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Abstract: A novel controller, employing a variable-structure single-neuron adaptive PSD (propor-
tional integral derivative) approach, was proposed for regulating the deposition width variation in
the Directed Energy Deposition-Arc (DED-Arc) layer. During experimental trials, the deposition
speed was chosen as the manipulated variable, while the width of the deposition layer served as
the measured parameter. To facilitate controller design, a vision sensor was custom-designed to
accurately detect the width of the deposition layer. The captured image of the deposition layer’s
dimensions enabled the precise determination of the deposited thickness, forming the basis for subse-
quent controller development. In performance assessments, deliberate interference was intentionally
introduced into the deposition current, deposition layer height, and the targeted deposition layer
width. The assessment involved the controlled deposition of ten-layer components, focusing on width
regulation for each deposition layer. The results demonstrate that the proposed controller significantly
enhances the deposition process stability, particularly within a range of desired deposition widths
from 7.5 mm to 8.3 mm.

Keywords: DED-Arc; vision sensor; variable layer dimensions; thin-walled components; closed-loop
regulating system

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is a modern manufacturing
technique that centers on the concept of “layer-by-layer stacking” [1,2]. This technology
enables the cost-effective production of metal parts and speeds up product development
cycles. Metal additive manufacturing technology represents a groundbreaking advance-
ment in advanced manufacturing. It offers an environmentally friendly, efficient, and
cost-effective approach to tackle the challenges posed by modern manufacturing technolo-
gies. Researchers have explored different heat sources for the additive manufacturing
process, such as laser beams [3], plasma or arc [4,5], and electron beams. As a subset of
metal additive manufacturing, Directed Energy Deposition-Arc (DED-Arc) utilizes electric
arcs to melt and spray material onto the workpiece surface, layer by layer, to build up
components [6,7]. The process improves working efficiency [8].

As is widely recognized, the DED-Arc process is a complex and highly interdependent
procedure influenced by multiple variables. Changes in individual or combined process
parameters inevitably impact the size and quality of the resulting parts. The advancement
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of the DED-Arc is hindered not only by these intricate process variables but also by the
need for high reliability and automation in engineering applications.

Presently, researchers are primarily focusing on enhancing metal component quality
through meticulous process control approaches [9,10]. These approaches encompass off-line
modeling and human–computer interaction [11,12], heat accumulation control [13–16], and
additive–subtractive composite manufacturing [17–19]. Unfortunately, these methods are
predominantly based on non-feedback off-line and open-loop control modes. Implement-
ing online detection and feedback control within the process proves to be a highly effective
approach for addressing this challenge. For instance, interlayer temperature can be man-
aged through natural cooling to exert control [20]. Process parameters can be fine-tuned to
regulate arc ignition, thus influencing the forming appearance [21]. Moreover, integrating
additive manufacturing with milling processes enhances the surface smoothness of the
resulting part, thereby elevating its overall quality [22]. However, it remains a challenge
to completely eliminate defects using the open-loop control system. From the existing
literature, in the effective detection of the geometry of the cladding layer in the DED-Arc,
visual sensing is the most convenient detection system. Doumanidis and Kwak [23,24]
used active visual perception during multivariate adaptive control, resulting in a detection
system which produces a large detection range but not a high accuracy. Heralic et al. [25]
applied iterative learning control for the height regulation of laser metal wire deposition.

A Pinot infrared sensing system was created by Fan et al. [26] to keep an eye on
the temperature next to the molten pool while arc welding is taking place. This method
used the temperature signal that was captured as feedback to control welding penetration.
Given the inherent complexity and time-variant nature of arc welding, it is imperative
to develop sophisticated control algorithms. Liu and Smith et al. [27] utilized feedback
control in Inconel 718’s Gas Tungsten Arc welding (GTAW). They utilized a CCD camera
to record images of the molten pool surface and assessed the width of the melt pool.
This measurement functioned as a feedback signal for controlling the welding process.
Zhang [28,29] devised arc welding model-predictive controller procedures with the aim of
regulating either penetration or the geometry of the weld pool.

