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Abstract

Nowadays, the need for industrial processes with
sufficient accuracy, efficiency, and flexibility to
compete world markets is inevitable. On the other
hand, the advent of control techniques and increased
computation power of CPUs allow implementation of
complex controllers using optimization techniques to
provide higher efficiency and economic productivity.
Model predictive control refers to a wide range of
optimization-based control methods applying explicit
models to predict its prospective use. These methods of
control compute control signal by minimizing the cost
function so that the process output becomes very close
to the optimal path. In this paper, we use a new model
predictive control technique on a spot welding process
as a time varying nonlinear process.

Keywords: Spot welding, Model predictive control,
Optimization

1. Introduction

Spot welding is one of the most widely used types of
resistance welding. It provides some advantages such as
high speed of welding, high compliance for sheets of
different thicknesses, proper speed of assembling
coordination with other sections and large flexibility to
weld various materials such as low carbon steel, coated
steel, stainless steel, aluminum, nickel alloys, titanium
alloys. Its cost benefits are considerable as well.

In the spot welding process, flow through two pieces of
metal causes metal plates melt. When input electric power
is cut off, molten materials cool and solidify. The process
is performed by a robot welder with a schedule of
reckoning the time interval between the cycles of the
electrodes, the current flow, and cooling plates. Usually,
this time is determined by trial and error and some
experimental data samples. In this regard, a rational
mathematical model could significantly reduce the
number of experimental samples and save the cost and
time as well.

For more than 30 years, predictive control has been
accepted as the dominant strategy of control in various
industries due to high efficiency, constraint handling, and
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ability to apply on time varying and nonlinear systems. In
this method, future control actions are computed by
minimizing a cost function so that the process output is
very close to the optimal path.

Due to the complication of welding process and
interactions among its parameters, there are major
problems for assessing the quality of resistance spot
welding. In addition, changes in materials composition,
coating materials, and process conditions i.e. electrode
wear, work piece, rate of cooling water etc., affect the
spot welding characteristics.

Electrical current, voltage, and power are used for
monitoring and control of dynamic systems. For instance,
in [1], some works have been done on these parameters.
The authors demonstrated that the curve displacement of
dynamic resistance spot weld provides enough
information to assess the quality of spot weld. Another
work has been carried out to improve the boiling point
[2], which dealt with the problem of current transformers
saturation. In [3], the problem of monitoring and
experimental identification is discussed.

2. Spot resistance welding process

To control a process, one should firstly identify the
process dynamics. The estimated model should indicate
physical properties and parameters of the system.
Throughout this paper an appropriate model is selected
and it is assumed that all welding parameters are
available.

2.1. Simulation of spot-welding system

In this paper, the enthalpy model introduced in [4] is
used to describe the melting process. This model is
derived from the first principle of spot welding process.

Temperature depends on electrical conductivity,
density, specific heat, and thermal conductivity. This
method suffices for materials and weld sheets with
different thicknesses. To simulate this model, the
numerical solution of partial differential equations for
aluminum metal provided in [5] has been carried out (Fig.
1).

According to [6], one of the spot welding quality
detection methods deals with the dynamic resistance



during the welding. The optimum temperature of the weld may

240 : : : considerably help one to attain a good quality welding.
However, due to the cost of spot temperature
measurement (because of need for special cameras), the
nearest representative to spot temperature i.e. the
resistance of the weld could be considered as the process
output. Therefore, one could get feedback from the
resistance and control it to achieve a high quality welding.

The block diagram of the spot welding process is
shown in Fig. 2. It indicates that the system input is a DC
voltage and the output is the sum of the resistances in the
welding process.

For simulation purpose, the time and space domains
are considered separately. When the temperature reaches
the melting point, the input voltage turns off. Then, the
plates begin to cool down and solidify. As a result, two
plates are stuck each other and spot welding is performed.

All values and equations used in the simulations of this
paper are in accordance with [4-6].

Resistance, pQ

2.2. Desired resistance in a spot welding process

To attain a qualified spot welding a desired profile
should be designed for the resistance variations during the
welding process. In this paper we have considered the one
proposed in [6, 7]. This profile is depicted in Fig. 3. As
the figure shows, 200 micro ohms resistance is close to
the boiling point of the metal. In the melting phase the
value will be higher than this. According to this figure the
welding operation should be started by applying an
initially high voltage. When the resistance reaches a
| ‘ ‘ specified value the input voltage should be turned down
and then after a while it should be on again for a specific
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! ! ! time with appropriate magnitudes. In this paper we
7 | employ a model predictive control strategy to generate the
H : : : desired profile for the resistance variations.
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Fig. 1. Spot welding system simulation: (a) Resistance, |_l
(b) Voltage, (c) Current, and (d) Temperature. Fig. 2. The block diagram of the spot welding process.

865



240

220

nQ
5]
(=3
S

180

Resistance,

160

140

Time, s

Model output

Fig. 4. Block diagram of model predictive control.

3. Model predictive control (MPC) strategies

In general, model predictive control refers to methods
of control in which proper control signals are obtained
with the aid of a model of process and the minimization
of cost function. The common features of all predictive
controllers are the use of an explicit model of the process
to predict its prospective behavior, solving an
optimization problem to determine the required future
control actions, and applying some of these calculated
control signals to the process. This procedure is repeated
at each (or interval) of sampling time(s).

