, using commands to get the desired motor torques [14]

Subsequently, a motion controller will be developed. A control law can be devised in real
time using the pose of the end-effector in task space, which will manage the movement of the

end-effector in space and actively suppress the error. Moreover, the parameters of the propor-
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tional, integral, and derivative controllers will be evaluated and determined. Ultimately, the

optimal controller will be selected and the rationale behind its selection will be discussed.

2.3. Review of robotic motion control techniques

Robotic motion control in the operation of robotic manipulators is most needed in tasks
where accuracy and precision are paramount in dynamic and unpredictable environments. Over
time, a multitude of techniques have been devised to regulate the movements of robotic manip-
ulators, each with its own set of advantages and limitations, reflecting the diverse applications
and environments in which these robots are deployed.

The most popular control method in industrial robotics is classical control, a decentralized
“proportional, integral, derivative” (PID) control for each degree of freedom [1l]. The control
method in question regulates the discrepancy between the desired pose of the end-effector and
the actual output. It employs three components: proportional control to address current errors,
integral control to eliminate steady-state errors, and derivative control to anticipate future errors.
PID control is effective for systems with linear dynamics and is relatively straightforward to
implement. However, its performance can be compromised in the presence of nonlinearities or
disturbances [17].

Additional robot control techniques include model-based control methods, which have been
developed to address the limitations of PID control in handling non-linearities and dynamic
interactions between joints. Notable among these are Computed Torque Control (CTC) and
Inverse Dynamics Control. These methods rely on the dynamic model of the robot, taking
into account factors such as inertia, Coriolis forces, and gravity in order to compute the req-
uisite joint torques for the execution of a given trajectory. Although these techniques offer
enhanced precision and velocity, they necessitate the precise representation of the robot’s dy-
namics, which can be intricate and computationally demanding. Notwithstanding these ob-
stacles, model-based control has become a pervasive methodology in robotics, particularly in
operations that necessitate elevated precision and responsiveness, such as robotic surgery and
sophisticated manufacturing processes [18]].

In addition to model-based approaches, adaptive and learning-based control techniques have
emerged as a prominent area of interest in recent years. Adaptive control methods are designed
to dynamically adjust the control parameters in response to changes in the robot’s environ-
ment or payload, rendering them well-suited for applications where conditions are inherently
unpredictable or variable. Learning-based methodologies, including reinforcement learning
and neural network-based control, facilitate the enhancement of robot performance over time
through the acquisition of experience. These techniques are particularly advantageous in com-
plex, non-linear environments where traditional control methods may encounter difficulties.

Nevertheless, the deployment of learning-based methods necessitates meticulous attention to
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matters of safety and reliability, particularly when integrating robots into real-world scenarios

where unanticipated behaviors could potentially result in mishaps or system failures [[19].
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3. METHODS

A robotic manipulator can be moved using multiple methods, two of which will be discussed
in this work: trajectory generation and control design. These two approaches form the basis
upon which a manipulator can produce efficient and precise movements, whether predefined or

in reaction to a dynamic environment.

3.1. Trajectory generation for robotic movement

Trajectory generation is a common technique employed in the implementation of manipula-
tors in repetitive, predictable tasks, where the environment is static and no obstacles may impede
the robot’s path. The trajectory generated for the end-effector to follow can be categorized into

one of four categories, depending on the task at hand [[1]]:

1. an unconstrained path between two end-points
2. a path between two end-points, which passes through via points
3. aconstrained path between two end-points

4. a constrained path between two end-points, which passes through via points.

The trajectory is generated in either the joint space (categories one and two) or the task
space (categories three and four), depending on the category in question.

In the majority of cases, a joint space trajectory generator will be employed for tasks that
are conducted in an environment with a considerable amount of free space, where the robot is
not impeded by any obstacles. Moreover, trajectory generation in joint space is advantageous
due to its reduced computational load, as no inverse geometric or kinematic models need to be
calculated. Additionally, it avoids the potential issue of crossing singular configurations [1].