Zhang et al. [30] examined the connection between spectral signals and porosity in
the melt deposition process and found that the spectral and electronic intensities were
more sensitive to changes in the width of additive molding, which proved the feasibility
of spectroscopy for detecting changes in the size of the melt pool. Sangjun Kim et al. [31]
estimated the melt pool width, length, depth, and layer height using a single-infrared
imaging system. They designed a feedback control system for DED dimensions to enhance
the forming quality by adjusting the nozzle movement speed. Hölscher et al. [32], from
the University of Hannover, Germany, found that there is a link between the GAMW torch
height and the resistance, that the GMAW forming height can be detected by resistance
sensing, and that its accuracy can be improved by ±1.2 mm. Chabot et al. [33], from the
Ecole Centrale de Nantes, France, established a control model between the CMT nozzle
height and the acoustic frequency, and the nozzle height can be effectively controlled using
this model within a deviation range of 0.5 mm. In the domain of DED-Arc process control,
significant research efforts have been directed toward implementing closed-loop control
methods. These methods aim to stabilize the forming process, minimize step errors, and
reduce defects [34]. The research has predominantly focused on ensuring accuracy in
forming geometry and effective thermal control. However, given the complexity of the
DED-Arc, characterized by its multiple parameters, nonlinearity, and strong coupling,
intelligent control algorithms present a hopeful solution.

In this study, we propose the adoption of a single-neuron self-learning controller.
The width of the deposited layer in GTA-AM is chosen as the measured parameter, while
the deposition speed functions as the manipulated variable. The primary objective is to
attain adjustable width control for each deposition layer in the closed-loop control system
for the DED-Arc. Moreover, we aim to extend this capability to control the thickness of
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the deposition layer. To evaluate the effectiveness of our proposed control approach, we
selected a thin-walled structure fabricated using GTA-AM.

2. Experiment Details

The experimental system manufactured by the arc-added material is mainly composed
of Gas Tungsten Arc Welding (GTAW). The welding speed is controlled using a Mitsubishi
RV-3SB six-axis robotic arm, serving as both the control end for speed adjustments and the
fixed end for the vision sensing system. The visual sensing detection position is illustrated
in Figure 1. The power supply is a Panasonic YC200-BL3 constant-current source welding
machine (Panasonic, Osaka, Japan). The experimental parameters are shown in Table 1.
The tungsten welding torch is fixed on the J6 axis of the robotic arm, maintaining a 5 mm
arc length, ensuring the most stable process for metal deposition and forming. When the
arc length is 5 mm, GTA-arc combustion is stable, with a moderate height, and there is
no occurrence of melting of the deposited metal or adhesion of the tungsten electrode
tip. During the welding process, the GTA-arc serves as the heat source to melt the metal
wire and substrate. We use 99.99% argon as a shielding gas to prevent the oxidation of
the molten pool. The gas flow rate is maintained at 13 L/min. The TC4 metal wire with a
diameter of 1.2 mm is employed to deposit metal in this experiment. The TC4 plate with a
dimension of 100 mm × 100 mm × 5 mm is selected as the substrate. The composition of
the substrate and the welding wire is identical. Table 2 shows the chemical composition
of the substrate and the wire. Noteworthy, the deposition current is set to 80 A, without
special instructions. Maintaining a consistent distance between the tungsten electrode and
the top surface of the deposited layer is essential and so is controlling that the arc pressure
is fixed within the feasible range.

Figure 1. Schematic diagram of the welding system.

Table 1. Basic experimental parameters.

Experimental
Parameter Current Voltage Tungsten

Electrode
Tungsten Electrode

Tip Angle
Tungsten
Diameter Feed Angle Wire Feed

Speed

Numerical
value 80 A 11.5 V WT20 60◦ 2.4 mm 45◦ 1.1 m/min

Table 2. Chemical composition of welding wire and substrate (wt %).

Element Ti Al V Fe C N H O Element

Content Bal 5.99 3.91 0.14 0.014 0.009 0.004 0.17 Content

During the DED-Arc process, it is necessary to ensure that the height from the tip of
the tungsten electrode to the top of the cladding layer remains consistent at all times The
robot’s movement along the J1, J2, and J3 axes facilitates torch movement in the X, Y, and Z
directions, allowing the precise stacking of thin-walled forming components. Once a layer
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is completed along the planned path, the arc is extinguished. The J2 axis moves in the Z
direction, raising the tungsten electrode by 5 mm, and moves towards the X axis or Y axis
to the next arc point, performing the next layer of deposition. In this way, a closed-loop
path is formed to avoid excessive accumulation of the arcing end and thermal collapse of
the arc’s extinguishing end.

