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Abstract Friction stir welding (FSW) of non-linear joints
receives an increasing interest from several industrial sectors
like automotive, urban transport and aerospace. A force-
controlled robot is particularly suitable for welding complex
geometries in lightweight alloys. However, complex geome-
tries including three-dimensional joints, non-constant thick-
nesses and heat sinks such as clamps cause varying heat
dissipation in the welded product. This will lead to changes
in the process temperature and hence an unstable FSW pro-
cess with varying mechanical properties. Furthermore,
overheating can lead to a meltdown, causing the tool to sink
down into the workpiece. This paper describes a temperature
controller that modifies the spindle speed to maintain a con-
stant welding temperature. A newly developed temperature
measurement method is used which is able to measure the
average tool temperature without the need for thermocouples
inside the tool. The method is used to control both the plung-
ing and welding operation. The developments presented here
are applied to a robotic FSW system and can be directly
implemented in a production setting.

Keywords Frictionstirwelding - FSW - Temperature control -
Force control - Robotics - Process automation

1 Introduction

Friction stir welding (FSW) is a solid-state joining process,
particularly suitable for joining metals with low melting point
like aluminium. The process uses a non-consumable rotating
tool which is pushed into the material under high pressure.
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The combination of plastic deformation and friction generates
the required heat to soften the material. The tool mechanically
stirs the softened material, creating a high-quality welding
joint. The heat input into the material and the resulting
welding temperature can be controlled by adapting process
parameters like the down-force, rotational speed or welding
speed as shown in Fig. 1.

Since the introduction of FSW in the early 1990s [1], the
major part of FSW applications consists of straight joints,
performed by linear FSW machines or milling machines.
Initially, the process was only suitable for lightweight alloys,
but recent developments in tool materials make FSW of steel
[2] and nickel alloys [3] feasible. The obtained mechanical
properties with FSW are superior to most fusion welding
processes. The absence of filler material and shielding gas,
and the low energy input result in low operating costs for FSW
of lightweight alloys like aluminium. For steel, however, the
high wear of the tools still makes FSW significantly more
expensive than fusion welding [4].

The automation of the friction stir welding (FSW) process
and the online control of parameters is still a relatively small
part of the research in the area of FSW. However, several
researchers have demonstrated the necessity to control param-
eters during welding to maintain a stable process. If the
welding operation is performed by an industrial robot with
serial kinematics, there arise significant deflections in the
robot joints due to the high forces. This can cause the tool to
deviate several millimetres from the programmed joint line
[5]. To overcome the deviation problem in axial direction,
down-force control is recommended for a stable pressure of
the tool on the welding material [6—8]. Even the stiff parallel-
kinematics robots benefit from force-controlled FSW [9, 10].
Longhurst et al. presented an alternative to force control [11],
where the tool torque is measured and kept constant by
adapting the z-position of the tool. This approach shows good
results, but it is not discussed how the system behaves for
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Fig. 1 Principle drawing of the FSW process for overlap joints with
indication of the main parameters

tools with a diameter smaller than the used 18 mm. The torque
for smaller tools is much lower, and thus the torque changes
will be accordingly smaller. Davis recently developed a fuzzy
logic controller using the power input into the material as
control variable. This approach is based on previous research
which demonstrated a relation between the power and the
spindle speed and down-force [12].

This paper describes a force- and temperature-controlled
robot system for FSW. Temperature control is particularly
important for FSW of complex geometries with varying heat
dissipation. Several factors can influence the welding temper-
ature and accordingly the weld quality: workpiece geometry
and thickness, preheating, environment temperature, backing
material, clamping, tool wear, etc. The force-controlled robot
performs the FSW operation with a constant axial force by
adaptation of the robot's axial position. Because the material
hardness is temperature-dependent, a higher welding tempera-
ture will result in a softer workpiece. At a certain “critical”
temperature, the material becomes too soft and collapses under
the pressure of the tool. This effect is referred to as “meltdown”,
although the material collapses before the actual melting tem-
perature is reached. A meltdown leads to a severe welding
defect and possible tool or fixture damage. Especially in heat-
treatable alloys with high yield strength (e.g. the used AA
6082-T6), there is a steep decrease in the strength with increas-
ing temperature. This makes welding of these alloys in force-
controlled mode more challenging than non-heat-treatable
alloys.