In other instances, where task space trajectory generation is necessary, such as when the
geometry of the path taken by the Tool Centre Point (TCP) needs to be controlled due to con-
strained spaces, certain disadvantages become apparent. These include the potential for failure
in the event of crossing a singularity configuration, the possibility of the endpoints being sit-
uated outside of the joint reach, and a reduction in configuration possibilities with regard to

torques and velocity limits [[1].

3.1.1. Point-to-Point trajectory planning

The most straightforward method for trajectory generation is to direct the manipulator from
one point to another along a linear trajectory. In contrast to continuous path planning, where

the trajectory between the initial and final points must adhere to a specific shape or pattern,
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point-to-point planning prioritizes the precision of the final position over the exact nature of the
path traversed.

In designing a trajectory generator, it is essential to ensure that the trajectory is a sufficiently
smooth function of time and that it respects any given limits on joint velocities, accelerations,
or torques [20]].

It is therefore recommended that a time scaling method be implemented. The profile em-
ployed in the present work is a trapezoidal motion profile, whereby the velocity of the joints
is scaled to produce a trapezoidal trajectory. This is illustrated in Figure The method is
based on dividing the movement into three distinct phases: acceleration, constant velocity and
deceleration.

Such a velocity profile is especially beneficial by Point-to-Point applications, as it ensures
that no sudden jerks or high torque values will be exerted to the joint motors. When dealing
with manipulators with high inertia values, this can be important as using such a profile will
minimize overshoot of the end-point. Moreover, the constant speed phase of the trapezoidal
velocity profile trajectory generator will ensure that the robot can move efficiently, and so reduce
the cycle time [21].

When creating the trapezoidal profile, transitional as well as rotational movement in task
space will take place simultaneously, along all three axes, therefore it must be taken into account
which movement will take the most time. This will, in turn, determine the duration of the whole
manipulator motion, and how the velocities in other directions is scaled, so as to synchronize
the whole movement [22]].

Equations used to generate a trajectory between two end points are[3.1] [3.2]and [3.3]

—1
Acg;= , 3.1
! tisyncj - dCmax syne - Sign(Aci) - (0.5t — 11 gype ;) - 13
The Equation [3.1]is used for the first part of the movement, or the acceleration phase.
ACd,i =cC1,i+ (t - tl,synqi) : dcmax.,sync : Sigl’L(AC,') (3.2)

The Equation [3.2]is used in the second part of the movement, or the constant velocity phase.

1
ACd,i =Ac;+0.5- 3—((t — 1 sync,i — 2Al27sync,i - td,i) : (t — 1 sync,i — td,i)?’
At2,sync,i (3.3)

+(2t —2n sync,i A1‘27sync7i - 2td,i)) 'dcmax,sync : Sign(ACi>

The Equation [3.3]is used in the third part of the movement, or the deceleration phase.
The rotational movement is calculated using the spherical linear interpolation (SLERP)

method. SLERP is a method used to smoothly interpolate between two points on the surface
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Figure 3.1: Visulatization of a trapezoidal motion profile

of a unit sphere. It is particularly useful for computing rotations in computer graphics and ani-
mation. SLERP ensures that the interpolated points move at a constant velocity along the great

circle arc connecting the starting and ending points. The calculation is performed as follows:

sin((1 —1¢)Q sin(z£)
(-1 )pOJr \( )p1

sin Q sin Q
where pg and p; are the starting and ending points on the unit sphere, ¢ is the interpolation

SLERP(po,p1,t) = 34)

parameter, which ranges from O to 1, and where the angle between py and p; is represented by
the variable Q.
In the context of quaternions as a means of representing rotations, the SLERP formula can

be simplified to the following:

SLERP(q1,92,t) = q1(q7 ' ¢2)' (3.5)

where g and g; represent the initial and final quaternions, respectively, and ¢ denotes the

interpolation parameter.
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SLERP is of significant benefit to robotic motion, as it facilitates seamless and uninter-
rupted transitions between orientations in three-dimensional space. This is of particular impor-
tance in the field of robotics, where precise control of joint movements is essential for tasks
such as manipulation and navigation. By employing the SLERP method, robotic systems are
able to interpolate between two rotational states while maintaining a constant angular velocity,
which results in more natural and efficient movements. This method helps to circumvent abrupt
changes in motion that can lead to mechanical stress or instability, thus enhancing the overall
performance and reliability of robotic applications [2].