Here, the video acquisition device is located to the right of the tungsten electrode,
and the DED-Arc real-time deposition process is transmitted through the refraction of
the reflector. The specific acquisition equipment is shown in Figure 2. The SG Vision
3.0 software is used for real-time data acquisition. The width of the deposition layer is
continually monitored, and the width measurements are recorded using a pixel-based
system. Another industrial camera is positioned with a view angle perpendicular to the
thin wall and moves in alignment with the deposition speed. The real-time pixels of the
thin wall’s thickness are collected, and the convex part on the thin wall is detected and
avoided. This system is responsible for initiating and terminating the tungsten arc as well
as for regulating the wire feed speed and deposition speed. The narrow band filter with a
670 nm wavelength and the passive vision sensor composed of a CCD industrial high-speed
camera detect the width and thickness of the sediment layer.

Figure 2. Position of the visual sensing system.

The detailed image processing algorithm and program calibration reference [35] image
processing flow chart are shown in Figure 3.

Figure 3. Image processing flow chart of the width of the deposit layer developed by MATLAB.

In Figure 3, the real-time acquisition and measurement of the melt pool width by the
visual sensor during the additive manufacturing process is depicted. The Sobel operator
is a second-order derivative detection operator that is independent of the edge direction,
exhibiting isotropic properties and robust noise suppression capabilities. The results after
applying the Sobel operator for feature detection on the edges of the image are depicted
in Figure 3. From the figure, the boundary of the molten width is clearly observed, with
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minimal interference from the edge lines, laying the foundation for extracting the feature
values. Due to the presence of noise points or deviations in the edge lines in Sobel edge
detection, it is necessary to fit the points on the processed edge lines to accurately locate the
width of the deposition layer’s edges (depicted by the red line in Figure 3). The selected
edge line of the melt pool width is then analyzed to calculate the pixel height of the edge
line, converting it into the actual physical width. Additionally, by communicating with
the robot’s motion trajectory through PLC and CC-Link, real-time control is applied to the
movement of the welding gun fixed on the robot’s moving joints.

3. System Design

To achieve precise process control, a well-designed control system should encompass
both the design of control algorithms and the understanding of dynamic characteristics of
the control object. A rational control algorithm is fundamental in achieving precise process
control, which, in turn, is crucial for producing high-quality formed parts.

Hence, it is essential to develop dynamic models for both control variables. GTA-AM
is a complex, multi-variable coupled process. Factors such as deposition speed, wire feed
speed, and deposition current significantly influence the final structure formation. To
ensure an effective control outcome, we use deposition speed as the manipulated input
variable, and the export variable is the width of the deposited layer. To ensure a well-
organized test procedure, it is important to conduct a step response test on the input control
variables. Among the control variables, the deposition rate has been identified to influence
the width of the deposited layer. To clearly observe how the size of the deposited layer
changes, a step test is performed on the fourth layer of the single-channel multi-layer
deposition by varying the deposition speed. The outcomes of this step test are illustrated
in Figure 4. In Figure 4, the Y axis is the width of the deposit layer, and the acquisition time
is set as the vitiate of the X axis. Due to the GTA-AM process, where the welding torch
is fixed on the robot’s J6 and moves along with the axis, the variation in the deposition
speed is associated with the movement speed of the robot’s J6. As seen in Figure 4, the
positive step of the travel speed increases from 1.69 mm/s to 1.98 mm/s, and the negative
step of the travel speed decreases from 1.69 mm/s to 1.38 mm/s. It is demonstrated that
the travel speed has a negative effect on the layer width. The response of the layer width
under the step change has no overshoot. As the deposition speed increases, the width of
the deposition layer decreases, indicating a reduction in the amount of melted material
entering the molten pool per unit length. Conversely, when the deposition speed decreases,
the width of the deposition layer increases. Thus, the DED-Arc can be represented as a
first-order transfer procedure, with an expression given by

H(s) =
K

1 + Ts
e−τs (1)

Here, K denotes the static amplification factor, τ stands for the coefficient representing
time delay, and T signifies the time constant.

