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Abstract The paper is focused on the control of resistance
projection welding process applied in joining of thin-walled
metal elements. The motion of electrode is generated by
electric servo actuator that controls the force exerted on
electrode or alternatively, just travel itself of electrode. The
projection welding has been discussed for welding of 1.5
mm thick DX53 steel sheets where one sheet contains
an embossed projection. Apart of electric servo actuator,
another source of force has been described, i.e. pneumatic
actuator (classical one), for the reason of comparison. The
solution where the electric servo operates together with
appropriate algorithm makes the new solution that is alter-
native for classical, pneumatic one. Optimized motion of
electrode due to new proposed source of electrode force
or/and travel, based on relevant algorithm yields improved
quality of joints.
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1 Introduction

Resistance welding is one of the primary methods used
for joining thin-walled elements in the automotive, building
engineering, electrical engineering, household equipment
manufacturing and aviation industries.

The technology of resistance welding has been known
and developed for almost 140 years (the first resistance
welded joint dates back to 1877) [1]. The popularity of
resistance welding results from its three both practical and
economical advantages, i.e. (i) no need to use filler met-
als, (ii) short processing time (current flow time of approx.
200 ms) and (iii) low cost of energy per one joint (approxi-
mately 0.1 US cent). The information presented above refers
to the overlap welding of 1-mm thick sheets.

As the cost of the energy mentioned above may seem
unreliable, the information presented in Table 1 includes
figures related to the cost of electric energy drawn from
the power grid in order to power a welding machine when
making a welded joint of two sheets (1.0 mm thick each).

When calculating the energy-related costs, it was
assumed that the power efficiency of a welding machine
amounted to 6% (i.e. relatively low in the example anal-
ysed above) and that the average cost of electric energy in
the USA was 0.12 $/1 kWh [2]. The remaining data used in
the calculations were determined experimentally using a DC
250 kVA ZPI90 inverter welding machine (1 kHz) manufac-
tured by the ASPA Wroclaw and Welding Institute, Poland
(throat depth of a welding machine amounted to 800 mm
and window height of 450 mm).

The necessity of making a large number of, mostly over-
lap, joints when manufacturing a car body (i.e. between
3000 and 5000 welds, depending on the type of a body) is
responsible for the popularity of resistance welding in the
automotive industry [1].
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Table 1 Costs of electric
energy for welding 1.0-mm
thick sheets

I U t Energy Cost of 1 kWh Efficiency Total cost

Of welding

kA V ms Ws Wh $ % $ $cent

8 1.5 200 2.4k 0.67 0.12 6.0 0.0013 0.13

Advantages resulting from the use of the electric servo
system are (i) no need for a compressed air system, (ii)
the reduction of noise and (iii) significantly faster travel of
electrodes.

However, the use of the servo operating force system
requires that the operating personnel perform additional
preparatory activities before welding, i.e. (i) adjusting the
geometrical zero of electrodes after each exchange and
refurbishment of electrode terminals and (ii) creating the
table of calibration, i.e. correlation between the servo actu-
ator input current and the actual force of welding machine
electrodes.

An important aspect, in terms of the quality of welded
joints, is the control of a force and/or travel by electric servo
actuator ensuring the repeatability and changeability (when
necessary) of welding processes. Such control should lead
to the optimization of welding power spatial distribution in
the welding area and, consequently, to the improvement of
welded joint quality.

The force and electrode travel control during the resis-
tance welding process described in the paper is totally
different than control processes used so far, and it influences
on existing point of view concerning resistance welding.
Advantages of novel solution are visible particularly for
relatively large electrode travel distance during the current
flow, such as can be observed during projection welding.
Presented in the paper method is still ongoing. It has been
verified experimentally based on examples of projection
welding of sheets (embossed projection) and cross-wire.

2 Welding machine characteristics

A simplified diagram of a welding machine system is pre-
sented in Fig. 1. It consists of the following parts: (i)
three-phase grid rectifier (GR, D1-D6) with a capacitive fil-
ter (Cf), (ii) inverter (Iv) based on IGBT transistors (T1-T4),
(iii) transformer (Tr) with an output rectifier (OR, D7-D8)
and (iv) electrodes with a pneumatic/electric servo actuator.
The operation of the inverter is controlled and monitored by
a control system μP.