The Eigen/Geometry C++ library provides the slerp() method, which can be employed to
calculate the necessary rotation between two poses. The method requires three variables: the
initial quaternion, the final quaternion, and the interpolation parameter, which must lie between
0 and 1. As the movement progresses, the parameter ¢ will increase from its initial value of O to

its final value of 1.

3.2. Task space motion control

While trajectory generation, or more precisely Point-to-Point trajectory generation is a valid
method for determining robotic movement, this approach fails when confronted with a dynamic
environment, where the conditions are not repetitive, and are in fact constrained. In such in-
stances, motion control becomes a requisite element. Depending on whether the required con-
trol level is low or high, the inputs may be velocity, torque, or force.

Motion control, and in particular task space motion control, can be beneficial in a number of
contexts, including surgical robots, complex manufacturing processes and autonomous robots.
These applications are characterised by the need for precision in an unstructured, unpredictable
and dynamic environment[24].

Task space control is a better method than joint space motion control in that it utilizes readily
calculable coordinates, thereby guaranteeing that the robot reaches the desired point or follows
the intended trajectory with precision.

Nevertheless, the utilization of task control also presents a challenge, as it necessitates the
calculation of the inverse geometric or kinematic model. This entails a considerable amount
of computational power, particularly when computing for a redundant robot such as the Franka
Emika Panda, which possesses seven degrees of freedom. This is because, in such cases, solving
an inverse kinematics problem for the manipulator will result in an infinite number of solutions.

Nevertheless, the 1ibfranka library provides a pre-built model of the robot, facilitating the

calculation of the Jacobian, which is necessary for converting from task space to joint space.
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3.2.1. Implementation of motion control algorithms

The Equation is the control law used for running experiments.
. . t .
6 = 6,(1) + K,0.(1) +K,-/0 0(1) dit + K6, (1) (3.6)

It will be implemented using the 1ibfranka robot.control() function which as an input takes
a callback function, returning the desired joint velocities. The Tables and show how, in
theory, changing each parameter of K,, K; and K; will change the output of the system. It is
to be expected that the robot should arrive to the desired point, without over- or undershooting.

Furthermore, the response should be swift with minimal settling time.

6, T B,
i - arm
@ > Ky dynamics
— A
)

E— f dt— o I{'é—

d

a—hﬁd

Figure 3.2: Block-model of the system [20]

The initial step will be the implementation of a basic feedforward control. The user is re-
quired to specify the desired pose in the task space. Subsequently, the pose will be multiplied by

the pseudoinverse of the current Jacobian, as provided by the 1ibfranka library, as illustrated
in the Equation

6, =J7(6)"Ercp (3.7)

Subsequently, feedback control can be implemented. This will be achieved by initially
defining the desired Cartesian coordinates of the endpoint in task space. The coordinates will
be divided into two distinct categories: those pertaining to translational movement towards the
desired pose and those associated with rotational movement towards the desired pose. These
will be treated as distinct cases, as the calculation used to translate them to joint space coor-

dinates is different. A discretization parameter i will be selected, which will determine the
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number of parts into which the path/rotation will be divided and, consequently, the speed of the
end-effector.

Translational movement will be calculated by determining the path which the end-effector
needs to pass in order to get to the end point. This is achieved by subtracting the begging robot
pose from the end pose. Because the path is discretized, as the loop is repeated, a new part of
the path will be added to the desired pose.