Using the discrete system identification algorithms provided by the Matlab language,
a mathematical model for a discrete-time dynamic process is obtained. Subsequently,
model conversion methods are employed to derive a continuous-time dynamic process
mathematical model. Table 3 displays the time constant, gain coefficient, and time delay
constant for the deposited layer width in response to positive and negative step changes in
the deposition speed.

According to the change trend in Figure 4 and Table 3, it can be found that, when
the deposition speed is in a positive step, the rate of welding wire melting is decreased,
resulting in a narrower width of the deposition layer. When the deposition speed is in a
negative step, the rate of wire melting per unit time increases, which facilitates the increase
in the width of the deposition layer.



Metals 2024, 14, 207 6 of 16

Figure 4. The instantaneous effect of sedimentary layer width on speed: (a) positive step, and
(b) negative step.

Table 3. Time constant, delay, layer width gain coefficient, and travel speed step.

Positive step
K −0.726
Ts 0.5742
Td 1.1

Negative step
K −1.1245
Ts 1.873
Td 1.4

The findings presented in Table 3 highlight that the width of the deposition layer
exhibits the highest gain coefficient during the step response test involving changes in
the deposition speed. Furthermore, it is notable that the time constants, gain coefficients,
and delay constants of the deposition process differ for positive and negative steps. These
discrepancies emphasize that the GTA-AM process is not suitably described by a straight-
forward transfer function. To accurately record the trends characteristics of the layer width,
a more precise and sophisticated model is essential to represent the intricate trends of the
GTA-AM process. After a literature investigation, Xiong et al. [36] employed the nonlinear
Hammerstein model to establish trend correlations between the GMAW layer’s width and
the deposition speed. GTA-AM can use the nonlinear Hammerstein model to represent the
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trend relationships between the width of the deposition layer and the deposition speed.
Therefore, the system’s mathematical representation is as follows:

x(k) = C0 + C1v(k) + C2v(k)2 (2)

Y(k) = x(k)Z−dB(Z−1)/A(Z−1) (3)

Z−dB(Z−1)/A(Z−1)—linear dynamic link
Y(k)—width of the deposited layer
v(k)—walking speed
Z−1—delay operation symbol
B(Z−1) and A(Z−1)—polynomial operations

A(Z−1) = 1 + a1Z−1 + a2Z−2 + . . . anZ−n (4)

B(Z−1) = 1 + b1Z−1 + b2Z−2 + . . . bnZ−n (5)

where n is the structural parameter coefficient.
To acquire the suitable input and output data, it is necessary for the deposition speed

to fall within a specific range. The deposition speed ranges from 1.69 to 1.92 mm/s, and
the speed change trend is shown in Figure 5.

Figure 5. Speed change trends of deposition process.

As the robot is a source of motion, the controller has an internal sensor to detect the
range of variation in deposition speed. The sensor mainly adopts a continuous trigger
mode, and the recorded periodic change time is 0.067 s.

Due to the rapid changes in sensor-recorded data during the GTA-AM process, there
is a high density of data points. To manage this, adjustments are made to the data collection
start time and delayed collection, considering the short period change time. By calculating
the delay constant, we obtain 440 data points in each group and conduct four sets of data
tests. Given the challenges posed by single-channel multi-layer stacking, such as high arc
end defects, abnormal layer width, and thermal collapse at the tail of a single-channel
multi-layer, data from these problematic areas are excluded to ensure data accuracy. In this
study, data points are selectively collected from the stable region in the middle. Real-time
data are captured using a camera, and the width of the melt pool within the stable region is
identified. Through MATLAB programming, the actual width of the melt pool is calculated.
The collected data are shown in Figure 6. Correspondingly, Figure 7 illustrates the formation
of the single-channel multi-layer structure after data acquisition. Figure 7 demonstrates
a smooth and uniform deposition bead without wrinkles, indicating an excellent surface
formation quality. This outcome suggests that the fluctuations in deposition current and
deposition speed are in a stable state and that the heat input is appropriate.
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Figure 6. Transient response of sediment width under variable deposition rate.

Figure 7. Weld macro morphology and size measurement.