There are still relatively few physical models that are able to
provide an accurate temperature profile under the FSW tool.
The available physical models have different initial conditions.
The early models assumed “sliding conditions”, where no
workpiece material sticks to the tool during rotation [13].
Later models did consider this effect, the so-called sticking
conditions [14]. The main problem is the estimation of the
friction coefficient between the tool and the workpiece. This
makes it hard to predict absolute temperatures. Therefore, the
model is usually mapped with measurements in a known loca-
tion during welding. The models cannot account for unexpected
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disturbances in the process, which highlights the relevance of
closed-loop temperature control.

The Swedish nuclear fuel and waste management company
(SKB) has successfully implemented a cascade temperature
controller for welding 50-mm-thick copper canisters which
are planned to contain and seal nuclear waste. Thermocouples
inside the welding tool are used for temperature measurement.
Temperature and torque are controlled by changing the spin-
dle speed [15]. The thick copper and slow welding speed is
associated with high time constants in both cascade loops.
This controller cannot be transferred directly to applications in
thin aluminium where the time constants are much smaller and
the torque is much lower. Smith and Schroeder presented an
approach for temperature control in robotic friction stir pro-
cessing [16]. The temperature measurements were fed back to
a proportional—integral-derivative (PID) controller, which
modified the axial force of the robot. A temperature controller
for thin materials was also demonstrated by Fehrenbacher
et al. [17]. The thermocouples used to measure the tempera-
ture were inserted in the tool, close to the shoulder surface, and
were able to measure temperature changes every 30° of tool
rotation. Although the method is very accurate, it requires
small holes, drilled in the tool, and the thermocouples have
to be inserted manually in every tool. This makes the method
less suitable for automated production.

The friction stir welding process is usually described in
four steps: plunging, dwelling, welding and retracting. During
plunging, the actuator performs a downward movement along
the tool axis, pressing the tool probe into the material. Once
the shoulder is in contact, there is a certain wait time to reach
the desired temperature (dwelling). Then the actuator starts the
forward movement along the joint line. As highlighted in the
work by Soron [7], the transition from the downward move-
ment during plunging to forward welding movement is diffi-
cult on machines with high compliance such as industrial
robots. Several approaches were investigated, each with their
drawback: the spindle motor torque can detect an increase in
torque when the shoulder comes in contact with the material.
For small welding tools, however, this torque peak is small
and hard to detect. Another approach is the virtual plunge
depth, corresponding to the pin length plus the expected
deflection of the robot. This is, however, highly depending
on the location and orientation of the welding tool. A third
approach is by monitoring the robot's linear speed during
plunging. This speed will decrease as the tool shoulder comes
in contact with the material, but for small-diameter tools, this
dip in speed is hard to detect. The use of temperature feed-
back, as described in this paper, makes the plunge operation
independent from the type of machine and the location of the
weld in the robot's workspace.

This paper presents the control of the plunge operation and
the welding temperature in robotic FSW by using a novel
temperature measurement method for FSW, suitable for
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automated production. This patent-pending method is based
on the thermoelectric effect between the tool and the work-
piece and makes the use of additional sensors inside the tool or
workpiece obsolete. Welds on complex geometries are com-
pared with and without controller, and it is shown that the
controller makes it possible to weld geometries which other-
wise could not be welded. The controller makes the robotic
FSW process more robust and thus more suitable in industrial
settings.

