Article

A Holistic, Model-Predictive Process Control for Friction Stir
Welding Processes Including a 1D FDM Multi-Layer
Temperature Distribution Model

Stefan P. Meyer * (), Sebastian Fuderer and Michael F. Zaeh

check for

updates
Citation: Meyer, S.P; Fuderer, S.;
Zaeh, ML.F. A Holistic, Model-
Predictive Process Control for
Friction Stir Welding Processes
including a 1D FDM Multi-Layer
Temperature Distribution Model.
Metals 2021, 11, 502. https://
doi.org/10.3390/met11030502

Academic Editor: Hoon-Hwe Cho

Received: 23 February 2021
Accepted: 13 March 2021
Published: 18 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute for Machine Tools and Industrial Management, Technical University of Munich, Boltzmannstr. 15,
85748 Garching, Germany; Sebastian.Fuderer@tum.de (S.F.); michael.zaeh@iwb.tum.de (M.E.Z.)
* Correspondence: stefan.meyer@iwb.tum.de; Tel.: +49-(0)89-289-15548

Abstract: Friction press joining is an innovative joining process for bonding plastics and metals
without additives in an overlap configuration. This paper presents for the first time a model-based
approach for designing a multi-variable model predictive control (MPC) for friction press joining.
For system modeling, a differential equation based on the heat flows was proposed and modeled
as a torque-dependent function. With this model, it is possible to consider cross-effects between
the axial force and the friction zone temperature. With this theoretical approach, adaptive model-
predictive process control was implemented and validated for different material combinations (EN
AW-6082-T6; EN AW-2024-T3; PE-HD; PA6-GF30; PPS-CF). It could be shown that the MPC has
excellent control accuracy even when model uncertainties are introduced. Based on these findings, a
1D Finite Differential Method multi-layer model was developed to calculate the temperature in the
plastic component, which is not measurable in situ (r = 0.93). These investigations demonstrate the
high potential of the multi-variable MPC for plastic-metal direct joining.

Keywords: polymer-metal joining; model predictive control; friction stir welding; friction lap weld-
ing; system identification; finite difference method; heat conduction; multi-layer system

1. Introduction

Lightweight design is and has always been a key technology in civil aviation. Conse-
quently, high-strength aluminum [1] and (fiber-reinforced) plastics are increasingly used in
today’s aircraft models. Joining technology, in particular, is of crucial importance when
bonding these dissimilar materials. Friction press joining (FPJ) has proven to be a promis-
ing technology for joining thermoplastics and metals [2]. To ensure the high and constant
quality of the bond when using this joining technology, process control is indispensable.

For this reason, Meyer et al. [3] dealt with a force-controlled process for FPJ. They
demonstrated the potential of the optimal control concept by using a model predictive
control (MPC) approach as an example. According to Taysom et al. [4], this approach has
enormous potential, especially as a multi-variable control, but has never been proven. For
this reason, the MPC force control of Meyer et al. [3] will be extended by a temperature con-
trol, and possible interactions will be considered to guarantee a holistic, model-predictive,
multi-variable control for FPJ. To this end, an MPC-based temperature control system is to
be set up, and a model for calculating the temperature distribution in multi-layer systems
is to be designed.

2. State of the Art
2.1. Friction Press Joining for Plastic-Metal Direct Joining

Friction press joining, also known as friction lap welding (FLW), is a joining technology
based on friction stir welding (FSW) to join plastic components to metal sheets. The process
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is divided into two steps: The preliminary surface pretreatment and the actual joining
process (see Figure 1).
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Figure 1. The friction press joining process with its forces and temperatures during the process
(based on [5]).

The surface pretreatment has a considerable impact on the subsequent mechanical
strength of the bond and the occurring adhesion mechanisms in the joint. Mechanical
processes, such as grinding [6], sandblasting [7], or pre-drilling [8], as well as chemical [9]
and optical [5,10-12] methods were studied as methods for the pretreatment. In this context,
laser-based methods demonstrated both economic and technological advantages [5,12].
However, it was shown that, although surface pretreatment has a significant influence on
the subsequent strength, the occurring temperatures and forces in the process cannot be
disregarded when aiming at a high-strength joint [5].

Alongside the experiments concerning the surface pretreatment, Wirth et al. [10] also
analyzed the joining process itself. The authors observed that the axial force applied by the
tool, the rotational speed of the tool, and the feed rate are decisive parameters influencing
the strength of the bond. Liu et al. [13] further identified the relationship of the tool’s
rotational speed and feed rate to the resulting melt layer thickness in the plastic-metal bond.
Meyer et al. [5] showed that, due to tolerances of the tool or the workpiece, the occurring
temperatures and forces are not constant during the joining process. Furthermore, the
measured temperature Tr (between the tool and the aluminum surface) differs significantly
from the temperature in the plastic (T}). Since this temperature T} considerably affects the
bond strength [2], the authors suggest a model-based temperature control. Finally, they
postulated that the control of the forces and temperatures in the process is advantageous
regarding the constant quality of the bond.

In summary, to ensure a high-quality connection, the axial force and the in situ unmea-
surable joining zone temperature T; should be controlled during the process. In the following
section, we will discuss the previous findings on the closed-loop control of these parameters.

2.2. Force and Temperature Control Approaches for Joining Processes

Thus far, there is limited research in the field of control engineering for the FPJ process.
Hence, the state of the art presented in the following includes FPJ and the related FSW process.

Gebhard and Zaeh [14] designed a proportional controller (P controller) for FSW of
aluminum alloys on a Heller MCH 250 CNC milling machine, identical to the machine
used for the experiments presented in this paper. The authors used the correlation between
the spindle current (Is) and the axial force (F;) to adjust the tool’s plunge depth during
the process. The controller was implemented directly in the G-code of the NC program as
a synchronous action, whereby the motion in the z-direction was superimposed with the
calculated manipulated value. With this simple control, it was possible to keep the contact
pressure constant. However, due to the nonlinear correlation between the current and the
axial force, it was found that the control is only reliable above an axial force of 3500 N [3,14].