It can be observed that the robot has enhanced the stability of the movement source’s
deposition speed, making the deposition speed change in a stable interval. Then, the
input deposition speed first moves briefly at a constant speed and increases or decreases
instantaneously within 1 s. The parameters of the Hammerstein model, including n = 4,
b = 4, and d = 2, are determined using the block least squares method. Consequently, the
relationship between the deposition speed and the width of the deposition layer during the
deposition process of the six-axis robot can be utilized as a representation of the dynamic
characteristics:

Y(ξ) = 0.275Yξ − 0.032Y + 0.069 − 0.461vξ
+1.166v − 0.025v2ξ − 0.038v2 (6)

4. Controller Design

Given that GTA-AM is a complex, multi-factor, and nonlinear process with numerous
variables influencing forming and manufacturing, traditional PID control, being relatively
fixed, may not effectively handle this multifaceted manufacturing process. As a result, there
is a need for a flexible control algorithm capable of integration with the robot controller
through CC-Link, providing the ability for parameter adjustments. This flexibility is vital to
efficiently adapt to the diverse and dynamic aspects of the GTA-AM process, allowing for
more effective control and optimization of the manufacturing output. Based on a research
study from the literature [37], it is found that the variable-structure single-neuron adaptive
PSD can complete the expected output and then achieve the desired control effect. By
detecting the actual input value and the expected output value, an autonomous learning
control is formed.

To optimize the control effect and achieve desirable output values, the backpropaga-
tion algorithm is employed to adjust the proportional–integral–derivative (PID) parameters.
Following this adjustment, the algorithm influences the deposition process. Simultaneously,
a binocular vision sensor is utilized for image acquisition and feature information process-
ing pertaining to the deposition size. The processing procedure is depicted in Figure 3.
Within this process, attention is given to collecting and processing data from any defective
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sections. Adjustments to the input deposition speed are made accordingly, ultimately
influencing the width of the deposited layer. This adaptive approach helps enhance the
control and precision of the deposition process, ensuring a more consistent and accurate
deposition size and realizing the detection of an actual control effect. The number of inputs
can be formulated as follows:

h1(t) = ∆e(t) = e(t)− e(t − 1)
h2(t) = e(t)
h3(t) = ∆2e(t) = ∆h1(t) = h1(t)− h1(t − 1)

(7)

where the result is due to the output error. The sum of the weights of the three nodes is
calculated as follows:

o(t) =
3

∑
i=1

wi(t)hi(t)/

√√√√ 3

∑
i=1

w2
i (t) (8)

To attain a continuous output profile, the S-function is integrated, which leads to an
adjustment in the controller’s output.

∆δ(t) = δmax
1 − e−o(t)

1 + e−o(t)
(9)

And, performance indicators can be expressed as follows:

J(t)0.5[Wbset − Wb(t)]
2 (10)

The weight’s learning algorithm is computed as follows [38]:

∆wi(t) = − ∂J
∂wi(t)

= e(t) ∂Wb(t)δmax
∂∆δ(t) [1 − ∆δ2(t)

δ2
max

]hi(t)
(11)

∂Wb(t)
∂∆δ(t)

≈ Wb(t)− Wb(t − 1)
∆δ(t)− ∆δ(t − 1)

(12)

The width of the deposited layer in the GTA-AM process is controlled by the PSD
control principle, as shown in Figure 8. The input terminal of the controller is determined
by the deviation Wb, which represents the difference between the observed deposited layer
width Wset detected by the visual sensor and the predetermined deposited layer width,
while the output data correspond to the deposition rate v. These input and output elements
together form a closed-loop control system, regulating the width of the deposition layer
during the GTA-AM process.

Figure 8. Single-neuron self-learning PSD deposition width control schematic in the DED-Arc process.

5. Result and Discussion
5.1. Control Performance Verification

In this research, the PSD control algorithm is used to control the equal width of the
lightweight structure’s structural parts manufactured by the robot GTA-AM. In simple
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terms, maintaining a consistent layer width for structural components in the DED-Arc
involves regulating the separation amid the tungsten electrode and the surface at the
deposition layer’s top, in addition to adjusting other critical process parameters. To verify
that the designed PID control algorithm is correct, simulation experiments are essential.
These simulations help validate the control algorithm’s capability to achieve the desired
and uniform layer width in the manufactured components. The simulation experiment is
realized using the MATLAB language, and the simulated unit neural control result curve is
shown in Figure 9.

Figure 9. Simulation detection curve of single-neuron control system.