Rotational movement will be calculated by using the SLERP method mentioned in the
previous section. The initial and final rotations will be transformed into quaternions, and the
interpolation parameter will be mathematically linked to the discretization parameter. This en-
sures that both the translational and rotational movements are discretized in an identical number
of segments. The rotation resulting from the SLERP method will be expressed as a quaternion,
which will then be transformed into a rotation matrix.

Finnaly, the translational and the rotational matrix will be added to a transformation matrix,
and using the function from [25]], which returns a solution of the inverse kinematics problem,
the desired joint configurations are determined.

The rationale behind generating the reference in the task space and subsequently transmit-
ting it to the robot in the form of robot joint configurations is that, although the Franka Emika
Panda robot and the 1ibfranka library do facilitate the utilization of Cartesian coordinates for
commanding the robot, this is not a capability shared by all robots. For instance, the UR robot
does not possess this capability. It is therefore possible to extend the application of this control
method to other robots.

Proportional gain will be calculated by comparing the current configuration in the discrete
time section to the desired configuration. Subsequently, the value will be multiplied by the
proportional parameter, K.

Integral gain will be calculated by adding the value of the pose error multiplied by the
discretization time to the sum of errors each time the loop is executed. Additionally, the sum of
errors will be multiplied by the integral parameter, K;.

Derivative gain will be calculated by subtracting the previous pose error (from the previous
loop execution) from the current pose error and dividing the result by the discretization time.
The resulting value will then be multiplied by the derivative parameter, K.

The objective of this study is to identify the optimal parameters that will ensure the afore-

mentioned requirements are met.

3.3. Software and hardware setup

The robot used will be the Franka Emika Panda robot, which is a 7 DoF robot, meaning it
is redundant. Although this complicates the calculations needed to get an inverse kinematics

model, thanks to the 1ibfranka library, which provides an estimation of the Jacobian matrix at
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Table 3.2: Effect of changing a parameter on Steady-State Error and Stability

Table 3.1: Effect of changing a parameter on Time Domain Parameters

Parameter | Rise Time | Overshoot | Settling Time
K, Decrease Increase | Small change
K; Decrease Increase Increase
K, Minor change | Decrease Decrease

Parameter | Steady-State Error Stability
K, Decrease Degrade
K; Eliminate Degrade
K, No effect in theory | Improve if K is small

every moment in real time, calculating the transpose of the Jacobian of the current position of

the robot is made much easier.

The robot is connected to the computer running on Linux, with a connection frequency of
1000 Hz. This means that calculating the speed of the robot is simplified. Using the constant

velocity formula v = s/, and knowing that # = 10~ s means that depending on what value of

s 1s sent to the robot will make the manipulator faster and slower, and slows the control of jerk

motion, acceleration and sudden movements.

The pseudo-code which will be applied is shown in Algorithm [I]
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Algorithm 1 Task Space Motion Control with PID

1: Ta = [x4,Ya,24] > Initialize desired translation
2: Qa = [qxd>9yd> 9z Gwd] > Initialize desired rotation quaternion
3: Te = [X¢,Ye,2¢] > Initialize current translation
4: Qc = [gxer Gye Gzes Gwe) > Initialize current rotation quaternion
5.0 > Set discretization parameter
6: K,, K;, K; > Set PID gains
7: Eprev =0 > Initialize previous pose error
8: AT = @ > Compute translation step
9: forr=1toido

10: T.=T.+AT > Update current translation

11:

12: Q¢ = SLERP(Q¢, Qq, %) > Compute rotation quaternion step via SLERP:

13:

14: Tmat = ComposeMatrix(Te, Qc) > Compute transformation matrix

15:

16: Ja = InverseKinematics(Tat) > Compute desired joint configuration

17:

18: E=Tq-T, > Compute current pose error

19:

20: > Compute PID gains:

21: P=K,-E > Proportional gain

22: I=1+K;-E-At > Integral gain

23: D=K;- % > Derivative gain

24: Eprev = E > Update previous error

25:

26: J=P+I1I+D > Apply joint adjustments

27: robot .control(J) > Send joint commands to robot

28: T, > Get current pose from robot feedback

29: end for

Faculty of Mechanical Engineering and Naval Architecture 17



Aaron Biséevié Bachelor’s thesis

4. EXPERIMENTAL SETUP

4.1. Design and execution of test cases

The tests are conducted by moving the manipulator’s TCP from one predefined point to
another. As the pose of the end-effector changes, both translational and rotational motion will
be recorded and subsequently plotted on a graph. The movement will be halted when the margin

of error reaches a value of 10~4.

4.2. Parameters and metrics for evaluation

In the course of the tests, specific parameters and metrics will be evaluated and compared in
order to ascertain the most efficacious combination of PID controller parameters. These metrics
are employed for the assessment of the performance and stability of the control system, and for
the assurance that the desired system behavior is achieved under varying conditions The figure

shows some of the metrics mentioned below.

2% settling time

overshoot

Figure 4.1: An example error response showing steady-state error e, the overshoot, and the 2% settling
time. [20]

Overshoot is used to describe the extent to which the system’s response exceeds the desired

value before stabilizing. A high degree of overshoot may indicate an overly aggressive control
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strategy, which could potentially lead to instability or damage in applications where precision
is paramount. Its reduction is crucial for achieving a smooth and controlled response.

Undershoot occurs when the system’s response falls below the desired value before even-
tually reaching it. While less prevalent than overshoot, undershoot can also be detrimental,
particularly in systems where rapid attainment of the end-point is imperative. Both overshoot
and undershoot serve as indicators of the system’s dynamic response and are directly influenced
by the tuning of the PID parameters.

Rise time is defined as the time required for a system to transition from a specified low
percentage (commonly 10%) to a high percentage (typically 90%) of the final value. This
metric is fundamental to the assessment of the system’s responsiveness to alterations in the
desired value. A shorter rise time indicates a faster response, which is often desirable in high-
performance applications. However, an excessively brief rise time can result in an excessive
overshoot, higher jerks and energy consumption, necessitating a balance with other metrics.

Settling time is used to describe the period of time required for the system to respond within
a specified error band (typically within +=2% or +5% of the desired value) following an initial
disturbance or change in desired value. Settling time is a critical measure of the rate at which
the system stabilizes following a transient event. A shorter settling time is typically preferred,
as it indicates that the system can rapidly return to a steady state following disturbances.

Steady-state error quantifies the discrepancy between the desired value and the actual out-
put of the system once it has reached a state of equilibrium and all transient effects have ceased.
A modest steady-state error suggests that the controller is efficacious in maintaining the system
at the desired set point over time.

Oscillatory behavior in a system occurs when the system’s output repeatedly fluctuates
around a desired value, often due to underdamping or resonance. These oscillations can cause
the system to continually overshoot and undershoot the desired value, leading to instability if
not properly controlled. Minimizing oscillations is critical to achieving a stable and efficient
system response, which can be done by choosing which of the PID controllers to augment, and
which to dampen.

By carefully analyzing these metrics, the optimal combination of PID parameters can be
identified to ensure that the control system performs efficiently, with minimal deviation from the
desired value and a rapid return to stability after disturbances. In addition to the above metrics,
it is also necessary to consider the nature of the system, a free movement of the manipulator. In
such a case it should be taken into account that a steady state error is unlikely and the work of

the I controller, which could slow down the system, is undesirable [26].
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S. RESULTS AND DISCUSSION

5.1. Performance evaluation of trajectory generation

The trajectory generator was evaluated by comparing the desired end-effector pose to the
actual pose achieved by the robot, as illustrated in Figure [5.1] The results demonstrated that
the trajectory generator was capable of accurately tracking the desired path, with a maximum
steady-state error of 10~° meters and 107 radians. The trapezoidal velocity profile effectively
constrained the jerk and ensured smooth motion. The synchronized movement across all joints
resulted in efficient point-to-point motions, with the robot moving at the maximum allowable
velocity and acceleration while respecting the constraints imposed by the joint limits.

