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1. Introduction

Directed Energy Deposition (DED) is a prominent technol-
ogy within the field of additive manufacturing (AM), where fo-
cused energy – such as a laser, electron beam, or welding arc –
is used to precisely melt and deposit material onto a substrate,
building parts layer by layer. The material, delivered in the form
of metal powder or wire, is melted by the energy source, allow-
ing the creation of complex geometries or the repair of high-
value metal components.

Studies such as [1, 2] emphasize the potential of DED in pro-
ducing near-net-shape components, reducing waste compared
to traditional subtractive manufacturing processes. DED also
offers the possibility to alloy materials during the deposition
process, enabling the fabrication of functionally graded materi-
als, where the material properties can vary continuously within
a component [3]. In 2020, DED processes made up 16% of all
metal additive manufacturing (AM) processes [4].

Despite its widespread use and acceptance in the industry,
there are still challenges and problems to overcome. Main chal-
lenges are present in several categories, including process con-

∗

trol or process monitoring [5]. Typically, the AM process work-
flow starts with a 3D CAD model of the workpiece. Together
with weld bead models or empirical data [6], a tool path and the
appropriate welding parameters are generated from the CAD
model and sent to a robot or machine tool [7]. This means that
the layered structure of the component must coincide with the
planned tool path in order to ensure the build-up process of the
required geometric component shape. One problem is the de-
viation of the cross-section of the individual layers from the
planned cross-section. Different disturbances and dynamic in-
fluences affect the height and width in the real process, result-
ing in a deviation from the planned height. The accumulation
of deviations during the process can lead to significant issues or
even termination. In [5, 8], several methods for detecting such
deviations are presented. To maintain a consistent level of ac-
cumulated weld seams, it is essential to compensate for these
deviations. Various approaches are available to achieve this. In
[9], a method is presented that controls the layer height by us-
ing an in-process path replanning algorithm. The average arc
current value of the Gas Metal Arc (GMA) process is used as
input for the control algorithm and the generation of new path
trajectories. In [10], the stand-off distance of the laser head and
powder nozzle is adjusted to control the layer height by leverag-
ing the relationship between stand-off distance and actual layer
height. The actual layer height was measured intermittently us-
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ing the machine’s touch probe system. The robot travel speed
is adjusted in [11] in order to compensate layer height devia-
tions of an GMA process. The layer height in this study was
measured by a real-time welding camera system. In [12, 13], an
in-situ welding camera system monitors deviations in the ac-
tual layer height, and a control algorithm compensates for these
deviations by adjusting the powder feed rate.

In summary, it can be stated that there is the possibility
to compensate the height deviations via the robot motion or
by adjusting the welding process parameters such as material
flow rate, current or voltage. All variants can be implemented
independently of the process (Laser-DED or Arc-DED). An
overview of measurement approaches to detect the layer height
or torch to workpiece distance is shown in [14]. As an indirect
method for Arc-DED processes, the electrical measurement of
the current/voltage of the welding power source is mentioned.
In this approach, the correlation between current/voltage and
the arc length is used to indirectly detect the actual layer height.
In the proposed plasma arc welding process (plasma metal de-
position), the energy is provided by an plasma transferred arc.
Similar to an gas tungsten arc (GTA) welding process, the main
arc burns between the tungsten electrode and the workpiece.
One advantage of these processes is that the material feed and
the energy input are not coupled and can be adjusted indepen-
dently of each other [2]. In addition, the arc current is constant
due to the characteristics of the power source. Deviations in the
arc length therefore correlate with deviations in the arc volt-
age. This voltage sensing was used in [15] for a GTA welding
process to detect deviations in layer height and increase the de-
position height stability.

However, limitations persist with arc voltage sensing. The
review in [5] also concludes that research primarily focuses on
laser AM process control, while studies on wire arc additive
manufacturing (WAAM) process control remain relatively lim-
ited. This paper proposes a method of consistent layer height
formation that utilizes in-situ voltage sensing through an in-
tegrated sensor system, combined with a data architecture for
data communication and a data acquisition system for control
design.