When employing the MATLAB language, the initial width of the deposited layer
is established at 7.5 mm, and the deposition speed is adjusted to 2.65 mm/s. In the
course of the simulation test, the deposition rate decreases to 1.69 mm/s. The anticipated
step value for the cladding layer width is 8.3 mm. The simulation results align precisely
with the anticipated control effect expected for the test. This congruence underscores the
effectiveness of the simulation in accurately representing and predicting the behavior of the
deposition process in response to changes in the deposition speed. To verify the authenticity
of the experimental simulation, we set the deposition speed as constant. Considering that
the speed change at the corner is caused by the angle operating mechanism of the robot,
the deposition width and deposition speed change noticeably at the corner, and only data
recorded when the sediment layer is relatively stable and the speed of movement is stable
are considered. Figure 10 depicts the experimental results. It is observed that the time
required for the speed to stabilize is 9 s, aligning with the simulation outcomes.

Figure 10. Rotational angular speed and constant speed in the deposition process.
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To ensure the practical application of the PID control, interference tests are designed
specifically for controlling the width of the deposited layer. These tests consist of a closed-
loop disturbance test within a designated width range, as shown in Figure 11, and a
closed-loop control test subjected to steps of the sedimentary current, as shown in Figure 12.
The width of the deposited layer detected by the visual sensor is referred to as “Wb”,
while “Wset” is the predetermined deposition layer width. Given that the sensor used in
this study has a continuous acquisition time of 0.06 s, it effectively collects 16 data points
in 1 s. By utilizing these data points, the trend in the change in the deposited layer’s
size is calculated. The significant change in width occurs when the cladding layer size
increases from 7.5 mm to 8.3 mm at approximately t = 15 s. Through PSD control, the
width of the deposited layer stabilizes, taking approximately 4 s to 5 s for this stabilization
to occur. Post stabilization, the visual sensor is used for re-detection. The width of the
new cladding layer falls within the range of 8.1 mm to 8.5 mm after detection by the
visual sensor. If the width of the new cladding layer falls within this range of change, it
is deemed normal. Additionally, it is imperative to measure the maximum error between
the width and height of the layer, and the designated layer width does not exceed 0.8 mm,
ensuring the precise control and validation of the PSD control’s practicality in maintaining
the desired layer width.

Figure 11. Closed-loop control disturbance for given width range.

Figure 12. Closed-loop control under deposition current disturbance.

Figure 12 shows the control effect under the deposition current step test. It can be
found that the initial width of the deposited layer is 7.5 mm. When the time reaches 60 s,
the deposition current decreases from 80 A to 70 A. This reduction in current is due to
the continuous arc during deposition, leading to heat accumulation and thermal inertia in
the molten pool. With the significant decrease in the sedimentary current and speed, the
width of the deposited layer experiences a change within the range of 2 to 4 s, ultimately
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converging towards a specified width. Moreover, due to the inherent lag in the process of
deposition, the control effect of the PSD on the deposited layer’s width becomes apparent
after a certain duration. Figure 12 shows a negative step in the current during deposition,
and a decrease in deposition speed results in the deposited layer’s width approaching a
more consistent value. Notably, the data from the experiment show a lack of noticeable
interference points, affirming the effectiveness and stability of the PSD control effect on the
deposited layer.

Figure 13 shows the effect of PSD on controlling the thickness of the deposited layer.
We set the total number of deposition layers to 10 and configure the length of each depo-
sition layer as 85 mm. We collect thickness data for the fourth and fifth deposition layers
separately. The fourth layer is the original deposition layer, and visual sensing detection is
carried out after the deposition. The fifth layer is to make up for the defects of the fourth
layer after PSD control. Figure 13 reveals an uneven surface on the fourth layer, with the
thickness falling within the expected fluctuation range. This unevenness is attributed to
adjustments in the wire feed speed, resulting in a higher wire feed rate per unit of time and
subsequently increasing the thickness of the deposited layer after the molten pool solidifies,
assuming all other process parameters remain constant. Furthermore, it is essential to
recognize the substantial impact of the deposition current on regulating the deposition
layer’s dimensions, as supported by the data in Figure 9.

Figure 13. Layer width under control.

