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Abstract—Due to their flexibility and cost efficiency, industrial
robots are increasingly being used for manufacturing processes.
One such process is friction stir welding, which places high
demands on the manipulator due to the high process forces
and force gradients involved. The high compliance of industrial
robots compared to traditional machine tools necessitates the
implementation of force control for robotic friction stir welding.
This paper presents an approach to increasing the bandwidth
during force control of robotic friction stir welding. To achieve
this, an industrial robot is controlled through an open control
architecture, which offers the possibility to employ advanced
force control structures. An admittance controller with inner
velocity loop and a parallel force controller are compared to
the state-of-the-art external force controller and validated in a
digital twin of the robot. The most promising structure of the
admittance controller is then implemented and validated on the
test system, demonstrating an increase in accuracy and efficiency.

Index Terms—Industrial robots, Control systems, Force con-
trol, Welding

I. INTRODUCTION

Friction stir welding (FSW) is currently attracting con-
siderable attention in the mobility industry and is seen as
a promising joining technology for high-strength joints [1].
In FSW workpieces are simultaneously softened and stirred
through friction between a rotating tool and the material. A
schematic overview of the process is given in Fig. 1. While the
tool shoulder generates heat through friction on the workpiece
surface, the pin plunges into the component to stir the material.
The process can be divided into three distinct phases: the
initial plunge phase, during which the tool is inserted into the
workpiece; the subsequent feed phase, during which forward
movement of the tool begins; and finally, the plunging out
phase, during which the tool is withdrawn from the workpiece.

In contrast to conventional fusion welding processes, the
melting temperatures of the joining partners are not exceeded
in FSW, which means that low residual stresses are generated
in the material and the formation of pores and cracks can
be avoided [2]. Protective gases or filler materials are not re-
quired. FSW has traditionally been used mainly for aluminium
and its alloys [3].The technique is now also employed in the
welding of steel, copper, magnesium, and other metals [2],
including the joining of dissimilar materials [3]. Recently, the
FSW of thermoplastic polymers has also attracted significant
interest [4]. The process is becoming increasingly popular
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Fig. 1: Schematic overview of the friction stir welding process [1].

in modern lightweight construction, particularly due to the
improved strength properties of the weld seams and the
possibility of creating dissimilar joints [5].

As the process takes place below the melting temperature of
the workpieces to be joined, high process forces are involved.
Consequently, specialized equipment, converted milling ma-
chines [6] or parallel kinematics [7] are often used for FSW,
as their high rigidity minimizes displacement of the tool and
thus favors defect-free weld seams.

In contrast, serial articulated arm industrial robots (IR) are
chosen due to their cost efficiency and availability, and are
particularly preferable for complex weld seams due to their
flexibility within the work area [8]. It has been demonstrated
that IR can achieve process qualities comparable to those of
conventional FSW machines [9]. To achieve this, it is essential
to control the contact force acting normal to the workpiece,
due to the higher compliance of the IR compared to the
conventional machines [10]. This way defects in the weld seam
can be prevented, which could result in an inadequate joining
[11].

State-of-the-art force control structures for manufacturing
with IR have a low bandwidth. While this may be sufficient for
low-force processes such as grinding, it results in a reduction
in achievable performance for processes with high process
forces, such as robotic friction stir welding (RFSW). This
paper presents a novel approach to controlling the force during
RFSW in order to overcome significant limitations resulting
from current low bandwidth force control structures. Firstly,

Copyright notice: 979-8-3503-7636-4/24/$31.00 ©2024 IEEE



the current state of the art is presented in Sec. II. Thereafter,
existing shortcomings are identified and the objectives of
this research are formulated in Sec. III. Sec. IV provides an
analysis of the examined control structures, which are then
subjected to a comparative analysis through simulation and
subsequently validated experimentally in Sec. V.

II. STATE OF THE ART

The following section provides an overview of existing
structures for force control in serial manipulators. Subse-
quently, state-of-the-art applications of force control for RFSW
are summarized.

A. Force control structures

A fundamental distinction is made between an indirect
and a direct approach to the force control of robots. The
most prevalent example of indirect force control is impedance
control, in which force outputs are computed from motion
inputs [12]. In general, indirect force-controlled systems do
not necessitate a closed force control loop, which is why
control to a setpoint is not feasible. Since indirect force
control is therefore directly influenced by the system’s inherent
compliance [13], this approach is not suitable for RFSW.