Besides the plunge depth, Longhurst et al. [15] investigated the effect of the rotational
speed (1) and the feed rate (v) on the contact force. PID controllers were designed using the
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method of Ziegler and Nichols [16]. The authors discovered that the highest control quality
can be achieved with the control variables rotational speed and feed rate. However, the
researchers argued that only the plunge depth as a manipulated variable could compensate
for the unevenness of the workpiece.

While previous studies designed the controllers without a system model,
Zhao et al. [17,18] used a model-based approach to configure and simulate the con-
troller’s performance. For that purpose, they parameterized a transfer function (with two
poles and one zero, plus a pure dead-time element), which allowed a closed-loop control
to be designed offline. This approach enabled control algorithms to be validated and tested
in advance for the first time.

This model-based approach was used by Davis et al. [19] and Zhao et al. [20] to
design optimized control concepts (an observer-based adaptive robust control (ARC) and a
linear-quadratic regulator (LQR)). Both approaches use the plunge depth as a manipulated
variable to adjust the contact force, whereby Davis et al. [19] modeled the force based on
the spindle current according to Gebhard and Zaeh [14]. Both studies showed that optimal
control concepts are advantageous for FSW, as long as there is sufficient computing capacity
to calculate the models in real time.

Based on the FSW system model of Zhao et al. [17,18], Meyer et al. [3] designed a
system model for the FPJ] process with aluminum and PE-HD (polyethylene with high-
density). Relying on this system model, the authors designed an MPC controller to regulate
the axial force via the plunge depth. They showed that the developed system model can be
transferred to other aluminum alloys and thermoplastic materials. They also showed that
the designed MPC controller has advantages compared to conventional control approaches
(P controller, PI controller, Smith predictor), especially in terms of model uncertainties
and extended parameter settings (higher rotational speeds and feed rates). However, the
scientists postulated that the MPC approach is particularly advantageous for a multi-
variable system and suggested extending this concept by temperature control.

For FSW, Fehrenbacher et al. [21] demonstrated the advantages of multi-variable
control of the temperature (via the rotational speed) and the contact force (via the plunge
depth). The authors showed that the transfer function heavily depends on the workpiece
temperature and workpiece geometry. They showed that the amount of energy input is
not in linear relation to the measured temperature, deducing that the developed transfer
function is only valid for specific temperature ranges (and thus geometries). They also
showed that accurate temperature detection is essential for the regulation of the process. In
initial studies, a pyrometer-based measurement was used. A 0-D heat conduction model
recalculated this surface temperature into a welding temperature [22]. In subsequent
investigations, the scientists used thermocouples integrated into the tool to improve the
temperature measurement [23,24].

To compensate for the temperature-dependent transfer function described by Fehren-
bacher et al. [21], Bachmann and Zaeh [25] used a Gain-Scheduling-PI-controller. Within
this method, the PI controller parameters were selected from an internally stored look-up
table, based on the actual process parameters (e.g., the process temperature and the feed
rate). Although the results were promising, it appeared that the transferability of the
control is limited. For example, the control parameters’ temperature level, feed rate, and
material must be determined and stored anew for each new welding task. To compensate
for these disadvantages, Bachmann et al. [25] set up a semi-analytical process model to map
the heat flux in the FSW process. With this approach, the authors developed a parametrized
L1-adaptive controller. This approach also allowed a transfer to different tool diameters.

Taysom et al. [4,26] investigated an MPC based on a first-order semi-analytical heat
conduction model to calculate the heat flow in the FSW process. The rotational speed was
used as a manipulated variable. The authors compared the designed MPC controller with
a PID controller—configured with a focus on stability—and demonstrated that the latter
has advantages regarding nominal temperature changes. However, the designed MPC
controller has benefits when changing the feed rate. In summary, the MPC control shows
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comparable, not necessarily better, results in the control accuracy than PID controllers.
Nevertheless, the authors postulated that the MPC would be beneficial in the case of a multi-
input-multi-output (MIMO) system, enhanced models, and more precise measurement
data [4].

2.3. Model Predictive Control

Within this section, we will briefly introduce the principle of MPC. Knowledge about
this principle is a prerequisite for understanding the results presented in this paper.

Compared to a standard controller, the MPC controller consists of two components: an
optimizer and a system model (also named process model) (see Figure 2) [27]. The system
is sampled at time k and the state is passed on to the system model as the current state.
Subsequently, the optimizer and the system model interact to determine an optimal control
variable based on a cost function. The optimization is performed until an abort criterion is
fulfilled. This abort criterion is limited in time. For example, the optimization is stopped
after a certain number of optimization steps. A defined interval (prediction horizon) is
pre-calculated by this operation. Once the optimization has been completed, the first value
of the calculated manipulated variable of the time step k + 1 is passed on to the system,
and the current state of the system is re-sampled (principle of the sliding horizon). [27]
Due to this procedure, it is possible to compensate for and counteract disturbances.

inal ! | System
Nommal} O Optimizer l System Y
value _ | output
3 System model f Measuring unit

Figure 2. Closed-loop control system with an MPC controller, including an optimizer and a pro-
cess model.

Within the optimizer, restrictions of the control variables and individual weightings of
system states can be set. This optimization problem shall be considered only partially in this
publication and only encompasses manipulated variable restrictions (like the maximum
rotational speed). The focus of this paper is the mathematical description of the system
model. Based on an extended version of the analytical approach of Taysom et al. [26],
a power balance equation for FPJ] was developed and used as the framework for the
MIMO-MPC control.

3. Materials and Experimental Setup
3.1. Materials

The control approach researched in this study was designed based on the combination
of PE-HD and EN AW-6082-Té.