While this motion profile is optimal in controlled environments, exhibiting high levels of
accuracy, velocity, and fluidity, it is susceptible to failure when confronted with obstacles or

disturbances.

5.2. Analysis of motion control in task space

The motion control analysis was conducted using four distinct controllers: P, PI, PD, PID.
Each controller demonstrated unique characteristics with regard to overshoot, settling time, and

steady-state error. The following section presents a detailed analysis of each controller.

5.2.1. P controller

The proportional controller was initially assessed, and the results are illustrated in Figure
It is noteworthy that there was no overshoot, the settling time was minimal, and the steady-
state error was less than 104 m, or 10~* rad. This controller ultimately demonstrated the most
optimal performance, exhibiting no overshoot, oscillations, and the shortest settling time among

all the controllers.

5.2.2. PI controller

As illustrated in Figures [5.4] and [5.5] the performance of the system with a PI controller is
demonstrated. It is evident that the controller induces an overshoot, which is an unfavourable
outcome. Moreover, the presence of oscillations is evident, as the robot fails to reach the refer-
ence point with the same degree of precision as it does with the P controller. Consequently, the

settling time is considerably longer.
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5.2.3. PD controller

The PD controller demonstrates some intriguing behavior, namely, motion in the opposite
direction from the reference value at the outset of the movement.

An increase in the derivative gain (Kd) was observed to result in a reduction in overshoot
and oscillations. However, this also led to an increase in rise time and settling time. With a
proportional gain of 6 and a derivative gain of 0.01, the PD controller exhibited a well-damped
response with minimal overshoot, as illustrated in Figure[5.6]

Additionally, it is noteworthy that the derivative gain must be so small. Upon testing with
larger values of the D gain, the robot exhibited uncontrollable behavior, displaying highly os-
cillating movements.

However, when the D gain was significantly lowered, the robot resumed normal behavior.
This suggests that the robot’s smooth movement, without disturbances or unpredictable behav-

iors, observed when only using the P gain, may be attributed to the robot’s inherent stability.

5.2.4. PID controller

Subsequently, the complete proportional-integral-derivative (PID) controller was calibrated.
It is anticipated that the integral term will assist in the elimination of steady-state error, while
the derivative term should enhance stability and damping.

It is evident that the PID controller still exhibits a move in the opposite direction from the
reference value at the beginning.

With P =3,1 =1, and D = 0.01, the PID controller provided a well-balanced response, as
illustrated in Figure[5.8] A value of 0.05 resulted in a faster response with minimal overshoot,
as illustrated in Figure However, in both instances, the overshoot remained discernible, and
the settling time was considerably longer than that observed when a P controller was employed
alone. Despite the absence of evident oscillations, no attempt was successful in attaining a

superior response compared to that achieved with a P controller alone.

5.3. Comparison with existing approaches

The continued popularity of PID controllers can be attributed to their simplicity and effec-
tiveness in a multitude of control applications, particularly in industrial settings where real-time
feedback is of paramount importance. Nevertheless, research has demonstrated that in dynamic
and unpredictable environments, their performance can be inferior to that which might be ex-
pected. Advanced control methods, such as adaptive control and model-based control, can
address this issue by making real-time adjustments to parameters or by employing precise sys-
tem models to enhance precision. Adaptive controllers, for instance, are capable of dynamically

updating their parameters in order to more effectively handle changing conditions. This quality
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renders them a preferable choice in systems that exhibit time-varying dynamics in comparison
to PID controllers [27],[28].