A variety of approaches exists for direct control of the
force. However, there is no uniformity in the naming of
these structures in the literature. Therefore, the most relevant
structures for this research are briefly introduced and named
here. The most prevalent structure in the current state of
research is force control with subordinate motion control, as
shown in Fig. 2, referred to in the following as external force
control. Here, the force control loop is closed around the
position control of the robot. The controller thus corresponds
to a mechanical admittance. This sort of controller is used
particularly frequently, as commercially available IRs typically
only provide position inputs [14], whereas some collaborative
robots (cobots) offer greater flexibility in the form of additional
interfaces. A related but rarer form of such admittance control
is created by mapping the force controller outputs to the
robot’s velocity interface, as demonstrated by Wahrburg et al.
in their work on controlling a cobot [15]. There is no con-
sensus in the literature regarding the definition of admittance.
Some authors define it as a force-position relation, while others
define it as a force-velocity relation [16]. As a result, both
structures are found under the name admittance control. In
this paper, the structure with an inner velocity loop will be
referenced as admittance control.

A contrast to the introduced cascaded direct force control
concepts are direct force control concepts in which the outputs
of the controllers act in a parallel manner to the motion control.
For example, in the hybrid position/force control structure,
originally presented by Raibert and Craig in [17], additive
torques are specified in parallel to the motion control. The
workspace is subdivided into force-controlled and motion-
controlled subspaces through the use of selection matrices.
This implies that each loop controls orthogonal Cartesian
subspaces; however, in joint space, each joint is simultaneously
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Fig. 3: Structure of the parallel force controller.

force- and position-controlled. As a result of the subdivision of
the workspace, stability problems may arise if the environment
is not sufficiently detailed [18]. To address this, Chiaverini
developed a form of parallel force control in [19], in which
the set torques calculated by the motion and force control are
not decoupled but superimposed. This latter structure is shown
in Fig. 3 and is referred to in the following as parallel force
control.

B. Force control in Robotic Friction Stir Welding

In [20], Smith describes the necessity for force control
in RFSW to join 3 mm aluminum sheets. External force
control is employed, wherein the forces are estimated based
on the motor currents. Soron replaces the contact force es-
timation with the measurement of the process force using a
dynamometer, thereby reducing the cycle time of the control
[21]. In both approaches, force control can be successfully
employed during the feed phase. However, the bandwidth is
insufficient to control the plunge phase, where the rate of force
change is particularly high. In [22], Fehrenbacher et al. also
utilize external force control to influence the plunge depth
of the tool, with additional tool-side control of the process
temperature. The author identifies the achieved bandwidth as
the most significant performance limitation of the approach.
In this case, as well, the force control is only activated after
the plunge phase. The consequence of this is the necessity
for the machine to be oversized in order to withstand the
higher process forces that are generated during the plunge
phase. In contrast, Mendes et al. also employ force control
during the plunge phase in the RFSW of polymers [23].
Despite the slow plunging, an overshoot in the force profile
is present, which is due to the low bandwidth of the external



force control. In [24], a simulation infrastructure is set up to
optimize RFSW of aluminum for aerospace applications. In
contrast to the previously mentioned approaches, the authors
compare the external force control with a parallel and a hybrid
force/position control using a simulated step as the desired
force input. Despite the recognizable increase in bandwidth
of the parallel approaches, the author decides to use external
force control due to its simpler implementation and the lower
overshoot observed.

III. CHALLENGES AND OBJECTIVE

In the current state of the art, only external force control
is used to control the contact force in RFSW. This control
structure is known from other mechanical machining pro-
cesses, such as grinding and polishing, where it has been
used successfully for a long time [25]. However, in contrast
to these processes, FSW involves significantly higher forces
and force gradients [8], so a control with a wider bandwidth
should be aimed for. The more complex implementation of
such a structure is problematic, as often only position in-
terfaces are available as standard for IR. However, the trend
toward software-defined manufacturing and more open control
systems is also evident in the robotics industry. While certain
cobots already provide interfaces for specifying motor torques
[26], recent developments have also seen the emergence of
controller-independent robot mechanics for serial kinematics
in the higher load range [27]. This suggests that there will be
more opportunities in the future to implement custom control
solutions on IR. It is evident that IR manufacturers already
have the necessary capabilities to integrate the findings of this
study into their existing systems.