The high-density polyethylene (SPolytec GmbH, Goch, Germany) [28], is a non-polar
standard plastic used in various applications, for example, as micro-granules for additive
manufacturing [29,30], in injection molding [31], and for FP] [5,32]. The thickness of the
sheet material was 5mm. The aluminum alloy EN AW-6082-T6 (Gemmel Metalle & Co.
GmbH, Berlin, Germany) [33] with a thickness of 3 mm, is a standard alloy used in many
applications with plastic-metal direct bonds [10,34].

In order to verify the transferability of the findings, we conducted validation tests
with the material combinations PA6-GF30 with EN AW-6082-T6 and PPS-CF with EN
AW-2024-T3, according to a previous study [3].

The PA6-GF30 (Ensinger GmbH, Nufringen, Germany, trade name TECAMID 6 GF30
black) [35] is a plastic sheet with a thickness of 5mm. The carbon-fiber-reinforced (wt 43%)
PPS (TenCate Advanced Composites B.V., Nijverda, the Netherlands, trade name CFK
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Cetex TC1100) [36] is a high-temperature-resistant semi-crystalline thermoplastic used
in many high-end applications [37,38]. The thickness was 2.17 mm. The last-mentioned
plastic was joined with an aluminum sheet made of EN AW-2024-T3 alloy with a thickness
of 2mm (Batz+Burgel GmbH & Co. KG, Friedberg, Germany) [39].

The mechanical properties and chemical consumptions of the materials can be found
in Appendix A.

3.2. Experimental Setup

All experiments were performed on a Heller MCH 250 CNC machining center (Ge-
briider Heller GmbH, Niirtingen, Germany). The machining center was equipped with the
force control specified in [3]. To detect the force F;, a dynamometer was placed between
the tool and spindle (see Figure 3a). The temperature was measured via a thermocouple
placed inside the tool (diameter of 25 mm) (see Figure 3b). The temperature data were
transmitted via a temperature measurement system (TMS) and WLAN at 220 Hz. More
detailed information on the TMS can be found in [40]. The processing of the data and the
control logic were implemented in Simulink (MATLAB 2019b, MathWorks, Natick, MA,
USA) and applied to the real-time computer dSpace MicroLabBox (dSpace, Paderborn,
Germany) as a C code. The signal processing of the real-time computer was performed at
10kHz.

o~ SINUMERIK 840D sl
Dri
Host-PC controller
NC-System
‘Real—time systen‘} » PLC-System
! -
Receiver
E||M ‘T/ — Workspace
H ™S Rotor
Work I
piece ; . ﬂ [ Thermo-
.\ — couple
i Stator &
N
> 6.25 mm
(a) System setup (b) FPJ-tool

Figure 3. [llustration of the system setup for the implementation of the force and the temperature
control (a), and a cross section of the used tool with inserted thermocouple at 6.25mm from the
center (b).

The plunge depth was chosen as the manipulated variable for the force control. The
temperature was regulated by adjusting the rotational speed.

4. System Identification
4.1. System Model

To characterize the system behavior, the approach of Taysom et al. [26] was used. This
differential equation specifies the temperature generation based on the energy input by the
rotation of the tool (Q fric), the outgoing heat fluxes by conduction from the stir zone to the
backing plate and the surrounding material (Q.,,4), and the energy balance for the feed
rate movement of the tool (Q,4,) (see Figure 4):
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dT
TTtF = eric + Qcond T Qudo @

with T as a time constant. A more detailed description regarding the deduction is given
in [26].

Friction zone

Material in the surroundings
T=Tr

of the friction zone T = Tj,

Boundary of the metal sheet

Material behind the Steel T = Tay

friction zone T = Tf

Figure 4. Different thermal areas of the simplified thermal system.

Qfric is calculated based on the generated power of the tool and is obtained by the
detected torque (M) (see Figure 3) and the rotational speed of the tool (n):

eriC:P:M%. (2)

Qcong indicates the heat conduction between the friction zone and the underlying
support (steel) plus the surrounding material. The area directly behind the tool is excluded.
It is assumed that this area has the same temperature as the friction zone. Additionally,
due to the tool’s proximity to the metallic joining partner’s edge, the heat-affected zone
cannot be completely formed. This circumstance is included in the equation with the last
term. Since the heat conduction through the tool is low in the quasi-static state, it can be
summarized with the other terms:

Qcond = MA1(Tin — Tr) + h2Ap(Teo — Tr) + h3A3(Teo — Tiyy). 3)

In this equation, A represents the area over which heat is conducted with the heat
transfer coefficient &1y between the friction zone and the underlying plastic component. For
the conduction between the friction zone and the backing plate, the parameters A, and hy
are used. The parameters A3 and h3 describe the not completely formed heat-affected zone.

The feed rate (v) passes material with a lower temperature into the friction zone. We
assume that the material exiting the friction zone has the same temperature as the friction
zone. With the material mass flow depending on the area of the friction zone (Ar), the
density (p) of the material, and the feed rate (v), the term is as follows [26]:

Qudo = UAFPCP(Tin - TF)- (4)

The material in the vicinity of the friction zone is heated by heat conduction to the
temperature Tj,,. This temperature influences the heat conduction away from the friction
zone and the energy dissipated by the mass flow. A rising in temperature Tr causes an
increase in heat flux in a semi-static condition and thus a rise of T;,. The feed rate also
influences the incoming temperature T;,,. With higher feed rates, the energy introduced
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T—

ATy
dt

into the region becomes lower, and Tj, decreases. This linear relationship, proven in [5],
can be described by the following equation:

Tin:TF_Q'U/ (5)
with g as a gradient coefficient [26].

By integrating Equations (2)—(4) into Equation (1), replacing T, with Equation (5), and
weighting them with the factors 4, b, and c, we obtain:

=aP + b A1(Ty — Tr) + 1o A2(Teo — Tr) + h3A3(Teo — Tiy)] + CUAF‘OCP(TZ'” — Tf) (6)

Since neither the areas nor the weighting factors are straightforward to determine, we
summarize them along with the material parameters resulting in the factors cy, c, ¢3, and c4:

_ dTr _aP+cov+ C3U2 +c1Too — TF

Tr = T po ()
with
_ a _ q(m A1+ h3As3) _ cAppcpq
=, 0= -7, B=77—F————, 8)
b(hy Ay + h3A3) (hp Ay + h3A3z) b(hy Ay + h3A3)
cg=1,and T =mcp. 9)

Although ¢4 takes the value 1 according to the model, this parameter is used in the
following parameterization to counteract model inaccuracies.