One can observe that an electric energy is converted in
the welding machine four times. First, the input energy of
alternating current of the grid (50/60 Hz) is converted in the
input rectifier into a DC energy and filtered by capacitor Cf.
Afterwards, the DC energy is converted in the inverter into
the AC energy of medium frequency (1/10 kHz) [3]. At the
third stage, the transformer transforms the energy to the high
current energy. And the last step, it is rectified by the full-
wave two diode output rectifier. Such DC energy is delivered
to the welded elements and converted into thermal energy.

The amount of energy delivered to the weld is con-
trolled by the inverter, where the transistors are controlled
by appropriate duty ratio D. The average value of weld-
ing current is proportional to duty ratio D. Such a solution
is typical in inverter welding machines used in resistance
welding.

The control of welding current (the amplitude, the dura-
tion and the shape) doses the amount of the energy supplied
to the welding area. But it is not only one parameter

Fig. 1 Power ciruits of inverter
welding machine, GR - grid
rectifier, Cf - filter capacitor, Iv
- inverter, OR - output rectifier,
CS - DC current sensor, F -
electrode force
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controlling the energy. The second one, of great impor-
tance, is the control of the force that electrodes exert on
welded elements—it is a separate technological problem
to be solved. The energy is controlled by the force of
electrodes because it influences directly on the resistance
of welded elements (the energy is a product of time, square
of current and the resistance). The same can be considered
taking the power into account.

E = I 2 × R × t (1)

The optimization of a welding process, defined as the
control of welding energy and power spatial distribu-
tion, is greatly affected by the use of an electric servo
force system and by the application of appropriate con-
trol algorithms. Successful optimization process results with
improved repeatability and, consequently, in the better qual-
ity of welded joints [3, 4].

3 Areas of application

As was mentioned, the advantages of new solution take
place, particularly for projection welding, where the techno-
logical process is characterized with relative large electrode
travel distance during the current flow (e.g. in comparison
with resistance overlap spot welding of sheets). The paper
is concerned with one variant of resistance welding, i.e.
the projection welding of sheets with embossed projections.
Basically, the projection welding (including mentioned
embossed projection welding) is used when it is necessary
to make several joints at the same time, produce aesthetic
joints without indents visible in the material due to force
exerted by electrodes and to obtain the small heat-affected
zone. The quality of welded joints and the repeatability of
process are very important in the most of applications. For
example, modern car bodies contain approximately 300 fas-
teners, e.g. bolts, nuts and pins, punched and welded using
the technology described in this paper. Key elements, such
as the front and rear car axles, are mounted to such fasten-
ers; the seat belts and the steering column are anchored to
them and provide grounding for electric wires. The quality
with which such fasteners are attached to the stamped ele-
ments of the car body is of critical importance as regards the
safety and reliability of the finished product [5].

The tests described in [6] and [7] revealed numerous
drawbacks of projection welding related to the application
of the pneumatic force system. The most important disad-
vantages are narrow windows of welding parameters, the
lack of process repeatability and, as a result, the deteriora-
tion of quality [8]. The change of a projection height plays
the crucial role during the initial heating of the projection
welding process. The beginning of the welding process is
often accompanied by the formation of a ring weld nugget

and expulsion at the perimeter of the contact area [6, 7, 9]. In
dynamic welding processes, e.g. capacitor discharge weld-
ing [10] or the welding of aluminum [11], due to a short
current flow time, it is necessary to ensure high dynamics
of force changes. The primary reason for the disadvantages
described is the use of the pneumatic force system character-
ized by high mechanical inertia and the lack of force control
possibility, particularly during the flow of welding current
[12].

Alternatively, it is possible to use the electric servo force
system whose advantages when carrying out resistance
welding have been discussed in reference publications, e.g.
[9]. However, the authors of the aforementioned papers used
only one of the possible options related to electric servo sys-
tem control, i.e. control in relation to force control algorithm
[13, 14]. There is another option of the electric servo con-
trol system, highly useful during welding, i.e. the control of
electrode travel, presented and discussed by the authors of
following publication [4, 9, 15, 16].

4 FEM numerical analysis

4.1 FEM computational model

The computational model is shown in Fig. 2. The process
of optimisation has been carried out for resistance welding,
i.e. for the projection welding of sheets with an embossed
projection. The investigation-related FEM calculations has
been performed using a commercial software SORPAS [17].
The software performs sequential conjugate calculations of
electric, thermal and mechanical models.

