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Abstract. A robotic wire and arc additive manufacturing (WAAM) system with
active vision sensing capability was implemented to improve the geometry accu-
racy of multi-layer multi-bead structures. Width and height of the deposited bead
were online detected and the accuracies of the designed sensing approaches are
0.25 mm and 0.1 mm, respectively. A double-input-double-output controller with
two subsystems was designed to ensure the uniformity of bead width and bead
height. The bead width was adjusted by a single neuron self-learning PI controller,
while the bead height was controlled based on a rule-based engine. The experi-
mental results indicated that (i) accuracy of the deposited bead width is controlled
in 0.5 mm, (ii) accumulation effect of the bead height deviations has disappeared
when multiple layers are overlapped, and (iii) the surface finish of each layer was
controlled to be flat as well.
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1 Introduction

Additive manufacturing (AM) is a technology to fabricate parts by depositing material
on a layer-by-layer basis. AM is capable to realize complex structure design and fabri-
cation, and reduces material and energy at the same time [1, 2]. Wire and arc additive
manufacturing (WAAM) is an alternative AM approach for metallic part deposition.
The heat source of WAAM is welding arc, while the fed material is wire. It has been
proved that WAAM requires lower cost on implementations and fabricates parts with
higher efficiency in comparison with other metallic AM technics [3]. The research
activities of WAAM regarding advanced material shaping, microstructure and mechan-
ical performance analysis of the deposited part, and path optimization techniques have
been reported in the literature succession [4—-6].

In general, WA AM contains a planning phase and a deposition phase. In the planning
phase, a 3D model of the target part is sliced into multiple layers. For each layer, the
deposition path is designed based on the contour of the layer. In addition, manufacturing
parameters are deduced according to the planned bead geometries of the layers.
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However, geometries of the deposited bead are susceptible to be influenced by the
diverse heat sinking conditions and thermo-mechanical coupling effects, which might
cause deviations on the bead geometries to the planned values [7, 8]. When the deviations
accumulate, the subsequent deposition process cannot advance strictly as planned.
Therefore, the WAAM process has the fatal shortcomings of poor continuity and low
accuracy.

Improving the accuracy of bead geometry is one of the research challenges in
WAAM. To this end, online sensing and control is an efficient way to adjust the bead
geometries according to the planned values. The research focusing on process control
of WAAM is relative few. Most of the research reported in the literature focused on
multi-layer single-bead structures [9, 10]. The work related to multi-layer multi-bead
structures is a new research challenge.

This paper aims at improving the geometry accuracy of multi-layer multi-bead
structures fabricated by WAAM. A line-structured light vision sensor was employed to
measure the bead geometries online. A hybrid controller was designed and implemented
to control the bead width and height. The proposed approach was validated by an
experiment: fabrication of a multi-layer two-bead structure.

2 System Overview

A WAAM system based on GMAW was designed as shown in Fig. 1. It contains a
Motoman HP20D robot, a Panasonic YD500FR welding machine, a GMAW torch, a
META SLS-050 line-structured laser sensor, a computer, and some modules for signal
transmission. The computer is the core of the system to ensure the coordination of the
system components. It receives the stripes aggregated from the sensor, while sending
control commands to adjust the manufacturing parameters in the deposition phase. The
experimental materials and range of deposition parameters used in this paper are shown
in Tables 1 and 2, respectively.
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Fig. 1. Schematic diagram of the WAAM system
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Fig. 2. Typical features of the light stripe of the deposited bead: (a) single bead; (b) overlapped
bead; (c) first bead of a lapped layer; (d) last bead of a lapped layer

Table 1. Experimental materials

Substrate Wire Shielding gas
Component | Thickness Component | Diameter Component | Flow f/(L/min)
t/mm d/mm
Q235 steel 10 HO8Mn2Si | 1.2 95%Ar 18
steel 5%CO,
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Table 2. Range of deposition parameters

Deposition current /A | Deposition voltage U/V | Deposition speed
v/(mm/s)

120-180 20-24 4-8

The reported data of the sensor indicates the cross-sectional profile of the surface of
the deposited part. Based on the reported data, an image processing algorithm was
designed to acquire the deposited bead geometries. The algorithm includes multiple
steps regarding data preprocessing, pattern recognition and feature points extraction
(vertex and toe of bead). Based on the designed algorithm the bead geometries are
calculated, including bead height (H) and bead width (W). The extracted features of
deposited beads are shown in Fig. 2. The detection error of H is +0.1 mm, while the
detection error of Wis +0.25 mm.