2 System architecture

The research on temperature control of FSW as described in
this paper makes use of the existing FSW robot facilities at the
Production Technology Centre in Trollhdttan, Sweden. The
robot system is described in Section 2.1. The system is
complemented with a measurement PC, a temperature mea-
surement system (Section 2.2) and a newly developed temper-
ature controller (Section 2.3). The controller communicates
with the robot system through a Profibus DP network.

2.1 Robot system

All the welding tests in this study were performed on an
ESAB Rosio FSW robot system, which is based on an ABB
IRB-7600 with 500-kg payload. The FSW robot has an em-
bedded force sensor for direct force control (Fig. 2). The robot
can deliver a maximum force of 15 kN in a limited area of the
workspace. The robot features and the force control strategy
are further discussed in [7]. The FSW tool rotation is driven by
an electric servo motor which can deliver up to a 45-Nm torque
and at 4,500 rpm. With the current gearbox configuration, the
maximal spindle speed is limited to 1,800 rpm. The servo drive
has a Profibus DP (slave) interface which gives access to the
servo parameters. The robot controller has a Profibus DP
Master interface for communication with the servo drive and
the measurement PC.

Fig. 2 The FSW robot with the welding setup

2.2 Data acquisition and measurement system

The complete control scheme for the used FSW robot system
is shown in Fig. 3. The existing robot system contains the
standard ABB robot (orange), force control (blue) and the
spindle (purple). This is complemented with the temperature
control system (red). The communication between individual
components can be analogue (red arrow), Profibus (green
arrow) or internal signals (black arrow).

The force control is handled internally by the ABB robot
controller. The desired force can be set in the robot program or
on the teach pendent, using the ESAB Rosio human—machine
interface. The force data can be read by the measurement PC
through the Profibus DP communication network. Outside the
robot system, the force data is only used for data logging.

The temperature is measured from the thermoelectric signal
between the tool and the workpiece. This tool-workpiece
thermocouple (TWT) method provides accurate measure-
ments of the tool temperature under the tool shoulder, close
to edge of the tool [18]. The principle is explained by means of
Fig. 4: The hot welding interface (A) is a connection between
the steel welding tool and the aluminium workpiece. The
different thermoelectric properties in both materials will in-
duce different thermoelectric potentials between the cold junc-
tions in the tool and the workpiece (B and C, respectively).
The induced voltage difference at the cold junctions is related
to the welding temperature by the thermoelectric coefficient.
This coefficient is identified during calibration of the TWT, by
heating the tool-workpiece interface and measuring the ratio
of the voltage (D) and the corresponding temperature differ-
ence. The temperature in (A) can be found by other measure-
ment devices such as a thermocouple.

To prove the accuracy of the TWT method, the measure-
ments are compared with type K thermocouples, connected
to a National Instruments (NI) 9213 thermocouple input
module with 16 channels. Temperature can be measured
at 75 Hz per channel. The temperature measurements are
transferred via USB 2.0 to the NI LabVIEW software on the
measurement PC. This software combines a graphical user
interface (GUI) with a drag-and-drop-type programming
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Fig. 3 Control scheme for the ESAB Rosio system. The red boxes
involve the newly developed temperature control

ESAB! ABB
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Fig. 4 Setup for calibration of the temperature measurement method

language. The temperature controller box, shown in Fig. 3,
includes the following:

—  GUI for changing control parameters and for supervision
of the I/O signals; temperature and spindle speed

—  Software PID controller, generating a set value for the
spindle speed, based on the temperature error

—  Profibus slave which sends the desired spindle speed to
the robot control system and reads the current spindle
speed

2.3 Control structure

The selection of control parameter was based on an earlier
research [15] where a Box—Behnken response surface exper-
iment was performed, and the rotational speed was shown to
be the most influencing parameter. This study was for FSW of
50-mm-thick copper on a custom-built machine. A major
difference between typical FSW machines and the robotic
approach is the possibility to measure and control the axial
force online. The risk of meltdown is not present in the rigid
position-controlled machines because the machine deflections
are negligible. Another difference is related to material thick-
ness and tool dimension where workpieces in rigid machines
in general have a uniform shape, while robotic FSW provides
for great variation in such properties. For tools with a large-
diameter shoulder, there are major variations in spindle torque
with varying temperature [15], due to the large contact area
between the tool and workpiece. This is obviously much
smaller for the small-diameter tools, and torque is therefore
less suitable as control parameter.