The welding technology parameters related to the com-
putational model have been determined using applied stan-
dards as follows: (i) welding current I = 10 kA, (ii) rise time
(up-slope) 60 ms plus primary welding time 240 ms, (iii)
force F=1.1, 2.2, 4.4 and 5.5 kN for the pneumatic system,
(iv) control of electrode force and/or travel, (v) projection
geometry type C (shape and dimensions c.f. Fig. 2) [18, 19].

4.2 FEM numerical calculations

The FEM calculations have been performed for the same
welding conditions (parameters) (I = 10.0 kA, rise time
60 ms, primary welding time 240 ms) but for various
welding machine electrode force systems.

The key quantities as regards the optimization of pro-
jection welding processes, i.e. electrode travel profiles for
the pneumatic and electric servo system are presented in
Fig. 3. The most significant differences are related to the
value of “cold” projection height reduction, i.e. before the
flow of welding current and to the value of projection height
reduction time during the flow of current.
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Fig. 2 Geometry of
computational model, including
meshing and selected projection
dimensions

The computational model enabled the analysis of addi-
tional, yet important process quantities such as the resis-
tance of the contact area between elements being welded,
welding power waveform and temperature distribution in
the welding area (materials being welded and electrodes).

4.3 Results of FEM calculations

The following results have been obtained by the numerical
calculations:

– Electrode travel profiles (projection height reduction)
for the classical (pneumatic) and new (electric servo)
force systems (Fig. 3)

– Waveform of contact area resistance (projection—the
sheet without the embossed projection) and of instanta-
neous power (Fig. 4)

– Temperature distribution in the welding area for the
pneumatic and electric servo system (Fig. 5)

– Profiles of force and electrode travels for the classi-
cal (pneumatic) and new (electric servo) force system
(Fig. 6)

4.4 Analysis of FEM results

In terms of the best welding conditions (BWC), the
cold projection height reduction for the pneumatic system
(hPc—height, pneumatic, cold work) is amounted to 0.45

Fig. 3 FEM results of electrode
travel (change in projection
height reduction) during
welding time for pneumatic
force system and the following
parameters: initial force time
tinitf orce =100 ms, welding
current iweld =10 kA, welding
time tweld = 60 ms
(up-slope)+240 ms and electrode
force F =2.2 kN and electric
servo system for the same energy
parameters (current and time)
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Fig. 4 Waveforms of total
contact resistance (a) and
instantaneous power (b) for
pneumatic and electric servo
system; welding current
presented as a reference

mm (45% of hmax) (c.f. Fig. 3). In comparison with the
electric servo system, this value is excessively high and
negatively affected the further course of the welding pro-
cess. It is possible to observe the formation of a ring weld
nugget which, in practice, do not always transform into a
fully shaped (i.e. oval) weld nugget (Fig. 5a). In turn, in
the case of the electric servo system, the cold projection
height reduction (hSc—height, electric servo, cold work) is
amounted to 0.1 m (10% of hmax) (c.f. Fig. 3) and the weld
nugget is initially formed in the center and expand outwards.

In the case of the pneumatic force system (Fig. 6a1)
and for the significant projection height reduction taking
place at the beginning of the process, the area of contact
between elements being welded (i.e. the projection and the
flat sheet without the projection) is relatively high. There-
fore, the resistance of the contact area is low (c.f. Fig. 4a,
curve no. 2) and, as a result, the generated power and, ulti-
mately, the energy is lower (c.f. Fig. 4b, curve no. 2). In
turn, for the electric servo system, the value of the contact
resistance is higher (Fig. 4a, curve no. 3) and, consequently,
the generated power, and energy, are higher (Fig. 4b, curve
no. 3).

Due to the significant inertia of the pneumatic force
system, during the flow of welding current, the projection

material underwent plasticisation and there is no possibil-
ity to control the force of electrode and, as a result, it is
impossible to influence on the time of projection height
reduction.