By replacing the force control structure currently used in
RFSW to provide more bandwidth, the following improve-
ments seem possible:

o Improved reference tracking and disturbance rejection.

« Control of the immersion phase in which the highest force
gradients occur [10]. As a result, oversizing of the system
used could be avoided.

 Increasing the plunging and feeding velocity, where the
bandwidth is the limiting factor [20].

In order to achieve this objective, the control of an existing
ABB IRB 4400 IR is replaced by a custom control system that
allows for the implementation of alternative control structures.
The developed controllers are then validated and benchmarked
in experiments for the plunging phase of RFSW of polycar-
bonate.

IV. CONCEPT AND SIMULATION
A. Test bench and digital twin

In order for the system to be fully customizable, the entire
control cabinet is replaced. Fig. 4 illustrates a comprehensive
overview of the test bench, including an outline of the sur-
rounding control architecture. A list including the most impor-
tant components is given in Tab. I. The center of the control
is the Beckhoff TwinCAT real-time extension, which incor-
porates an integrated programmable logic controller (PLC),

TABLE I: List of components used on the test bench.

Manufacturer Version
Robot ABB IRB 4400
Drives Bosch Rexroth  ctrlX DRIVE
Control Beckhoff TwinCAT 3
Safety Pilz PNOZmulti 2
Spindle isel iSA 1500 WL
FT-Sensor Schunk FTE-OMEGA
Control design
Digital [~ gue, BECKHOFF
Twin id};sngrfrilcation
“ TwinCAT’
P Trajectory Excitation . Isn Process
generator opEsYs control
Safety PLC CNC _ Jl——
Fieldbus i ‘T Tep
Communication -
Servo
trol )
PILZ Safety Safe Servo  |SO0 @ s
control [ torque Off = Ct!'lx Drives R,

Fig. 4: Overview of the control architecture of the developed test bench.

computerized numerical control (CNC), and a human machine
interface (HMI). The motors are controlled using servo drives
from Bosch Rexroth, which communicate with the control
via EtherCAT. Joints can be moved using either the CNC in
combination with inverse kinematics or a trajectory generator
for specific excitation signals like sine sweeps. The open con-
trol architecture permits the straightforward incorporation of
supplementary components, such as the utilized FTE-OMEGA
6-axis force torque sensor from Schunk or the milling spindle
iSA 1500 WL from isel, directly into the robot control. A
digital twin, implemented in MATLAB/Simulink, is employed
for system identification and the development of novel control
structures. The developed control algorithms, for example
force controllers or inverse kinematics, are subsequently trans-
ferred to the real-time system via code generation and the use
of TwinCATs Component Object Models (TcCOM).

In order to simulate the robot with regard to its dynamic
behavior, the model originally described in [29] of the form

M(q)q+C(Q7q.)Q+g(q) = Tg — Text (D
Tm = Jm(j + 7 + Uﬁng 2)

is employed, with joint positions ¢, motor positions 6, the
inertia matrix M, the Coriolis and centrifugal matrix C,
the gravitational vector g as well as the vector of external
torques Text. For motor dynamics, friction 7, inertia Jy,, and
transmission ratios U are considered leading to the motor
torque 7,,. The joints are modeled with flexible gearboxes,
which are characterized by a stiffness K and damping D that
result in the joint torque

rgzK(Ufle—q)ﬂLD(U*lé—d)- 3)



Motion control of the joints is achieved through the use of of
conventional independent joint controllers, which are industry
standard [30]. They consist of position and speed controllers
in a P-PI cascade. After initial manual tuning, the first three
joints were subjected to robust tuning using Hij,s synthesis
and the dynamic model ((1) and (3)), as described in [31].
To enable the necessary frequency domain analysis, the joints
were excited with the trajectory generator using pseudorandom
binary sequences.

B. Implementation of force control

The in Sec. II-A described external and parallel force
controller as well as the admittance controller are chosen for
comparison and are implemented into the simulation model.
The output of the external force controller is a Cartesian offset
in position, which is transformed into joint space

1
qgr = QKP (ef + T / €fdt) (4)

using inverse kinematics (2. The controller is a standard
PI-controller with the parameters K|, and 7; acting on the
force error e;. The joint position offset is then added to the
underlying motion controllers.