Following [5,26], some simplifying assumptions were made to deduce this model. First
of all, it was assumed that the heat distribution within the individual zones is isothermal,
i.e., the temperature gradient is zero. In addition to this, we assumed that the backing plate,
due to its large thermal mass, has a constant temperature of 22 °C (room temperature). This
assumption is valid because of the plastic component acting as an insulating material in the
FPJ process. In addition, the temperature was measured during the experiments, showing
no increase in temperature. Furthermore, the aluminum-plastic composite is considered as
a single unit in this assumption. Another hypothesis is that the temperature measured at
the front of the tool face represents the entire joining area. Since the thermocouple location
represents an average temperature (no extreme point), this assumption is certainly valid
(see Figure 3b).

4.2. Parametrization of the System Model

To compensate for the model inaccuracies and the described simplifications, the
model parameters were determined experimentally. Therefore, a system identification was
performed based on the system Equation (7).

For this purpose, step responses of the excited system were logged. A step change of
the input power, caused by a change of the rotational speed (following [3]), served as the
excitation. This change was performed during the joining process while keeping the other
process parameters constant (tilt angle, nominal axial force). Two changes were performed
per test. During the first change, the rotational speed was increased; the second change
reduced the rotational speed (and thus the applied power). With an increased rotational
speed, the input power increases abruptly but declines after a couple of seconds due to the
increased temperature. This increased temperature causes a softening of the workpiece
material, reducing friction between the tool and the workpiece. This effect reduces the
torque, the power decreases, and the temperature drops, creating a self-regulating effect as
described in [3]. Nevertheless, the system behavior can be evaluated by this excitation.

Considering the feed rate’s quadratic impact in Equation (7), the tests were performed
with different feed rates. The parameters were selected following the parameter range
described in [5]. The axial force was regulated with the MPC developed in [3] and set to
Fset = 1750 N. The parameter sets (PS) of the experiments are listed in Table 1.
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Table 1. Parameter sets (PS) for the system identification with a tilt angle « of 2°.
Parameter Set Feed Rate Rotational Rotational Rotational
Speed nstart Speed nst.p, Speed nst.p,
at Start after Step 1 after Step 2
in 05 in ﬁ in ﬁ in ﬁ

PS1 250 400 1200 700

PS2 300 400 1000 500

PS3 350 400 1200 300

PS4 400 400 800 300

PS5 450 400 1100 500

PS6 500 400 1300 400

PS7 550 400 1100 600

PS8 600 400 1000 700

PS9 650 400 1200 400

PS10 700 600 1400 700

To avoid disturbances during the touch-down phase and the withdrawal of the tool,
we excluded the first 60 mm and the last 10 mm of the 200 mm long seam trajectory in
the evaluation, following [3]. Figure 5 shows the plot of the different relevant measured
quantities for parameter set PS5.

To model the process, the derived differential Equation (7) was used. In this equation,
the power P represents the input parameter, and the temperature Tr serves as the output
parameter. Combining the independent summands of the input and output variables into
one term E, we get:

Tp =aP + bTg + cE. (10)

During the Laplace transformation of the transfer function into a linear time-invariant
(LTI) system, it becomes apparent that the error term E cannot be transferred. In order to be
able to consider the disturbances, a holistic parameterization is presented in the following.
For the solution, the explicit Euler method is used together with the differential Equation (7)
describing the system. The explicit Euler method is characterized by a low computational
time, making it possible to use it even at the high resolution of the measurement signals.
This results in the following equation:

Tr(k+ 1) = Tp(k) + Tp(k) . At(k) (11)

c1P(k) + c20 + c30* + ¢4 Teo — Tr (k)

= Tr(k) + pe

- AH(K) (12)

Throughout the experiments, an average room temperature of T, = 22 °C was as-
sumed. Furthermore, the feed rate v was kept constant during one experiment. The method
was initialized, starting with the initial temperature measurement value. Subsequently, the
procedure was performed iteratively on an ongoing basis, depending on the parameter val-
ues determined by the higher-level function, until the predicted temperature curve covered
the same period as the measured data of the experiment—this means a parametrization
of the model with the experimental data. This procedure was performed for all tests with
the same parameters. To evaluate the prediction obtained by the model, a cost function
is implemented. The model’s quality was evaluated by the normalized root-mean-square
error (NRMSE), also used as an error function:

|1 TF,i — Tomodet,i|
NRMSE, = ————7—2—, (13)
! ||TF,1' - Tmean,i“

By using this error, the difference between the measured temperature Tr and the
predicted temperature T4, is compared to the difference between the measured and the
average temperature Tyeqn.
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To optimize the free system parameters in Equation (7), the error amount is summed
up to a superordinate error and minimized over 10 trials. Constraints were also considered
in terms of algebraic signs for the parameters c; (positive), ¢4 (positive), and 7 (positive).
The optimized system model parameters are given in Table 2. Figure 5c presents the
measured temperature profile and the temperature profile calculated with the model.
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Figure 5. Plot of the measured parameters 1, P, and Tr for experiment PS5, and the predicted
temperature T,,,4.; from the system model.

Table 2. Parameters for the optimized system model

Parameter c1 [0 c3 cq T
. °C s °C.min s °C-min? : .
mn W 1n mm 1n m2 mn - ms

Value 0.250 —0.534 3.502 - 104 10.813 10.096
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To quantify the correlation of each test with the determined model, the x;; is calculated:

| TF,i — Tiodet,i| )
||TF,1' - Tmean,i“

The correlations for the experiments with the 10 initial parameter sets with the calcu-
lated trajectories based on the system model are given in Table 3.