Both the first (i.e. significant cold projection height
reduction) and the second (i.e. the lack of force control
possibility) disadvantageous factor in the projection weld-
ing of sheets with an embossed projection resulted from
the use of the pneumatic force system. During the whole
process, the force is constant and, at the same time, exces-
sively high. It is not possible to control the force during
welding, which is due to an overly short welding time (cur-
rent flow time of 300 ms) and because of the high inertia
of the moving electrode. As a result, the cold projection
height reduction is excessive, whereas the time of projec-
tion height reduction during welding (current flow time) is
overly short (20 ms). Consequently, the time when energy
is generated at the most appropriate area is overly short as
well. After the entire projection height reduction, the area
of contact between elements being welded is improperly
large and welding current density decrease dramatically. As
a result, the process of material melting and that of the weld
formation are strongly impede and, in cases of higher force
values, even impossible.
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Fig. 5 Temperature distribution: a1)–a7) for the pneumatic force sys-
tem and b1)–b7) for the electric servo system: a1)/b1) at the beginning
of current flow, a2)/b2) at 60 ms of current flow, a3)/b3) at 120 ms of

current flow, a4)/b4) at 180 ms of current flow, a5)/b5) at 240 ms of
current flow, a6)/b6) at 300/330 ms (pneumatic/electric servo system)
of current flow, a7)/b7) 2 s after the stop of current flow

When welding is performed using the pneumatic force
system, the preset electrode force results in the travel of
electrodes (c.f. Fig. 6a).

The optimization of the welding process consisting in
changing the value of a preset quantity (i.e. the control of

electrode travel) instead of electrode force (particularly dur-
ing the flow of welding current) enables the obtainment
of very advantageous changes. As a result, the distribution
of temperature in the welding area is significantly more
convenient (c.f. Fig. 5b), particularly at the beginning of
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Fig. 6 Waveforms of force and
electrode travel obtained by
FEM calculation for a pneumatic
force system and b electric servo
system; preset and resultant
parameters are marked, welding
current presented as a reference

the welding process (Fig. 5b2). Also, the time of projec-
tion height reduction during the flow of current is desirably
extended (Fig. 3, time ts). The profile of electrode travel
(i.e. the preset quantity) is presented in Fig. 6b. As a result
of the new approach to the control of the process (electrode
travel), it is possible to obtain the profile of force.

5 Experimental verification

The FEM calculation results were verified experimentally.
The verification involved technological welding tests for
various current flow times (c.f. Fig. 5) [9]. The technolog-
ical tests were performed for both, i.e. the pneumatic and
the electric servo electrode force system. The experimental
results converged with the FEM calculation results (Fig. 7).

The electrode travel profiles confirm the existence of
possible projection height reduction time extension during
the flow of welding current. In the experimental conditions,
this time was extended from 20 ms (pneumatic system) up
to 90 ms (electric servo system) [9].

6 Optimization of welding process

The optimization of resistance projection welding of sheets
with embossed projection should be started with character-
ization of mutual dependence between force and travel of
electrodes. In the classical pneumatic force system, the con-
stant force is preset. As the result, the travel of electrodes
reduces the projection height (c.f. Fig. 6a). The parame-
ter preset before the welding process (amplitude of current,
current flow time and electrode force) influences on the
final result. It should be noted that the control of electrode
travel is impossible during welding (particularly during cur-
rent flow). It results from undesired significant inertia of the
pneumatic system. The narrow window of welding param-
eters and the force exceeding expected value are important
drawback of such control method.

An alternative is to use the electric servo actuator and the
appropriate (hybrid) algorithm of the control of electrode
force and/or travel [15, 16].

Optimization process is illustrated bymeans of Fig. 8. The
profile A (no. 1) is treated as the beginning of optimization.
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Fig. 7 Comparison of the
macrostructure of the projection
welded joint made of DX53
steel (thickness
g = 1.5 + 1.5 mm) with FEM
calculations for a pneumatic and
b electric servo system in
relation to the welding time (i.e.
current flow time of 60 ms) [9]

It has been obtained for the pneumatic force system (for the
best welding conditions). The force in this case has con-
stant value (c.f. Fig. 6a). Unfortunately, the value of force is
too high. As a result, the projection height reduction before
current flow is also too big (0.45 mm, e.g. 45% the initial
projection height). In such case, the contact area between
projection and second welded element (flat sheet) is too

large. The contact resistance decreases (c.f. Fig. 4a), causing
related power decreasing (c.f. Fig. 4b). Finally, the current
density is too small and one can observe that the ring weld
nugget is created.