3 Controller Design

The objective of the controller is to keep H and W of any deposited bead to the planned
values: H,. and W,... However, H and W are strongly coupled, which implies that the
adjustment of any manufacturing parameter, e.g. deposition voltage (U), deposition
current (/) and deposition speed (v), changes both H and W at the same time. To solve
this problem, it is necessary to separate the control of the width and height into two sub-
controllers. A hybrid controller was developed and is shown in Fig. 3, which controls
the W as the main goal and controls the H as the second goal.
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Fig. 3. Schematic diagram of the developed hybrid controller

In this controller, two sub-controllers are combined and work cooperatively. The
first sub-controller is used to control W by adjusting v with a single neuron self-learning
PI controller, since Wis sensitive to the change of velocity. The pure delay of the sensing
system was taken into consideration. That is the reason why the differential term of the
PID controller is forbidden to avoid oscillation of W. In addition, the single neuron with
learning capability was employed to self-tune the PI parameters during the control
process based on the learnt experience. The learning capability enables the PI controller
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adaptive to the complex WAAM deposition process with high robustness. Furthermore,
the objective of the second sub-controller is to prevent the accumulation of H deviations.
It works by trimming U with the following experience rules in a low adjusting frequency:

R1:IFH, —H>02 THEN U,,, = U,—05 (1
R2:IFH, — H < 02 THEN U,,, = U, +0.5 )
R3:IF-02 < H, —H <02 THEN U,,, = U, 3)

4 Experimental Results and Discussion

An open-loop experiment and a closed-loop experiment to fabricate a multi-layer multi-
bead structure were planned as comparative experiments to validate the developed
controller. The target structure was a cuboid component with the cross-sectional size of
13 mm (component width) X 12.6 mm (component height). The component was
designed with 6 layers and 2 overlapped beads in each layer. The planned bead geome-
tries are shown in Table 3. The initial deposition parameters were set as following: the
deposition current was 150A, the deposition voltage was 22 V, and the deposition speed
was 5 mm/s.

Table 3. The planned bead geometries

Layer Bead height/mm | Bead width/mm | Center Layer width/mm
distance/mm

1 2.6 7.5 5.5 13

2-6 2.0 7.5 5.5 13

In the open-loop deposition process, the deposition parameters of all beads were kept
as the initial values. The detected H and W of several beads are shown in Fig. 4. For
simplicity, W; and Hj; are referred to as W and H of the jth bead of the ith layer. It can
be seen from Fig. 4 that W;; gets larger while the number of layer increases. In addition,
Hj, in each layer is higher than H;; when i > 2. The heat sinking conditions of the beads
in alayer (i > 2) is worse than those of the layers below, which results in a lower cooling
rate and a longer duration at high temperature of each bead in the layer. That is the reason
why bead width increases when the number of layer increases. As a consequence, the
center distance between the deposited beads in the second and above layers mismatches
to the geometries of the beads, which causes deviation of H.



90 Q. Han et al.

(

O
W
T
=
3
=

0 O
[ =]
VL

¢
n

Bead Width W/mm &
o0
(=}

Time #/s

Fig. 4. Detected values in the open-loop deposition experiment: (a) H,j;; (b) Wyj; (¢) Hz; and Hgj;
(d) H3/ and Hﬁj,j =1,2

In the closed-loop deposition experiment, the developed controller was used. The
control commands were developed for keeping the bead geometries as planned. The
control cycle of Wis 2 s, and that of H is 5 s. The detected values of the manufacturing
parameters and bead geometries are shown in Fig. 5. With the proposed controller, W
was kept to be stable around the planned value, while H deviation is smaller than that
in the open-loop experiment. The accuracy of Win the controlled section was better than
0.5 mm.
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Fig. 5. Detection curve of closed-loop deposited bead sizes: (a) W of the 2nd layer 1st bead; (b)
H of the 2nd layer 2nd bead; (c) W of the 6th layer 1st bead; (d) H of the 6th layer 2nd bead

The cross-sectional profiles of the deposited parts in the experiments are shown in
Fig. 6. The width deviation of the deposited part in the open-loop experiment is up to
1.24 mm (9.5% of the layer width), while that in the closed-loop experiment was 0.52 mm
(4% of the layer width). Furthermore, the top surface of the structure fabricated in the
closed-loop experiment is smoother as well. The results indicated that the controller
designed in this paper is suitable to improve the geometry accuracy of multi-layer multi-
bead structures fabricated by WAAM.
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Fig. 6. Section of the formed structures: (a) open-loop experiment; (b) closed-loop experiment

5 Conclusions

A robotic WAAM system with an active vision sensor and a hybrid controller has been
built for fabrication of multi-layer multi-bead structures. The conclusions are:

e The active vision sensor is able to detect the cross-sectional profile of a deposited
bead in a multi-layer multi-bead structure. Based on the proposed image processing
algorithm for extracting feature points of light stripes, the W and H of a deposited
bead are known. The detection error of H is less than 0.1 mm, while that of W is less
than 0.25 mm.

e The designed controller is suitable to keep the bead geometries as planned. The error
on W is controlled within 0.5 mm. The controller also prevents accumulation of H
deviations, which results in a flat surface of the fabricated structure.
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