Nomenclature

TS travel speed in mm/s
WFS wire feed speed in mm/s
U voltage in V
I current in A
hL layer height in mm
dN nozzle distance in mm

2. Materials and methods

The plasma process is characterized by a falling character-
istic curve (constant current power source), meaning that vari-

Fig. 1: Schematic description of PMD process and its process parameters.

ations in arc length are directly reflected in the arc’s voltage
signal while the current is kept constant [16]. For effective
controller design or predictive control algorithms, modeling or
identifying the welding process is necessary to accurately de-
scribe the response characteristic of the welding process and the
relationship between layer height, wire feed speed and voltage.
However, due to the complexity of this process, physical model-
ing using analytical or numerical models is highly sophisticated
and computationally intensive [17]. Therefore, these methods
may not meet the requirements for a stable, rapid-response
controller suitable for in-situ applications. The moving process
characteristic also means that the voltage sensing only exists at
the current nozzle position and the impact of a change in wire
feed on the layer height can only be detected in the subsequent
layer. Typical step response tests to determine the transfer func-
tion and the dynamic process behavior are therefore difficult to
be determined and may not reflect the real dynamic process be-
havior. Consequently, a data-driven approach for process iden-
tification was employed to capture the correlation between arc
length (nozzle distance dN), wire feed speed WFS , and volt-
age U. The voltage serves in this context as an estimator for the
actual arc length and therefore layer height. The steady-state
correlation of these parameters was then used to determine the
necessary gain in wire feed to compensate for the deviations in
layer height.

2.1. Process identification and control design

The experiments were conducted using a KUKA KR30-3
robot with a KRC2 controller and a plasma welding device
PMI-350 AC/DC from the company SBI. Figure 2 presents the
data architecture and communication framework, illustrating
the communication between the welding unit and its internal
sensors and the external sensor systems via the DeviceNet field
bus system. The analog signals of the external temperature and
distance sensors are linked with an I/O module to a digital field
bus signal. In the KUKA KRC2 controller, all data is synchro-
nized and supplemented with the robot’s internal data, such as
axis positions. The KUKA Robot Sensor Interface (RSI), a real-
time industrial communication interface, was used to interact
with the robots KRC2 controller during operation. The edge de-
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Fig. 2: Data framework for data flow and acquisition.

vice receives synchronized data packets from the RSI in XML
format via the Ethernet port using the User Datagram Proto-
col (UDP). The ”machine controller interface”, developed in
Python, processes this data and sends it to the data acquisition
system. In addition, the control algorithm is also deployed on
this edge device and sends the control feedback signals via the
machine controller to the RSI of the robot.
Additional measurements were obtained using a laser distance
triangulation sensor type Wenglor CP08MHT80 and a Micro-
Epsilon pyrometer type CTLM-3H temperature sensor in ad-
dition to welding parameters and gas flow sensors integrated
within the welding unit. The laser distance sensor work with a
high-resolution CMOS line technology and was used to capture
the longitudinal and transversal geometry of the actual layer
cross section. The temperature sensor was used for inter-layer
temperature measurement and was calibrated by comparative
tests with thermocouples. An emission coefficient of 0.61 was
determined for an expected operating point of approximately
200 °C surface temperature.
The automated data acquisition and storage system outlined in
[18] was employed for data-driven process identification. This
system enables the seamless acquisition of all data captured
during the welding process, facilitating the identification of rel-
evant correlations.
A XIRIS welding camera was used for vision monitoring. This
camera was not part of the automated data acquisition system
but was used to inspect the weld pool and occurring process
phenomena.

The experimental workpiece for data acquisition was a sin-
gle straight wall of several layers, using a unidirectional build-
up strategy, as depicted in Figure 1 and 3. The workpiece was
built up using a structural steel wire material (OK AristoRod
12.50) with a diameter of 1.2 mm and a twin wire feeder. The
substrate material was a structural steel S235JR. In Table 1, the
chemical composition according the standard specification of
DIN EN 10025-2 of substrate material and wire material ac-
cording data sheet is listed. For all experiments, the plasma gas
flow was 1.2 l/min, the shielding gas flow was 15 l/min and the
travel speed (TS ) of the nozzle was 3 mm/s.

In the experiments, a measurement cycle was applied after
each layer. In this cycle, the cross-section in transversal direc-
tion of the layer is automatically measured with the laser dis-
tance sensor at several discrete sections along the weld seam.
In longitudinal direction, the height profile is measured along
the weld seam. The actual layer height can therefore be calcu-

Table 1: Chemical composition of substrate and wire material.

Material
chemical composition in wt.%

C Si Mn P S N Cu

Wire 0.08 0.85 1.46 - - - -
Substrate 0.17 - ≤1.40 ≤0.035 ≤0.035 ≤0.012 ≤0.55

lated by subtracting the previously measured profile from the
currently measured profile. With the implemented data frame-
work, it is possible to synchronize voltage, layer height and
nozzle distance of each layer for each individual experiment
through the timestamp and positional data. Figure 3 shows an
example of a transversal cross-section of manufactured wall and
the corresponding measured individual layer cross-sections. Af-
ter each layer, the pyrometer is used to carry out a tempera-
ture measurement to ensure a constant interlayer temperature
of ≤ 200 °C for all experiments.