Kfir; = 100 (1 - (14)

Table 3. Consistency of the model prediction with the actual measurement data.

Parameter Set PS1 PS2 PS3 PS4 PS5 PS6 PS7 PS8 PS9 PS10
Kfit in % 85.54 87.92 85.84 91.78 9323 9523 96.06 88.50 91.74 88.65

Considering that the machining center used does not have a power-controlled operat-
ing mode, the power term of the system equation is extended:

2

P(t) = M(t) -n(t) - =.

(15)
By reshaping and separating the differential equation into an input term (depending
only on n), an output term (depending only on Tr), and an independent term, we get:

dTp can% n E n 020 4 302 + ¢4 Teo

? T T T

(16)

This partition can be converted into a linear state-space model format with z(t) as a
disturbance:
aT,
TtF = A-Tp+B(M)-n+z(t), (17)
with A as the system matrix and B(M) as the input matrix depending on the current torque.
In order to allow for a limitation of the rotational speed change by the MPC, a new state
is introduced, and the manipulated variable u is redefined as the change of the rotational
speed 71 (rotational acceleration). This modification results in a second-order system for the
state-space model, with the states’” speed and temperature. The second-order state-space
description has the advantage that the system automatically shows integrating behavior:

(ﬁ) - <0.00206~M —0.8991) (ﬁ) . (é)” + (g)z(f) (18)

Based on this model, the temperature can be calculated, and the cross-effects of the
temperature (and thus the rotational speed) on the axial force can be taken into account
through the torque-dependent model. This takes into account that, at higher temperatures, the
material becomes softer, the frictional force and thus the moment decreases, and the axial force
decreases. In combination with the force control given in [3], a model-predictive multi-variable
temperature-force control is obtained, which will be specified in more detail in the following.
This combination will be called extended MPC or multi-variable control hereafter.

5. Simulation-Based Modeling of an MPC

By using the MATLAB Model Predictive Control Toolbox, we designed an adaptive MPC
in Simulink. This adaptive MPC allows consideration of the actual measured torque in the
system matrix. Therefore, this approach can be used for various operating points regarding
the axial force and temperature.

A dead time of 0.128s was added to the adaptive system matrix to allow for the
interaction of the existing force control (see [3]) with the temperature control. The system
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matrix uses the current detected torque in each optimization interval and thus forms the
basis of the MPC.

To configure the settings of the MPC, we first selected a sample rate at which the
control block calculates the manipulated variables in advance. To obtain a high time
resolution for the prediction of the immediate future, a time step size of At = 0.1s was
chosen. Due to the simulation with the system model, which showed a settling time
of approximately 8 s when changing from 22 °C to 250 °C rapidly, we set the prediction
horizon to 1, = 80. This high ratio of control frequency to the prediction horizon is possible
due to the high computational power of the dSpace MicroLabBox. If a smaller prediction
horizon is used in the simulation, the resulting temperature profile hardly changes, as the
difference at a lower clock rate of the control shows a more considerable influence. The
control horizon n, was set to 25 % of the prediction horizon to 20.

To protect the spindle from damage, the spindle power was limited. This also restricted
the possible speed acceleration. To take this into account in the control algorithm, the
manipulated variable was limited:

u=n==+500min sl (19)

To be able to observe the rotational speed and restrict it in the control algorithm, the
rotational speed is defined as an additional variable for reference and output. For ensuring
that the rotational speed can still be set arbitrarily by the controller, its weighting in the
MPC is zero. In this case, it is limited to a minimum of #,,j,, = 150 min~! and a maximum
of fpax = 1200 min—1. With higher maximum rotational speeds, temperature overshoots
increased in the experiments, and the settling period became considerably longer. Here,
the simulated temperature profile of the parameterized system (Equation (18)) with the
terminated MPC is shown for a constant torque of 25N m and a target temperature of
250 °C (see Figure 6).

N

o

o
T

—— Predicted temperature Tr
Nominal Temperature

4 5 6 7 8 9 10
Time tins —

o

Temperature Ty in °C —
—
o
o
I

o
—
N
o)

Figure 6. Temperature control simulation with the parameterized system and a constant torque of
25N m.

Based on this temperature control, combined with the corresponding force control
from [3], and the torque-dependent system matrix, considering interactions between the
individual controls, the FPJ experiments’ results can be presented in the following.

6. Experimental Analysis and Discussion
6.1. Stationary Behavior

To evaluate the performance of the extended MPC, experiments were conducted to
control the temperature and the force at constant set points for the material combination PE-
HD and EN AW-6082-T6. The criteria used to determine the control quality are the average
values and standard deviations of the temperatures and axial forces over the joining period
in the stationary case. Therefore, the first 60 mm and the last 10 mm of the seam length are
excluded from the evaluation so as not to take into account the uncontrolled touch-down
phase and the withdrawal of the tool [3].
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The force control was activated after the tool has been placed on the workpiece. The
combined force-temperature control is activated as soon as the feed starts. The controller was
converted into C code as described in Section 3.2 and implemented on a real-time computer.

To validate the extended MPC, parameter sets with feed rates of 150 mmmin~!,
225 mmmin—!, 450 mm min—!, 600 mm min—!, 675 mm min—!, and 750 mm min—! were
used in combination with nominal temperatures of 220 °C, 240 °C, and 260 °C. The initial
rotational speed was set to 7 = 500 mm min~! in almost all experiments. Unfortunately,
this starting rotational speed caused uncontrolled plunging of the tool at feed rates of
150 mmmin~! due to excessive heat generation, which could not be compensated for
by the controller. For this reason, a starting rotational speed of n = 200 mm min~! was
specified for this batch of experiments.

Figure 7 illustrates the temperature and force response over time for the joining process
controlled by the extended adaptive MPC for a feed rate of 450 mm min~'. The nominal
temperature value is set here to Try,; = 240°C. All experiments showed a significant
initial overshoot. The axial force was kept constant during the joining process. Only a
high-frequency oscillation around the nominal value of 2000 N could be observed. The
frequency of this oscillation corresponds to the tool’s rotational speed and can thus be
related to the unbalance of the tool (see [3]).