In short, fundamentals of a model predictive controller
can be paraphrased as
e Obtaining an appropriate model of process to predict

its future behavior.

e Calculating the future
minimizing a cost function.

e Applying some first calculated controls to the process
and waiting for the coming sampling time(s).

Figure 4 demonstrates block diagram of the control
system using the model predictive control.

To obtain an appropriate model is the first step of
implementing an efficient model predictive controller. A
complete plan should include a mechanism to obtain the
best possible model, so that the dynamics of the model
will predict the process output in the future with enough
accuracy [8].

control actions through

3.1. Modeling of the spot welding process
As discussed above, the spot welding system has DC

866

voltage as the input variable and electrical resistance as
the output variable. By comparing the resistance curve in
Fig. la, which is caused in response to a pulse voltage
input, with charging and discharging of a capacitor in a
simple electrical circuit containg a capacitor and
resistance, the spot welding process could be modelled by
this simple circuit. When the pulse input is applied, the
capacitor begins to charge and when the input is
disconnected the capacitor begins to discharge [9]. This
idea helps to construct an appropriate model for the spot
welding system.
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Fig. 5. Output of the model and the spot welding process
for different input voltage: (a) 70 volt, (b) 100 volt, and
(c) 60 volt.

For different input voltage Vo the model parameters



would be different. In other words, the circuit capacitor
and resistor values depend on input voltage. The
calculated model is given in (1) and (2). a and b are
constant parameters and time constants ¢; and ¢, depend
on the input voltage. Rorr is the value of R(t) at toff
which is the time of the input switch.

1- When the input switch is on.

R(t) =a+b(1—et) (1)
2- When the input switch is off.
R(t) = R,ype~2(t7torr) ()

For example when the input pulse is 70 volts, the
parameters’ values are as follow.
a=b=1423uQ,c; = 121657, ¢, = 2.5857 %, t,ff
= 0.084s

The results of this model are shown in Fig. 5 for
different values of the input pulse magnitude. Although
the model works properly during some period of time, the
difference between the model and the system outputs is
obvious in some other instances. To improve model
performance and reduce the differences, the model is
considered for three distinct periods.
1- When the input switch is on but weld has not reached

the melting point yet.

R(t) = a; + bye~1(t=tt) 3)
2- When the input switch is on and weld is in the melting

point.

R(t) = ay + by e~2(t7!t2) )
3- When the input switch is off.
R(t) = ag + bye ™71t ®)

In brief the modified model for the spot welding process
is given by

R(t) = a + be~ct=t) (6)
where, for a pulse input with magnitude 70 volts the
parameters’ values are as follow

a; = —190uQ, b; = 340uQ,c; = 2.63s71,

a, = 230uQ, b, = 30uf, ¢, = 166.98s71,

as = 140uQ, b; = 80uQ, ¢, = 10.46s71,

tt; = Os,tt, = 0.064s,tt; = 0.084s,

As Fig. 6 indicates, the improved model catches the
spot welding dynamics more accurately compared to the
model presented in Fig. 5.

In this part, an appropriate model of the spot welding
process for use in the design of the model predictive
controller is derived. This model while is simple displays
the dynamics of the process more precisely.

3.2. The optimization algorithm

In a predictive control optimization problem, a cost
function is considered to obtain the control law. Use of
the following quadratic function is common in the
literature.

. 112
JeGeliell),u) = B [y (ke + ) = Yrep (e + DI ) +
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The second term in the cost function inserts soft
constraints on input variations. However, since the input
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voltage amplitude is confined to 0, 60, 70, and 100 volts,
this term would be either zero or one of the mentioned
voltage values. It should be pointed out that the second
term of the cost function has not been considered in this
work. In fact since control input has known values (0, 60,
70, and 100) the question of the control design would be
the time period in which one of these inputs is
implemented.
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Fig. 6. Outputs of the improved model and the spot
welding process for different input voltage: (a) 70 volt,
(b) 100 volt, and (¢) 60 volt.

4. The simulation results

To make the system more efficient, the sampling time



should be small enough, so that the dynamics of the
process is included properly. On the other hand, it should
be large enough in order to implement the predictive
controller online. Here, the sampling time (7y) of 0.02
seconds was chosen. Using the improved model and the
described optimization algorithm, the most optimal
solution, obtained online at every time interval, is applied
to the process. The results are shown in Figs. 7 to 9.
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Fig. 8. Responses of the closed-loop system, model, and

the desired output.

The calculated control signal is shown in Fig. 7. Figure 8
indicates how the closed loop system follows the profile
of the desired resistance which generates a qualified spot
welding. Figure 9 illustrates the difference between the
desired and actual values. As shown in Figs. 8 and 9, the
closed loop performance degrades as the welding process
reaches to its end. Note that the defined optimization is
solved at each sample time kT, from this time up to 0.2.
Then at k = 0 there are 10 (0.2/0.02) degrees of freedom
to minimize the cost function. At the last sample time
there would be only one degree of freedom (u(0.18)).
This of course is the main reason for the performance
degradation at the last sampling times.

Comparing the model and process responses reveals that
the model was able to properly cover the process
dynamics during the welding course.

868

5. Conclusions

In this work, a new model for the spot welding process
has been introduced which is appropriate to use in model
predictive controllers. This model covers the process
dynamics adequately while has simple structure to be
used in the control design. The control results obtained
based on this model indicate proper tracking of desired
profile for spot resistance determined experimentally and
represents a good quality welding.
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Fig. 9. Resistance prediction error.
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