5.2. Adjustable Layer Width Control

For this research, the PSD algorithm is applied to the width control of robot GTA-AM
thin-walled parts and then the thickness of the deposition layer is regulated. Therefore,
under the condition of setting the same arc length, the process parameters are controlled
to make the deposition size approximately consistent. If the width of the second layer
remains within the range of 7.5 mm to 8.3 mm, it is preferable to set the width at 7.5 mm.
Subsequently, the width of the next layer is controlled based on the width of the preceding
layer. The PSD control algorithm is employed to fine-tune the deposition speed and the
deposition current accordingly.

Figure 14 presents a visual representation of width detection and deposition speed
across various cladding layers, demonstrating the impact of the closed-loop controller.
In Figure 14, the black dashed line represents the height from the start to the end of the
additive component, corresponding to the black numbers on the left side of the vertical
axis. The red curve depicts the actual width values of the molten pool during the additive
manufacturing process, corresponding to the red numbers on the vertical axis. The black
straight line represents the predetermined value for the given deposition layer width,
corresponding to the red numbers on the vertical axis. The blue dashed line indicates the
movement speed, corresponding to the blue numbers on the vertical axis. When the width
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of the molten pool is less than the predetermined value, the robot speed decreases; when the
width of the molten pool is over than the predetermined value, the robot speed increases.
Clearly, with precise control of the deposition parameters, the width of the deposited layer
falls within the range of [-0.3, 0.3]. This effective control ensures that the width of the
deposited layer remains within the specified limits. Moreover, the thickness growth pattern
for each layer within the thin-walled structure follows a consistent trend, as highlighted in
reference [39]. The data in Figure 14 reveal that the average variances for different layer
widths and total thicknesses are calculated to be 0.2435 mm and 0.2482 mm, respectively.

Figure 14. Single-layer multi-channel DED-Arc closed-loop control at a 1.0 mm step size: (a) layer 8;
(b) layer 10.

The size change detection results of different layers in Figure 14 demonstrate effective
control over the width of the deposited layer. Furthermore, deposition current and deposi-
tion speed influence the width of the deposited layer. It is noteworthy that this conclusion is
obtained under the same conditions of other parameters. While maintaining other process
parameters constant, the influence of the deposition speed on the height of the structural
component is not substantial, but the impact of the deposition current is more pronounced.
Based on this control mode, the thin-walled structural parts are shown in Figure 15.

Figure 15. Deposition wall forming in the DED-Arc control process.
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Through the implementation of the PSD control algorithm, we have observed a corre-
lation between the selection of points between adjacent peaks in Figure 15 and the height
of the sedimentary layer. As the number of deposition layers increases, the selected points
increase layer by layer, showcasing a nearly consistent rise, as detailed in [40]. This relation-
ship is influenced by the visual sensor’s capability to capture the tungsten electrode’s top
and provide insights into the deposited layer’s shape and the molten pool using a mirror.
The observed sharpness in this context is approximately 10 mm.

In cases where the deposition speed is excessively slow while the deposition current is
excessively high, the deposition layer becomes too large, causing the molten pool to flow
excessively. This results in an extensive detection system and compromises control stability.
Thus, we have identified an optimal layer width control range between 7.5 mm and 8.3 mm.
Within this range, the height of the structural part remains relatively stable. The final form
of the final thin-walled formation part is shown in Figure 16.

Figure 16. The final form of the thin-walled parts in the DED-Arc control process.

6. Conclusions

This study focused on the DED-Arc technique for thin-walled structural parts, specifi-
cally addressing width control during the deposition process. Additionally, the GTA-AM
process was controlled to form thin-walled structural parts within a defined parameter
range. The main conclusions obtained by this study are as follows:

1. The DED-Arc is a nonlinear procedure, and, in order to grasp the connection between
deposition speed and deposited layer width, we have developed a second-order
Hammerstein model. This model is crucial in shaping the height control mechanism
for the structural components.

2. A PSD control strategy is introduced to regulate various deposited layers’ widths.
This method can ensure the maximum error between the detected actual package’s
width, determined by the vision sensor, and the desired cladding layer’s width
remains within 0.8 mm. Furthermore, the maximum pre-set cladding layer’s width is
effectively constrained, so as not to exceed 8.3 mm. This control strategy facilitates a
stable, incremental trend in the cladding layer’s height for these structural parts.

3. To maintain control effectiveness and stability, it is recommended to keep the width
of the sedimentary layer within the range of 7.5 mm to 8.3 mm when utilizing the
deposition speed as the control variable. This range ensures optimal control and
stability in the fabrication process.
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