In contrast to the external force controller, the parallel force
controller operates in parallel with the motion control. As
before, it is designed as a PI controller, where the torque offset

1
TF = JTKp <€f + ? /6fdt> 5 (5)
is computed employing the concept of kineto-static duality
Text = JT(Q)he> (6)

which maps the wrench of external forces and torques h. to
joint space torques using the transposed manipulator Jacobian
JT [13]. The direct output of joint torques results in the by-
passing of the motion control cascade, thereby increasing the
bandwidth. The parallel force controller was selected over the
hybrid force/position controller due to the challenge associated
with providing a detailed description of the FSW environment.
One example of this is the retraction of the tool at the end of
the process, which results in the formation of a hole due to
the ejected material. As mentioned in Sec. II-A, this lack of
detail in the environment description may potentially result
in stability issues when employing a hybrid control approach.
It should be noted that the superimposition of motion and
force control in the parallel force controller is accompanied
by a reduction in bandwidth. This is attributed to the motion
controller operating in opposition to the force controller. This
occurs because the output of the force controller results in
movement while the desired position remains constant. It is
therefore essential to ensure that the force controller is the
dominant control mechanism.

The output of the PI admittance controller is a joint velocity

offset )
Gr = J—le <6f + T /efdt> , (7

which is computed using the inverse of the Jacobian .J 1.
The output is directly added to the velocity controller input,
thus bypassing the position controller in order to enhance
bandwidth. In the case of cobots or other manipulators, it
would be most efficient to eliminate the position controller
from the structure to prevent it from working against the
force controller. However, many industrial robots, including
the one used for this study, have gear couplings in the front
three axes. Consequently, completely eliminating the position
controller would lead to unexpected behavior. Therefore, the
position controller is kept as shown in the control structure
in Fig. 5. Given that the position controller is strictly propor-
tional, the counteracting behavior against the force controller is
significantly less pronounced than that observed in the parallel
controller.

C. Process simulation

To tune and validate the force controllers specifically for
the RFSW process, experiments were conducted focusing on
the plunge phase using workpieces made of polycarbonate.
To assess the performance of the controllers, a process model
was generated and employed. Further insights regarding the
developed process model can be obtained from [28]. To clarify
the significance of force control during the plunge phase, the
results of the simulated position-controlled process, as well as
the measured data obtained from the test bench, are presented
in Fig. 6, which depicts the process force over time. The
parameters utilized in this study were a plunging speed v,
of 25mm/s and a spindle speed n of 1500 rpm, which were
selected based on the findings of the friction stir spot welding
experiments in [32]. Both in the simulated data and in the
experimental data, two distinct force peaks are visible, which
are the result of the tool pin and the tool shoulder hitting the
workpiece, respectively. Following these peaks is a drop in
process force resulting from the heating of the workpiece. Due
to effects such as tool heating, workpiece heating, and excess
material welding on the tool, the process is quite volatile. As
the process model was developed for a range of process param-
eters, discrepancies between simulated and measured data are
to be expected. However, the model does accurately represent
significant force peaks and increases in force, which justifies
the use of the process model to initially test force controllers
in simulation. The objective of controlling the force during
the plunge phase is to suppress the force maxima in order to
eliminate the need for oversized equipment. Furthermore, it
is expected that the overall plunging time will not increase,
given that the force controller is capable of accelerating the
plunging speed during the softening of the material.

All PI force controllers were tuned using the process model
and Matlabs Optimization Toolbox, with the main objective of
minimizing the root mean squared error (RMSE). To initially
assess the bandwidth of the implemented force controllers, the
process model is employed in conjunction with sine sweeps
of the desired force. For the parameters of the sine sweep,
an offset force of 250N is selected, which is subsequently
superimposed by sinusoids of amplitude 50N spanning a
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Fig. 5: Structure of the admittance controller as implemented on the test bench.
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Fig. 6: Measured and simulated process force for the position controlled
plunge phase.

range of frequencies from 0,1 Hz to 15Hz. Fig. 7 shows a
bode plot of the closed-loop frequency response for the three
force controllers. Both the parallel force controller and the
admittance controller with an inner velocity loop enhance the
achievable bandwidth, indicated by the dashed line at —3 dB
magnitude, in comparison to the external force controller
utilized in the state of the art. Although the parallel force con-
troller represents the most direct approach and circumvents the
delays introduced by the underlying motion control cascade,
the bandwidth improvement is less pronounced than with the
admittance controller. This is due to the integrators of velocity
and force control operating in opposition to one another.