In general, the choice for a robot to perform FSW is related
to more complex geometries such as 2D and 3D joints, which
are usually more difficult to weld than straight joints. The
temperature measurement method used in this paper can pro-
vide experimental knowledge on the tool temperature during
plunging and hence improve the initiation phase of robotic
FSW. The tool temperature and the plunge time for different
parameter settings was measured and analysed. For the actual
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controller development, the step response was analysed, cor-
responding to a disturbance during the steady-state welding
operation. From the step responses, a first-order process ap-
proximation was calculated and used for determining a first
set of control parameters.

A typical PI controller is chosen for control. The D-action
is not included for two reasons: first, the welding process can
be considered “slow”, and second, the temperature measure-
ments are subject to noise, which could cause instability of the
controller.

Since a first-order model and PI control have shown to
improve the process behaviour significantly, this paper leaves
more advanced models and control schemes to future work.

3 Experimental setup

All the welding experiments were bead-on-plate welds in the
commonly used aluminium alloy AA 6082-T6. The standard
specimens were 3 mm thick, 700 mm long and 100 mm wide.
To test the controller, some plates were water-cut into special
shapes as shown in Figs. 2 and 5. Narrowed zones cause a
reduction of the heat dissipation and, accordingly, an increas-
ing welding temperature for uncontrolled welds (i.e. with
constant welding speed). The different geometries are welded
with and without temperature controller and compared.

4 Results
4.1 Temperature analysis of the plunge operation

The TWT method as described in Section 2.2 is one of the few
methods that can provide temperature information from the
whole plunging operation, i.e. the moment the tool probe
touches the surface until the shoulder is in contact. The tem-
perature response is recorded for different plunge force

Fig. 5 Different workpiece geometries for testing the temperature con-
troller (referred to as linear, step and sinusoidal shape)
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settings, from 3,000 to 9,000 N, each with a low and high
spindle speed (800 and 1,500 rpm). The time to reach the set
plunge temperature of 390 °C, the “plunge time”, is measured
for each parameter set as shown in Fig. 6. The fastest plunge
operation takes 1.7 s at 9,000 N and 1,500 rpm.

Two temperature recordings are analysed in detail (Fig. 7):
one at 6,000 N (green) and one at 8,000 N of axial force (blue),
both with a 1,500-rpm spindle speed. When the probe comes
in contact with the material, the contact area is small, and
accordingly, the heat generation is low. When the shoulder
comes in contact with the workpiece, the TWT temperature is
320 °C for the 6,000-N weld (Fig. 8(B)). The temperature of
the 8,000-N weld is about 50 °C less (Fig. 7(A)). The material
in the latter is less softened, and the workpiece shows more
mechanical deformation with this more “aggressive” plunge
force.

A temperature dip is observed when the cold shoulder
touches the workpiece material. This is due to the type of
temperature measurement method, which measures a temper-
ature close to the lowest temperature at the tool-workpiece
interface. The heat generation rate increases significantly once
the shoulder is in contact, due to the larger contact area, and
the temperature increases quickly. The transition from plunge
to welding movement is triggered automatically through the
temperature controller. As soon as the desired plunge temper-
ature is reached, the controller will send a command to the
robot to initiate the actual welding operation. Once the robot
starts the forward welding movement, the temperature
stabilises around the set temperature of 420 °C.

The force can be increased even further (above 8,000 N),
but this increases the risk of probe fracture, deformation of the
workpiece and over-plunging, causing excessive flash (see
insert in Fig. 6).

