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Control of Keyhole Exit Position in
Plasma Arc Welding Process
Experiments laid a foundation for the practical
application of the keyhole mode PAW process

BY Z. M. LIU, Y. K. LIU, C. S. WU, AND Z. LUO

ABSTRACT
Keyholing behavior is controlled by using the keyhole exit
image signal to improve the welding stability in the plasma arc
welding (PAW) process. Keyhole plasma arc welding has multiple
advantages over the traditional gas tungsten arc welding (GTAW)
process; however, the keyhole stability may be easily influenced
by welding parameters such that obtaining high-quality welds
becomes difficult, especially in mid-thickness weld metals. Weld
surface quality, porosity, and collapse are closely related to the
keyhole behavior, especially the keyhole exit deviation distance,
which is the distance deviated from the keyhole exit center point
to the torch axis. A welding process control system was thus designed based on the keyhole exit image in this paper. The pulse
welding current waveform was specially designed, the averaged
value of the keyhole deviation distance during one pulse was
chosen as the controlled variable, and the falling slope was
selected as the controlling variable. A predictive control
algorithm was designed. Experiments were conducted on
9.5-mm-thick stainless steel plate, and high-quality welds were
obtained.
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Introduction
Control of the keyhole behavior is of great significance
for practical application of the keyhole plasma arc welding
(PAW) process. As the welding arc flows through the relatively small-sized water-cooled orifice in the nozzle, the radial size of the welding arc is constricted (Ref. 1). Many important properties of the constricted arc, including arc pressure, energy density, and arc temperature, are improved
heavily compared to the free-burning arc. The constricted
arc is called plasma arc for the ionization percentage in the
arc column is extremely high (Refs. 1, 2). As the plasma arc

deposits onto the metal surface, the metal is melted and the
liquid metal is pressed away to the side, and a keyhole forms
in the weld pool. When the penetration ability becomes high
enough, the keyhole will fully penetrate through the weld
pool. As the welding torch moves along the welding direction, most of the liquid metal is displaced to the rear part of
the weld pool, cools down and solidifies into the weld (Ref.
3). The weld quality mainly depends on the keyhole stability
during the welding process (Refs. 4, 5). Because the keyhole
is easily affected by many factors (Ref. 6), real-time control
of the keyhole behavior is crucial to improving keyhole stability and to obtaining high-quality welds (Ref. 7).
Real-time control of the PAW keyhole process has attracted researchers recently. Constant size keyhole welding
process is chosen in the beginning period of the keyhole
PAW application (Ref. 8). However, it is very hard to realize
a constant-size diameter keyhole during the welding process
because the keyhole state can be easily disturbed by many
welding parameters. Pulsed-current PAW was thus developed to overcome the shortcoming of the constant keyhole,
and good pipeline welds were obtained (Ref. 9). A “one pulse
one keyhole” strategy was first proposed by using the square
pulse waveform to weld 4.0-mm-thick workpieces (Refs. 10,
11), yet it is hard to obtain high-quality welds if the workpiece is thicker. In order to improve keyhole stability in the
thicker workpiece, two slow-dropping substages of variable
slopes were added to the falling edge of the square pulse in
controlled-pulse keyholing PAW process (Refs. 12–14). Keyhole state transformation was smooth, and 8.0-mm-thick
stainless steel plates were joined by a controlled-pulse keyholing PAW process (Ref. 15).
Unfortunately, during pulsed keyhole PAW controlled by
indirect keyhole signals, for example, efflux plasma voltage,
the weld surface is not smooth and porosity easily emerges
in the resultant welds. At the authors’ research institute, an
industrial camera-based vision system has been developed
to observe the keyhole PAW process. It was found that not
only is the keyhole exit size changing dynamically, but the
keyhole exit position is also dynamically varying during the
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welding process. Keyhole size parameters include keyhole
width and length; keyhole exit deviation distance is defined
in Fig. 1. It is the distance of the keyhole exit center point
deviated against to the welding direction away from the
torch axis (Ref. 16). If the thermal state of the weld pool is
changing, the keyhole exit deviation distance varies by a
faster speed and by a wider margin than do the keyhole size
parameters (Ref. 17). When the keyhole exit deviation distance becomes large, the weld surface is rough and porosity
forms easily; if the keyhole exit becomes small, on the other
hand, collapse or even melt-through will take place in the
weld pool (Refs. 17, 18).
In order to guarantee weld quality, a keyhole PAW process
control system was developed based on the keyhole exit deviation distance. Welding current was pulsed, the waveform
was defined based on the controlled-pulse keyholing strategy. The falling slope was chosen as the controlling variable.
A predictive control algorithm was derived. High-quality
welds were obtained in varied speed welding control
processes. The results lay a solid foundation for the practical
application of the keyhole PAW process.