30 3,000
T .......... P o T ) e b v T
1y MM...»\MMWH l 1l l .I il
%) 20 TN ('\lv"y "‘vl 1111 nin T v ” Tr "']'v {' '{' 2,000
p ”w AU uu HIIU | u LML E
= oy
= ]
£ 5
g 100 —Temperature T I Looo E
E ) e Nominal temperature 3
= —— Axial force F,
Nominal force
| | | | | |
0 5 10 15 20 25 30 0

Zeittins —

Figure 7. Temperature and force responses of the complete joining process regulated by the extended
MPC with Fuser = 2000N, v = 450 mm min !, and Tr; = 240 °C.

The individual average values (Tr and F,) and the corresponding standard deviations
(o1 and oF,) for all experiments are given in Table 4. It can be seen that the temperature
and the force can be controlled very well. However, with higher feed rates, the average
temperature deviation increases. This can be explained by the low dynamics of the process.
In these cases, the settling of the temperature took longer, so it is included in the specified
measuring frame. Therefore, the results of the feed rates 675 mm min~! and 750 mm min~!
show significantly poorer results. However, at all feed rates below 600 mm min~—?, even for
those not included in the parametrization, there is good consistency between the nominal
temperature and nominal force within a low standard deviation.
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Table 4. Mean temperature Tr in °C and mean axial force F; in N, and the corresponding standard
deviations (o7, and oF,) of the validation experiments.

v Tset Tr OT; E, OF,

in mm min—? in °C in °C in °C in N in N
220 221.7 0.86 2011.4 256.9

150 240 241.6 0.79 2008.9 295.4
260 261.8 2.19 2010.7 312.6

220 222.4 1.02 2013.4 201.4

225 240 242.5 0.82 2020.7 257.6
260 262.5 1.22 2019.4 325.2

220 221.2 2.08 1998.6 186.9

450 240 241.3 3.22 2012.6 2249
260 258.4 4.50 2003.3 220.6

220 219.2 3.23 1973.1 260.8

600 240 236.9 5.30 2001.1 261.3
260 255.0 6.84 1983.8 279.8

220 2174 3.57 1997.1 196.8

675 240 249.6 5.31 1999.0 227.7
260 254.5 5.05 1987.6 231.4

220 216.3 3.88 2002.5 219.1

750 240 234.1 5.40 1983.2 229.0
260 251.3 8.44 2004.2 2494

6.2. Performance under Model Uncertainties

Thus far, we have used the same material combination to validate the controller as for
its design. The following section discusses the results of a change of materials (plastic part
and aluminum sheet). This modification can be interpreted as a model uncertainty due
to the changed thermal conductivity, stiffness, and material geometries. Furthermore, the
nominal temperature was adjusted to the respective plastic.

Following [3,10], feed rates of 225mm min~!, 240mmmin—!, 400 mm min !,
560 mm min~—!, and 600 mm min—! were tested for the combination of PA6-GF30 with
EN AW-6082-T6. The nominal temperatures were set to 260 °C and 290 °C. The applied
axial force was 2000 N. Like for the other experiments, the steady-state was also quantified

starting from 60 mm after the start. The obtained results are presented in Table 5.

Table 5. Average temperature Tr in °C and average axial force F, of the transfer tests with the
material combination PA6-GF30 with EN AW-6082 T6.

4 Tset T OTg E, OF,

in mm min—! in °C in °C in °C inN inN
295 260 263.0 1.52 1991.3 423.5
290 292.6 2.40 2025.5 211.7

240 260 263.6 2.34 2010.6 391.9
290 291.8 1.84 2014.8 218.5

400 260 261.2 421 2009.9 254.3
290 289.6 7.00 1997.4 220.1

560 260 255.5 4.72 2001.5 234.4
290 286.9 8.49 2046.9 274.1

600 260 253.5 4.94 1974.6 248.2
290 284.1 7.86 1999.6 297.1

The results demonstrate that the control is still capable of operating effectively regard-
less of this introduced model uncertainty and the increased temperatures. Although the
plastic’s thermal properties differ significantly from those of PE-HD, the altered thermal
conductivity is not significant enough to affect the process to such an extent that the con-
troller is no longer usable. Nevertheless, there is a slight decrease in the control quality.
The axial force can be controlled very well with this material combination.
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To introduce more significant uncertainties, experiments were conducted with a
combination of PPS-CF and EN AW-2024-T3. The nominal temperatures were set to 300 °C
and 340 °C, the feed rates to 300 mm min~—! and 450 mm min~?, and the contact pressure to
2500 N. Besides the changed thermal properties of the two joining partners, the dimensions
(thicknesses) with 2.17 mm (plastic part) and 2mm (aluminum sheet) are significantly
smaller than those of the material combination considered initially. The results of the mean
values and standard deviations are shown in Table 6.

Table 6. Average temperature Tr in °C and average axial force F, of the transfer tests with the
material combination PPS-CF with EN AW-2024-T3.

4 Tset T 0Ty E, OF,
in mm min—? in °C in °C in °C in N in N
300 300 306.8 11.0 2510.8 296.9
340 346.1 15.2 25159 246.7
450 300 302.7 11.3 2515.7 221.1
340 336.5 16.3 2511.7 128.6

According to the results, similar deviations of the nominal temperature prevail for the
material combination PPS-CF and EN AW-2024-T3 as for the other material combinations.
However, the standard deviation is considerably higher. One reason for this is that a
small oscillation around the nominal value occurs, especially at these high temperatures.
This oscillation does not subside and can be related to the deviations of the system model
used in the MPC. These differences are caused by the aluminum sheet used having a
significantly lower thickness and thus a smaller thermal mass, meaning that it heats up
faster for the same power input. In addition, the PPS-CF used has a significantly lower
thermal conductivity, which additionally changes the system.