Fig. 3: Cross section in transversal direction of wall and corresponding layer
heights hL.

2.1.1. Process identification
To examine the direct relationship between nozzle distance

dN , current I, and voltage U, a parametric study was conducted
by varying the nozzle distance and current levels without any
wire feed. The relationship between current, voltage, and noz-
zle distance (arc length) demonstrated a linear correlation near
a constant operation point similar to an ohmic resistance. Fig-
ure 4 illustrates the linear regression plane representing this re-
lationship, strongly agreeing with the experimental data. The
absolute deviations between the observed data points and the
regression plane are displayed directly in the figure, underscor-
ing the model’s accuracy in capturing the observed trends. The
gradient ∆U/∆dN , which can be read from the regression equa-
tion, is 0.420 V/mm. In [16], this is given as 0.5 - 0.85 for a
GTA welding process, which shows that the gradient for the
investigated plasma arc (PA) process is slightly smaller.

A more realistic investigation was conducted to explore the
relationship between nozzle distance dN , and voltage U, also
considering the effect of wire feed. For this study, a single
straight wall with multiple layers was welded under constant
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Fig. 4: Linear regression plane of experimental data showing the relationship
between voltage U, current I and nozzle distance dN , without any wire feed.

Fig. 5: Parametric study with constant parameter sets including wire feed (WFS
= 11 mm/s, I = 130 A).

process parameters: wire feed speed WFS set to 11 mm/s and
current I kept at 130 A. Since the constant wire feed is uncon-
trolled, variations in dN were observed during the deposition
process. The nozzle distance for each layer was measured along
the longitudinal direction of the weld seam. The measured sig-
nal was processed and averaged, obtaining an orthogonal re-
gression line which shows the gradient of the nozzle distance
in relation to the voltage ∆U/∆dN = 0.483 V/mm, as shown
in Figure 5. A small difference of 0.063 V/mm in the gradients
between with and without wire feed could thus be determined.

A parameter test with varying wire feed speeds was carried
out to further examine the relationship between layer height hL

and wire feed speed WFS . For this test, a single straight wall
was produced using a constant current of I = 130 A and al-
ternating wire feed speeds. To create the environment of a real
wall buildup, the first three layers were welded with a wire feed
speed of 11 mm/s. From layers 4 to 19 the wire feed speed was
sequentially set in the order: 10, 12, 8 and 14 mm/s. Using the
laser distance sensor, the total build height was measured af-
ter each layer. Based on the height difference between the lay-
ers, an average layer height was calculated, as well as the ac-

Fig. 6: Parametric study with constant current (I = 130 A) and varying wire
feed speeds (WFS = [8,10,12,14] mm/s).

tual wire feed speed given by the welding unit, which deviates
slightly from the set values. Figure 6 illustrates the correlation
between WFS and hL, indicating a clear relationship between
these two parameters. The relation between layer height and
wire feed speed can thus be described by the gradient of the
regression line as ∆WFS/∆hL = 1/0.149 = 6.71 mm/(s mm).

2.1.2. Control design
The strong noise in the voltage signal requires a filtering to

create a smooth input signal for the controller. To achieve this,
a simple two-step filter was implemented, combining a moving
median and a moving average filter. First, the moving median
filter calculates the median Ũt of the last n = 90 voltage sam-
ples. Thus, the influence of outliers could be reduced. The me-
dian result is then used in the moving average filter. This second
filter calculates the moving average Ūt of the k = 90 median
voltage samples, thus further smoothing the signal by averag-
ing out any remaining high-frequency fluctuations, as shown in
Equation (1) and (2).

Ũt =
U( n

2 ) + U( n
2+1)

2
(1)

Ūt =
1
k

t∑
i=t−k+1

Ũi (2)

The correlations between the individual parameters can now
be determined by consolidating the results of above described
attempts to identify the process. This leads to a direct relation-
ship of the correlation of the wire feed speed and the actual
layer height WFS/hL and the correlation of the voltage and the
nozzle distance U/dN , which can be described by the gradients
of the regression lines. If a direct geometric correlation between
layer height hL and nozzle distance dN (see Figure 1) is assumed
for a constant vertical nozzle position, the direct correlation be-
tween a change in wire feed and a change in voltage can also
be described (Equation 3) for a simplified steady-state behav-
ior. The steady-state gain factor Kstat thus quantifies the nec-
essary wire feed adjustment to compensate for a deviation in
layer height. This deviation in layer height is indirectly repre-
sented through the resulting resistance of the arc plasma, which
appears as a voltage deviation.
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Kstat =
∆dN

∆U
· ∆WFS
∆hL

∝ ∆WFS
∆U

= 13.87
mm
s V

(3)

Consequently, the required change in wire feed can be used
to calculate the necessary total wire feed, as described by Equa-
tion 4. This equation thus follows the structure of a typical pro-
portional (P) control system.