The same experiment is performed on an existing FSW
joint line. The pre-welded material has partially lost its hard-
ness that was obtained from the T6 heat treatment. The tool
could penetrate easier into the material, and the plunge oper-
ation took less time. This also means that, when the tool
penetrates or crosses a previously welded joint, there will be
a greater risk of a meltdown.

-
o N oL

Plunge time [s]

[T I S - - -]

0 2 4 6 8 10
Plunge Force [kN]

Fig. 6 The plunge time decreases with increasing plunge force. The top
right insert shows the excessive flash during plunging with 8,000 N of force
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Fig. 7 Plunge time and temperature for two different force parameter
settings

4.2 System identification and controller design

The temperature and force controllers are considered
decoupled. The temperature controller controls the spindle
speed and the force controller the axial position. In order to
tune the temperature PI controller, a first-order process model
was acquired through step responses from a step in spindle
speed to measured temperature at a steady-state welding pro-
cess. The measured disturbance and a first-order approxima-
tion are calculated as shown in Fig. 8.

The transfer function (G,) of the first-order process
approximation is deduced from the temperature signal in
Fig. 8. The controller will communicate with the robot
control system, using the ABB RAPID language. The
sampling frequency of the temperature is limited by the
iteration speed of the robot program. The loop time for the
temperature controller is set to 5 Hz. This is considered the
main delay in the process, and therefore the dead time is set
equal to one period (0.2 s) of sampling." The green curve
indicates the approximated process transfer function, according
to the following:

K, 384

p TdS

—0.2s
S 1
1+085s ¢ (1)

@) =T,

with [K,] =€ and [1]=s. The controller is optimised
using the Bode diagram technique and following a common
PI-tuning method [19]. The optimisation is made in MATLAB
Control System Toolbox, and the non-linear dead time is
approximated using a Padé approximation. The controller
formulation is according to the following:

l —+ T,' S
Gpr :Ki'T (2)

! Qutside the equations, seconds are abbreviated “s”. Within the equa-
tions, the letter “‘s” refers to the parameter of the Laplace transformation.
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Fig.8 Response of the temperature to a spindle speed step variation from
1,000 to 1,500 rpm

The phase angle of the controller at the cross-over frequen-
cy can be written as follows:

LGpy(jw) = 180° + ¢m_LGp(jwc) 3)

With the chosen optimisation criterion, the phase margin
@, 18 chosen to 45°, and the cross-over frequency is chosen to
w.=0.41'wg150 , Where wg1so is the frequency corresponding
to a phase angle of the transfer function of -150°. The PI-
controller parameters can then be calculated as follows:

1

e vy Er ) 0.47 (4)

We

K = — 60.6 (5)
’G(j% A1+ (wer To)?

Once the controller parameters are identified, the PI-
controller transfer function can be written as follows:

Gpi(s) = K;- (%) = 60.6- (%) (6)

This transfer function is used, in the above notation, as PI
controller in the LabVIEW software.

4.3 Comparison of the TWT and type K thermocouples

In an attempt to compare the TWT measurements with
standardised thermocouples, small holes were drilled in a 3-
mm aluminium workpiece along the joint line. Thermocouples
were inserted from the bottom of the plate. Two weld runs
were made along the joint line to cut off the tops of the
thermocouples and to bring the material to a post-welded state,
i.e. reducing the effect of the T6 hardening. This caused that
the following runs over the same plate were measured in the
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same location and with very similar material properties, which
makes them comparable. Then six samples with three different
rotational speeds were welded and compared to the TWT
measurements. The three set TWT temperatures (370, 390
and 410 °C) are compared to the corresponding peak temper-
atures at the thermocouples. The results are shown in Fig. 9.

The temperatures measured by thermocouples TC 2, TC 3
and TC 4 are equal within a tolerance of 5 °C; only TC 1
shows lower values but is consistent with the others. This is
caused by the slight off-centre positioning of the thermocou-
ple TC 1.