The resistance welding process can be improved by
slowing down (comparing to the classical pneumatic force
system—profile A) the travel of electrode (c.f. Fig. 6b).

Fig. 8 Diagram of welding
optimization in relation to the
change of electrode travel profile
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Profiles B (no. 2) and C (no. 3, c.f. Fig. 8) are the results
of using electric servo actuator together with an appropriate
control algorithm of electrode force and/or travel.

The first stage of optimization (profile B) realized using
the electric servo actuator with proper (hybrid) algorithm of
electrode force and/or travel control is obtained by applying
the same welding parameters (amplitude and time of weld-
ing current) as for a pneumatic system. As the result in the
first technological interval IF (i.e. initial force), the smaller
projection height reduction is obtained at the beginning of
the process (cold work). The projection height reduction
0.1 mm (10% of the initial projection height) is much more
smaller in comparison with the projection height reduction
obtained with the pneumatic system (0.45 mm, i.e. 45%
of the initial projection height). The contact area between
the projection and the second welded element is smaller,
whereas the resistance of the contact area is higher (c.f.
Fig. 4a), and the same time-related power of welding area is
also higher (c.f. Fig. 4b).

In the second technological interval MI (c.f. Fig. 8), the
travel of electrode is controlled instead of force control.
Remaining part of profile B is determined as a limit of the
lack of liquid metal expulsion. The result of such control
method is higher power and energy supplied to the weld in
the whole welding area (c.f. Fig. 4b). What is important, at
the beginning of current flow, the material of projection is
melted in the proper place, namely in the projection cup (c.f.
Fig. 5b2). During the current flow, the weld nugget is initi-
ated in the center and grew outwards (c.f. Fig. 5b(2–7)). The
control of electrode travel during the flow of the current and
the lower value of electrode force applied before the cur-
rent flow results in a significantly longer time of projection
height reduction tS1 (approximately 90 ms). In the case of
the classical system (the pneumatic electrode force—profile
A), the time of projection height reduction (tP ) is too small
(about 20 ms). The time of projection height reduction sig-
nificantly affects generation of welding power in the most
convenient place (i.e. in the embossed projection). In spite
of the lower welding current, the extension of projection
height reduction time led to the generation of greater weld-
ing power in the projection material [9]. The optimization
performed by the authors made it possible to double the
energy generated in the projection [9, 15].

The next step of optimization is the reduction of ampli-
tude of the welding current and the extension of the up-slope
(i.e. current increase) time resulting in the longest time of
projection height reduction (tS2) during the flow of weld-
ing current (electrode travel profile C). Profile C requires
further research. The curves of electrode travel presented in
Fig. 8, that are profiles A, B and C, have been determined
numerically. Profile A and profile B has been verified exper-
imentally in the whole range of welding time (current flow
time) [9]. As the example of the experimental verification

of FEM results presented in Fig. 5a2 and b2, the tempera-
ture distribution (the beginning of the current flow—60 ms)
is presented in Fig. 7.

The criterion of the optimization has been assumed as the
same full weld nugget diameter and weld strength as those
obtained using the pneumatic force system [20].

7 Conclusion

The direction of changes resulting from the use of the elec-
tric servo actuator and the algorithm of electrode force and
travel control differs significantly from those adopted pre-
viously (Fig. 9). The activities undertaken by the authors
resulted in the obtainment of both surprising and advanta-
geous effects confirmed experimentally.

The fundamental difference between the two systems
described in the paper is method for control of electrodes
travel/force. In the pneumatic system, the force is applied
and the travel is the result. In the case of electric servo sys-
tem and the new (hybrid) control algorithm, applied quantity
is the electrode travel (during the current flow) and the force
is a result. The second system is characterized by slower dis-
placement (lower velocity of electrode travel) than the first
one.

Presented in the paper innovative method of control of
electrode travel can influence on the previously existing
approach to resistance welding and revolutionize the devel-
opment of this scientific and technological area. The control
used up to date was an open-loop control. The travel of elec-
trodes was controlled basing on given travel profile without
a feedback.

Fig. 9 Welding process optimization diagram
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The authors carried out several tests and analyses of var-
ious parameters, including the energy supplied to the weld,
the instantaneous power waveform, the resistance waveform
and the course of force in order to determine the best (i.e. the
most efficient) parameter, in relation to which the control
process can be performed.
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