Overall, it can be concluded that the extended adaptive model predictive force-
temperature control is valid for a large operating range but is limited by excessive model
uncertainties. This large operating range can be explained by the torque-dependent lin-
earization and the robustness of the control approach. Based on this control, the tem-
perature between the tool and the aluminum surface can be controlled. However, since
the temperature Tj, which cannot be measured in situ, is crucial for the bond strength, a
model will be presented in the following, with which the temperature in the plastic can be
calculated and thus indirectly regulated.

7. FDM Multi-Layer Temperature Distribution Model
7.1. FDM Multi-Layer Model
Structure of the Model

After demonstrating that the temperature (Tr) between the tool and the workpiece
surface can be controlled, this section deals with the temperature distribution in the plastic-
metal bond during the process.

Meyer et al. [5] showed that the measurable temperature (Tr) between the tool and the
workpiece surface can be regulated by the variables n and v. These variables also influence
the temperature in the plastic material (Tj). This temperature can only be measured at
certain points when a thermocouple is placed in the interface between the metal and plastic.
The temperature difference AT between Tr and T; also corresponds to the manipulated
variables n and v. The authors showed that the temperature Tj in the plastic is decisive
for the bond strength. Since this temperature cannot be measured in situ, a method for
an in-process calculation of the temperature distribution in the plastic-metal composite is
presented in the following.

The plastic-metal bond, including a backing plate, can be abstracted as a layered
system in a simplified way. This layer system, hereafter referred to as a multi-layer system,
consists of three parts: The aluminum sheet, the plastic joining partner, and the backing
plate. It is assumed that heat transfer in the multi-layer system occurs exclusively by
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thermal conduction. The convection appearing on the free surface of the backing plate is
neglected. The convection between the molten plastic and the aluminum plate is also not
simulated. The thermal radiation in and around the body is not considered in the model
due to its minor nature.

Each layer is considered as a flat plate with a finite thickness and temperature-
dependent material properties. The heat flow in the FPJ] process is modeled with a transient
heat conduction equation due to the relatively short duration in the process. For the multi-
layer system in general, while assuming that there are no mass transport and heat radiation
losses per layer, this results in:

T=T(xy,zt) (20)

and

Cpp%—z —AV2T =0, (21)

with T as temperature, x,y, and z as coordinates, ¢ as time, V as nabla operator, A as
thermal conductivity, p as density, and c, as specific heat capacity.

To calculate the temperature distribution in real-time, the 3D case is abstracted as a
1D model along the z-axis. This abstraction enables a more efficient and faster calculation
of the temperature in the cross-section of the layered system. Thus, the transient heat
conduction equation per layer in the 1D case results in:

oT 2T
T a(T) - Tk (22)
with
W(1) = D) 23)

o(T) - cp(T)’
with T as temperature, a as heat transfer coefficient, and ¢ as time.

To solve the heat conduction equation numerically, the forward Euler Method is used.
Here, the differential Equation (22) is replaced by a finite difference method (FDM):

T;(t+ At) = T;(t) + %At (24)
dly o\ (T —Ti Ti—Tiy
dt «(Ti) < dz? dz2 @5

with T; equal to the temperature at location i, Az equal to the integration span in the
z-direction, and At equal to the integration span in time.

Using this equation, each layer in the multi-layer system can be modeled. The output
layers of the superordinate layer serve as input for the next layer. Thermal transfer resis-
tances can be considered during the transfer from the output layer to the input layer. In the
following, an ideal heat transfer between the individual layers is assumed.

The aluminum layer is based on the temperature-dependent material model developed
by [41]. The temperature-dependent modeling is required here since the aluminum heats
up from the initial temperature of approx. 20 °C up to approx. 450 °C.

The data of the plastic joining partner (PE-HD) is based on selected models in the litera-
ture. The density is calculated with the material model from [42]. The thermal conductivity
and the specific heat capacity were calculated depending on the results of [43].

In contrast to the two joining partners, the backing plate (steel) is heated only slightly
during the process. For this reason, a temperature-dependent material model was not used
here, and fixed values were specified [44]:
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Pstee = 7850kgm >, (26)
cpg,, = 486Jkg 1K', and (27)
Ateel = 49.8Wm 1K1, (28)

In addition to the simplifications mentioned above, an ambient temperature and an
initial temperature of each of the joining partners of 22 °C were assumed. The simulation
time is adjusted to the tool’s traverse time and thus to the feed rate. It is assumed that the
temperature is applied only by the tool, and the measured temperature Tr is the same for
the whole area between the tool and the aluminum surface. The effective duration of the
temperature is thus calculated as:

tsim = dtool/vtool/ (29)

with 4, as the simulation time, d,,; as the diameter of the tool, and v;,,; as the feed rate
of the tool.

Each layer is abstracted with 50 individual differences, allowing a resolution of 100 pm.
The time scale resolution is 0.001 s. With this model and the assumptions made, the tem-
perature in the bond can be calculated.

7.2. Validation of the FDM Multi-Layer Model

Since the temperature in the plastic component cannot be measured directly, cross-
sections of the bonded specimens were made to measure the melt layer thickness (see [5]).
By using this melt layer, it is possible to detect the depth to which the melting temperature
occurred. Simultaneously, the melt layer thickness was calculated using the 1D FDM model
and compared with the measured results (see Figure 8).
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Figure 8. Comparison of the measured and the predicted melt layer thicknesses (r = 0.93)

The results show that the 1D FDM model can be used to calculate the melt layer thickness,
and thus the temperature in the plastic component. In the intermediate region of approx.
0.3mm to 1 mm, the prediction correlates well with the measured data. However, there are
mostly deviations above 1 mm. These differences can be explained by specific presumptions,
like the hypothesis of an ideal heat transfer. Furthermore, this deviation may occur due to the
1D modeling, since heat fluxes in the x- and y-direction are not considered here.