The TWT measurements correspond to the temperature
close to the edge of tool shoulder, while the thermocouples
correspond to the temperature at the tip of the tool probe.
Therefore, the values of the measurements should not be
compared directly, but temperature differences from the set
point are considered instead. The peak temperatures at TC 2
are chosen for comparison with the TWT.

The peak temperatures, measured by TC 2 are 342, 375 and
415 °C for the three set points. This means that a change in the
set point of the controller by 20° will cause a significantly
higher difference at the tip of the probe. Despite the smaller
TWT temperature changes, the measurement method behaves
in a similar way as the thermocouple measured temperature
and is considered to be suitable for control purpose.

4.4 Testing the controller performance

To simulate a disturbance in the heat distribution, a plate was
manufactured where the width decreased from 100 to 20 mm
(step-shaped plate in Fig. 5). The heat dissipation is limited in
the narrow zone, causing the temperature to increase. The
welds with and without controller are shown in Fig. 10.

420
WM
400 -
5 380
e
[} ——y
5
£ 360
:
T—
L -~ —TWT-370°C
—TC370°C
[ TWT-390°C
320 —TC3%0°C
—TWI-410°C
—TC-410°C |
300 —
45 55 65 75 85

Time [s]

Fig. 9 Temperature measurements of the four thermocouples inside the
workpiece (single spot measurement) and the TWT method (continuous
measurement)
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Uncontrolled

Temperature-controlled

Fig. 10 The step-shaped workpieces. Uncontrolled welding results in a
meltdown of the tool. With the temperature controller enabled, the narrow
zone is successfully passed

The temperature measurements shown in Fig. 11 corre-
spond to the welds in Fig. 10 with (red) and without (green)
temperature controller.

During the uncompensated weld, the process stabilised at
424 °C in the standard plate width. The temperature quickly
increased when the tool approaches the narrow zone and the
tool started to melt down into the material around 433 °C. The
process had to be aborted at 443 °C, after 55 s, to prevent a
further meltdown.

The temperature of the controlled weld was deliberately set
to create a “hot weld”, just below the critical temperature, i.e.
to 432 °C, to prove the precision of the controller. The con-
troller successfully passed the narrow zone, with a slight
increase in flash formation in the narrow zone.

The controller was also tested on a sinusoidally shaped
workpiece, causing constantly varying heat dissipation in the

Fig. 11 Temperature signal for 460

the step-shaped workpiece with
and without controller. The blue
graph shows the spindle speed 450
for the controlled weld
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Fig. 12 Temperature signal for the sinusoidal shaped workpiece without
controller. The geometrical shape of the workpiece (top ) is mapped with the
time plot to indicate the locations corresponding to the temperature peaks

material and thus influencing the temperature. The uncontrolled
weld (Fig. 12) showed temperature increases of around 10 °C
for each narrow passing. With the controller enabled, the spin-
dle speed decreased with up to 150 rpm in the narrow passing,
in order to maintain a constant temperature (Fig. 13).

5 Discussion

The adopted TWT temperature measurement method is easy
to implement and shows accurate temperature measurements.
These can be used for controlling the plunge operation, con-
trolling the welding operation or just supervision during
welding. The plunge time can be significantly reduced by
applying a higher tool force and to a lesser extent by increas-
ing the rotational speed. The required plunge force for a
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Fig. 13 The controlled spindle speed and the resulting welding temper-
ature for the sinusoidal shaped workpiece

certain material is mainly depending on the material hardness,
which relates to the basic definition of hardness—*“the resis-
tance of a material to plastic deformation, due to a load from a
sharp object” [20]—in this case, the FSW tool.

Although the plunge time could be reduced significantly
when the force was increased to 9,000 N, this could not be
desirable in a production environment for different reasons:
The weld might be applied on thin walls or close to an edge,
which could damage or deform the complete product. A high
plunge force will also reduce the tool life. Only for many short
welds that optimisation of the plunge speed could be beneficial.