WFS (t) = (U(t) − Uset) · Kstat +WFS set (4)

In this case, the voltage error e(t) = U(t)−Uset is multiplied
by a proportional gain factor Kstat to compensate for the devi-
ation. This P-control mechanism was implemented in the edge
device, which sends the adjusted wire feed signal back via the
machine controller interface to the wire feeder of the plasma
metal deposition (PMD) sytem.

3. Results

For the validation of the presented control concept, a simple
wall was built up with the parameters WFS set = 11 mm/s and
I = 130 A. The control was either inactive or active. In both
cases, an interlayer temperature of ≤ 200 °C was maintained, as
measured with the pyrometer. This leads of course to different
cooling times for each layer.

Figure 7a shows the result without active control, where a
significant flattening of the wall is observed towards the end.
The process was therefore stopped after 27 layers, as the noz-
zle distance (arc length) became too long, leading to process
instability.

Figure 7b presents the result with active control. It is clearly
evident that the active control improves process stability, and
no flattening of the wall is observed. The welding process was
stopped after 60 layers, as it was expected that the process could
continue stably. After an initial fluctuation, an average layer
height of 1.21 mm – measured in the middle section of the wall
(20 - 140 mm) – was achieved after layer 10. The reference
voltage Uset = 16.8 V used to calculate the wire feed adjust-
ment corresponds to the average voltage measured in previous
experiments with wire feed speed of WFS = 11 mm/s and a
current of I = 130 A.

If the individual layers of the two tests in Figure 8 are over-
laid, the differences become even more obvious. With active
compensation, the layer height remains constant, whereas with-
out compensation, layer height errors accumulate, resulting in
a progressive flattening effect.

With the control system active, the steady-state gain factor
directly and immediately – within the systems response time
– can be applied to adapt the wire feed speed accordingly.
This adjustment is executed by the wire feeder’s controller, and
leads to a dynamic fluctuating wire feed rate during the welding
process, frequently reaching the specified minimum/maximum
wire feed limits of WFS = 8 and 14 mm/s.

(a) Deposition process without control.

(b) Deposition process with control.

Fig. 7: Validation of the layer height control for the plasma deposition.

Fig. 8: Scanned layer heights of all individual layers with active and inactive
compensation.

4. Outlook and discussion

A practical and simple layer height compensation was
demonstrated. The absence of time-dependent consideration of
process behavior for control design may lead to overshooting
in the wire feed speed. In addition, the layer height deviations
are measured only delayed and indirectly after each layer due
to the movement of the nozzle. This might lead to the observed
oscillation and overshooting of the wire feed speed. Reducing
the steady-state gain factor Kstat by a factor of 3 helps to im-
prove this behavior. With this adjustment, only one-third of the
detected height deviation would be compensated by the wire
feed speed, leading to a slower, more gradual response of the
controller.

To achieve smoother control, a more advanced identification
of the system’s response characteristics, accounting for time-
dependent behavior and the delay in layer height response, is
necessary to design a more sophisticated control algorithm. Fur-
thermore, the wire feed control should be integrated into the
control system to improve overall performance.

However, the proposed control concept is easy to implement
and effectively compensates the height deviation, as can be seen
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in Figure 7 and 8. After process identification, no external sen-
sor systems or adaptions in robot movement are necessary for
the process control, which is very convenient. With further tests,
the Kstat can be adjusted to achieve a better behavior of the
controller. Influences of different travel speeds on the proposed
compensation concept are not taken into account and also need
to quantified in further investigations. The compensation must
also be tested in further experiments on actual components, as
the findings obtained from the wall geometry show great poten-
tial in advancing the ultimate goal of additive manufacturing.

Despite this, the presented approach for the integration of ex-
ternal data into the robot environment has proven to be very use-
ful. In combination with the implemented automatic data flow
and data acquisition system, it is possible to collect all neces-
sary data for process characterization. This can be used in the
future for grey-box or black-box modeling, e.g, to virtually test
and compare controllers, or design adaptive control or model
predictive control algorithms, respectively. It offers opportuni-
ties for comprehensive characterization and data acquisition of
the plasma metal deposition process.
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