Notwithstanding the benefits of more sophisticated control methodologies, PID controllers
remain highly regarded for their resilience and simplicity of operation. When coupled with real-
time feedback, as evidenced by the findings of this study, PID controllers provide a practical so-
lution with minimal computational demand, making them well-suited for numerous real-world
applications, such as robotic manipulators. Learning-based methods, such as reinforcement
learning (RL), have demonstrated potential for enabling systems to adapt and improve over
time. However, they also present a number of challenges. These include substantial computa-
tional overhead and longer training times, as evidenced by the use of RL-based controllers for
intricate systems such as underwater robots [29].

In contrast, while learning-based approaches can enhance performance and facilitate the
completion of complex tasks over time, they are frequently less viable in real-time systems due
to their elevated complexity and potential instability during training. Research indicates that
a hybrid approach—utilizing PID for initial stability and RL for optimization—may serve to
bridge this gap. Nevertheless, PID remains the more practical option in environments neces-
sitating immediate and dependable control, particularly in industrial and robotic applications
[30].
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6. CONCLUSION AND FUTURE WORK

6.1. Summary of findings

This thesis presents the successful development and evaluation of motion control strategies
for a redundant robotic arm. The implementation and testing of several controllers, including
P, PI, PD, and PID, were conducted to achieve this objective. The findings of the experiments
were presented and discussed.

The trajectory generation method, which employed a trapezoidal velocity profile, demon-
strated remarkable efficacy in guaranteeing the smooth, precise, and regulated movement of the
robotic arm. Synchronizing the movements of all joints enabled the trapezoidal profile to opti-
mize both precision and time efficiency, resulting in rapid and stable robotic movements. While
this approach is effective in limiting jerk motions, it is less optimal when faced with a dynamic
and unpredictable environment.

Among the controllers tested, the P controller exhibited the best results, demonstrating no
overshoot, minimal settling time, and approaching high accuracy. The other controllers, PI,
PD, and PID, exhibited limitations, either showing signs of oscillations, long settling times, and

having problems with accuracy.

6.2. Contributions and implications

The work presents the implementation and evaluation of various control techniques on a
redundant robotic arm. The findings contribute to the existing body of knowledge in the field
of robotic motion control, particularly in the context of task space control. By identifying the
strengths and limitations of different control strategies, this research can inform future develop-
ments in industrial and medical robotics, where precision is of paramount importance.

Furthermore, the results illustrate the potential for employing straightforward control tech-
niques, such as PID, in contexts where more sophisticated methodologies may be impractical

due to computational constraints or system limitations.

6.3. Recommendations for future research

Although this study concentrated on the use of proportional-integral-derivative (PID) con-
trollers, future research could investigate more sophisticated techniques, such as adaptive or
learning-based controllers. Such methods could facilitate dynamic adjustment of control pa-
rameters in real time, allowing for the consideration of changing conditions, such as varying
payloads or environmental factors.

The optimization of control parameters is a further avenue for future research. The propor-

tional, integral, and derivative (PID) parameters in this study were manually tuned based on
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visual analysis and performance metrics. Such techniques could include the application of ad-
vanced methods, such as the root-locus method. Future work could even involve the application
of optimization techniques, such as genetic algorithms or machine learning, for the systematic
tuning of these parameters with a view to improving performance.

The objective of optimizing robot performance is to enhance the operational efficacy of the
robot. Although the focus of this study was not on robot performance, the investigation of meth-
ods for determining optimal constraints for specific usage scenarios could lead to improvements
in performance.

While this thesis utilized a preexisting code to address the inverse kinematics problem of
a redundant robot, future work could focus on optimizing the solution to enhance the overall
outcome. The current function employed may not consistently yield the optimal result, occa-
sionally leading to unanticipated joint configurations.

Subsequent research could apply the findings of this study to specific applications such as
robotic-assisted surgery or autonomous manufacturing. Testing the control strategies in these
real-world scenarios could provide further insights into their effectiveness and potential im-

provements.
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Link to the Github repository containg the code used for this study: https://github.com/

aaronr6/bachelors_thesis.git
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