The difference in bandwidth is reflected in the process
simulation of the purely force controlled plunge phase, in
the absence of an additional position trajectory. The desired
force is a profile resulting from filtering the desired steady
state force of 250 N with a digital biquad filter. Fig. 8 depicts
the process force, along with the force error over time for
the three controllers. The dashed line represents the desired
force profile. The initial force error resulting from the gap

Fig. 7: Closed loop frequency response of the three implemented
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Fig. 8: Process force and force error over time during the purely force
controlled plunge phase for the three controllers.

between the tool and the workpiece at the start of the process
demonstrates the enhanced reaction time of the higher band-
width controllers. A similar phenomenon is observed when
the workpiece undergoes softening as a consequence of the
friction-induced heating. The low bandwidth external force
controller is unable to track the desired force, which, at a
higher scale, could result in inadequate welding and defects
in the seam.

In a standard FSW process the plunge phase ends with
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Fig. 9: Plunge depth over time for the admittance controller, the external force
controller, and the position controller.

the tool shoulder exerting pressure on the workpiece. After
that the feed motion begins. As anticipated, the introduction
of force control during the plunge phase does not result in
an increase in the overall duration of the phase. Instead,
it leads to a reduction in the overall time, as illustrated in
Fig. 9, which depicts the plunge depth over time. The dashed
line indicates contact of the tool shoulder, which is reached
earliest by the high bandwidth admittance controller due to
the acceleration during softening. Compared to the position
controller, the plunge time decreases by 32 %, while compared
to the external force controller, a reduction of 14 % is achieved.
As the parallel force controller is found to be less effective
than the admittance controller, only the latter is subjected to
validation on the test bench and compared against the external
force controller.

V. EXPERIMENTAL VALIDATION

As described in Sec. IV, the admittance controller is ported
to the TwinCAT controller using MATLAB code generation
and the implementation via TcCOM. This allows for the
controller to be integrated in the PLC, as shown in Fig. 5,
communicating to the servo drives over EtherCAT at a rate of
1 kHz, while the underlying motion control is computed on the
servo drives. The velocity offset calculated by the admittance
controller is incorporated into the velocity feedforward g¢g
from the CNC and communicated as an additional velocity
input ¢,qq to the velocity controller.

In this study, the force-controlled plunging phase was an-
alyzed utilizing a workpiece of 6 mm thick polycarbonate.
The controller and process parameters were set in accordance
with the simulation (see Sec. IV-C). The selected admittance
controller with inner velocity loop is compared to the state-of-
the-art external force controller in Fig. 10, which depicts the
process force over plunging time. The discrepancy between
the simulation results and the actual outcome is primarily
attributed to unmodeled process noise. After applying a fast
Fourier transform (FFT) to the signal, the responsible fre-
quency was found to be 50 Hz, which is equivalent to half
a rotation of the tool. In Fig. 11, which depicts the force
error over time, this frequency is filtered using a notch filter.
This confirms the key findings from the process simulation. In
comparison, the external force controller yielded a RMSE of
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Fig. 10: Experimental validation of the process force and force error over
time.
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Fig. 11: Notch filtered force error over time.

26,85 N, in contrast to the 5,83 N obtained with the admittance
controller. This represents an increase in accuracy of 78 %. In
general, the admittance controller enables more effective and
efficient tracking of the desired force.

VI. CONCLUSION

This paper presents a novel approach to force control for
robotic friction stir welding. Instead of closing the force
control loop in cascade above the motion control, a parallel
structure and an admittance controller with inner velocity loop
were implemented and analyzed. To this end, an industrial
robot with an open control architecture was utilized, allowing
for comprehensive access to the robot controllers. A process
model of the critical plunge phase for the robotic friction
stir welding of polycarbonate workpieces was employed to
initially assess the efficacy of the implemented controllers in
a digital twin. It was demonstrated that the lack of band-
width of the state-of-the-art external force controller results
in inadequate and delayed reference tracking, which could
potentially lead to defects in the resulting weld seams. The
implemented admittance controller with an inner velocity loop
demonstrated a notable enhancement in bandwidth, which led
to enhanced reference tracking and a higher plunging speed.
The simulated findings were validated on the test bench,
exhibiting an increase in accuracy of 78 %.
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