The transition from plunging to welding was previously
based on the tool position, using a plunge depth parameter.
This parameter is, however, hard to identify due to robot
deflections, which are depending on the force and the position
and orientation in the robot's workspace. Given products with
complex geometries, this can result in a trial-and-error ap-
proach. With the temperature-based method presented in this

s

Fig. 14 Industrial application of robotic FSW. The temperature control-
ler can reduce programming time and increase the robustness of the
process. ©OSAPA
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work, the plunge temperature can be equal to the chosen
welding temperature and is independent of location, force or
workpiece geometry. Furthermore, it makes the dwell time
parameter obsolete as the plunge operation continues until the
desired temperature is reached.

Industrial applications such as the product in Fig. 14 can
benefit from the presented controller in different ways: The
programming time can be reduced because the spindle speed
changes continuously and does not need to be programmed
between each move instruction of the robot path. The process
also becomes less sensitive to variations in material thickness.
Furthermore, if the ambient conditions change (e.g. due to
cold tools and fixtures after production stops), the controller
will automatically increase the spindle speed to adapt to these
variations.

6 Conclusions

Temperature feedback from the novel TWT measurement
method is used for controlling different aspects of the FSW
process, during the plunging and the welding operation.

A temperature controller is successfully implemented on a
force-controlled FSW robot. The spindle speed is used as
control parameter for a PI controller.

Non-constant heat dissipation is obtained by welding dif-
ferent workpiece geometries. The controller is able to main-
tain a constant temperature within 10 °C of the requested
temperature. The temperature profile during plunging is
analysed, and the plunge time is measured for different pa-
rameters. Increasing the plunge force can significantly reduce
the plunge time, but also causes a lower temperature when the
tool shoulder hits the workpiece. This results in more defor-
mation of the workpiece. The transition from plunging to
welding movement is initiated when the measured tempera-
ture reaches the chosen welding temperature.

The temperature controller allowed welding of workpiece
with highly varying geometries and narrow sections with a
width of only twice the shoulder diameter.



Int J Adv Manuf Technol (2014) 70:375-383

383

The temperature differences, measured with the
presented TWT method correspond well with thermocouple
measurements but are consistently smaller. This is, howev-
er, not a problem for maintaining a stable process with
constant temperature, which was the aim of the conducted
research.

The presented process model and temperature controller
were shown to be accurate enough for the performed ex-
periments. As complexity of the weld path and welding
speeds increase, there might be a need for a higher-order
process approximation and a different controller type.
These limitations of the controller are subject to further
study.

The presented work uses the spindle speed as parameter to
control the heat input during FSW. There are, however, limits
to the maximal and minimal rpm to guarantee a successful
weld. A strategy to allow more flexibility in the parameter
settings is shown in Fig. 15. The operator decides the bound-
aries of the spindle speed and a suitable axial force. If the
controller output approaches the lower boundary of the pro-
cess window (in the experiment of Fig. 13, the lower bound-
ary is set to 800 rpm), another parameter will be modified—
the axial force. This will be introduced as the phase 2 control-
ler. The axial force will be reduced when the temperature is
too high at the lower rpm limit and increased when the
temperature is too low at the upper rpm limit. This is not a
full cascade controller as there is no closed-loop force feed-
back to the temperature controller. From a production perspec-
tive, this strategy is beneficial as it does not require an oper-
ator who is highly experienced with the FSW process to create
a working set of parameters. Furthermore, it could significant-
ly reduce the time to find optimal FSW parameters for a
specific application.

In order to increase the system performance, the spindle
speed could be sent directly to the servo drive, avoiding
data forwarding through ABB's RAPID programming
language.

Similar temperature measurement systems for classic FSW
machines have been developed, as described in Section 1.
Experiments with the same FSW tools and parameters on
the same specimens could provide a better understanding on
how these temperature measurements relate to, e.g. thermo-
couple measurements.
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