Opverall, it can be concluded that the model represents the temperature distribution
within the bond well. A detailed 3D model might offer even more accurate results, but
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the 1D model can be used as a feed-forward control for the extended MPC to indirectly
regulate the temperature Tj.

8. Summary and Conclusions

The purpose of this study was to present a model-based system identification for
designing a model predictive temperature control, extending the existing force control
to a multi-variable closed-loop system. By using a torque-based system architecture, it
was possible to model the interactions between the two manipulated variables over a
broad parameter domain. Furthermore, it was shown that the extended multi-variable
control can be applied to various material combinations with a low standard deviation
of < 10K and < 330N for the material combination of PE-HD and EN AW-6082-T6. In
the end, we presented a 1D FDM model to calculate the temperature distribution in the
bond. Due to the simplifications made, this FDM model can serve as a feed-forward control
for the designed control loop, allowing indirect control of the joining zone’s temperature.
Altogether, the effective implementation of a holistic process control was achieved, and the
following main conclusions (C1-C4) can be formulated:

C1 Due to the modified differential equation, the fundamental thermal process evolution
of the FPJ process can be described.

C2 By using the torque-based system matrix, the interactions between the temperature
and the axial force can be modeled. Thus, it is possible to linearize the state-space
model around the respective operating point, covering a large operating range.

C3 The adaptive MIMO-MPC based on this torque-based system matrix is suitable for
controlling the temperature and axial force for FP].

C4 The 1D FDM temperature model is appropriate as a feed-forward control for the
MIMO-MPC to calculate the temperature in the bond during the process with an
accuracy of r = 0.93.

This work provides the fundamentals for controlling the temperature and the ax-
ial force in the bond. Based on these results, the pressure and temperature-dependent
properties of plastics can be considered in future studies. In addition, the control concept
developed can also be used for FSW. However, this hypothesis remains to be verified.
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Abbreviations

The following abbreviations are used in this manuscript:

0-D Zero-dimensional

1D One-dimensional

ARC Adaptive robust control

AW Aluminum wrought

C Conclusion

C code C (programming language)

CF Carbon fiber

CNC Computerized numerical control
EN European norm

FDM Finite difference method

FLW Friction lap welding

FPJ Friction press joining

FSW Friction stir welding

GF Glass fiber

LOR Linear-quadratic regulator
MPC Model predictive control

NC Numerical control

NRMSE Normalized root-mean-square error
P controller Proportional controller

PA6 Polyamide 6

PE-HD Polyethylene with high density
PI controller Proportional-integral controller
PID controller Proportional-integral-differential controller
PLC Programmable logic controller
PPS Polyphenylene sulfide

PS Parameter Set

TMS Temperature measurement system
WLAN Wireless local area network
wt% Percentage by weight

A System matrix

a Weighting factor

Aq Areal

Ay Area 2

Aj Area 3

Afr Area of the friction zone

b Weighting factor

B(M) Input matrix

c Weighting factor

c Factor

cp Factor

c3 Factor

Cy Factor

cp Specific heat capacity

E Error term

E; Plunge depth

F, Axial force

E, Average F,

Fset Nominal force

hq Heat transfer coefficient 1

hy Heat transfer coefficient 2

h3 Heat transfer coefficient 3

i Sequential number

Is Spindle current
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Appendix A. Material Properties and Chemical Consumptions

Floating sampling time
Torque

Mass

Tool axis torque

Rotational speed

Minimum rotation speed
Maximum rotation speed
Prediction horizon
Rotational speed at start
Rotational speed after step 1
Rotational speed after step 2
Rotational acceleration
Power

Gradient coefficient

Energy input by feed rate
Energy input by conduction
Energy input by friction
Correlation coefficient

Room temperature
Temperature at the friction surface
Temperatur derivation
Average Ty

Temperature of the surrounding material
Temperature in the plastic part
Average temperature
Predicted temperature
Simulation time
Manipulated variable

Feed rate

Space coordinate x

Space coordinate y

Space coordinate z
Disturbance

Heat transfer coefficient
Difference

Cumulant

thermal conductivity
Density

Standard deviation for the F,
Standard deviation for the Tr
Time constant

Nabla operator

Table A1. Percentage of the alloy elements (wt%) for the different aluminum alloys according to DIN

EN 573-3 [45].

Element EN AW-6082-T6 EN AW-2024-T3
in wt% in wt%
Si 0.7-1.3 0.5
Fe 0.5 0.5
Cu 0.1 3.8-4.9
Mn 0.4-1.0 0.3-0.9
Mg 0.6-1.2 1.2-1.8
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Table A1. Cont.

Element EN AW-6082-T6 EN AW-2024-T3
in wt% in wt%
Cr 0.25 0.1
/n 0.2 0.28
Ti 0.1 0.15
Other 0.15 0.15

Table A2. Selected thermal and mechanical properties of aluminum EN AW-6082-T6 and EN AW-
2024-T3 [33,39,46].

EN AW
Property Unit 6082 2024
Condition - T6 T3
Tensile strength Ry, N mm 2 300-350 435
Yield strength R0 Nmm~2 240-320 290
Elongation at fracture Aspmm Y% 8-14 14
Young’s modulus E MPa 70000 70000
Density p gem™3 2.70 2.77
Melting range T}, °C 585-650 505-640
Thermal conductivity A Wm1K! 150-185 130-150
Coefficient of linear thermal expansion « 1076 K! 23.4 229

Table A3. Selected mechanical and thermal properties of the plastics used [28,35,36].

Property Unit PE-HD PA6-GF30 PPS-CF
Tensile strength Ry, Nmm2 23 98 752-785
Yield strength R0 Nmm 2 - 98 608
Elongation at fracture A % - 5 -
Young’s modulus E MPa 1100 5700 56,000-58,000
Density o gcm™3 0.96 1.36 1.55
Crystallization temperature (range) T, °C 126-130 218 280
Thermal conductivity A Wm~1K! 0.38 041 -
Coefficient of linear thermal expansion 1074K1 1.8 0.6 -
«
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