The Control System
Fig. 1 — Definition of the keyhole exit deviation distance.

Fig. 2 — Schematic of the control system setup.

As shown in Fig. 2, the innovative keyhole PAW observation and control system contains two subsystems, i.e., the
keyhole PAW system, and the data acquisition and predictive control system. In the PAW system, the transferred arc
power source was a Thermal Arc Ultra Flex 350 model and
the nontransferred arc (pilot arc) power source was a Miller
Electric Maxstar® 150 STH, the PAW torch was a Thermal
Arc Dynamics PWM 300, and the coolant box machine was
made by Miller. In the acquisition and control system, the
welding process electrical signals, including the welding current and arc voltage, were sensed by a current Hall sensor
and a voltage Hall sensor, respectively, and were
acquired/recorded by an NI-6024 DAQ card; the keyhole
process was imaged by the camera at the ratio of 62
frames/s. After calibration and image processing, the keyhole state parameters can be extracted from the keyhole exit
image sequence.
In the torch, the tungsten electrode diameter was 4.5
mm, the orifice diameter 3.175 mm, throat length 5.0 mm,
and the electrode setback 4.0 mm. The torch standoff distance was 6.0 mm. The plasma gas and shielding gas were
pure argon, and the flow rates were 2.8 and 20 L/min, respectively. The workpiece was stainless steel (SUS 304) with
a dimensional size of 300 × 63 × 9.5 mm.

Principles of the Keyhole Behaviors
Fig. 3 — The captured
keyhole exit image
(-x denotes the
welding direction, *
denotes the keyhole
exit center point).
That means the
welding direction is
along the negative
x axis.

Figure 3 is a sample keyhole exit image captured by the
CCD camera mounted at the backside of the workpiece. Keyhole exit size and its distance from the keyhole center point
deviated to the torch axis (as shown in Fig. 1) were extracted
from the keyhole image (Refs. 19, 20). The keyhole exit deviation distance varied by a faster speed and a wider margin
than did the keyhole size parameters as the weld pool thermal state was changed. The keyhole exit deviation distance
has a close relationship to the thermal state in the keyhole
and weld pool, and can thus be used to reflect the stability
JUNE 2015 / WELDING JOURNAL 197-s

Liu Supplement June 2015_Layout 1 5/12/15 8:02 AM Page 198

WELDING RESEARCH
of the penetrated keyhole (Ref. 21). If the observed keyhole
exit deviation distance is too large, porosity forms easily in
the weld pool as heavy plasma flux pressure blow onto the
liquid-gas interface, and more liquid metal distributes in the
front side weld pool to increase the front side weld height; if
the keyhole exit deviation distance is too small, the weld
pool may become particularly large, the weld pool will easily
collapse or even melt-through (Ref. 17). In order to improve
the keyhole stability, a “controlled pulse keyholing strategy”
is proposed (Refs. 12, 13), the designed welding current
waveform is shown in Fig. 4.
As observed in the previous experiments, among the
waveform parameters in the current pulse, the Tk1 period
length is the most critical factor to affect the keyholesustaining opening period (Ref. 21), and in turn can be used
to adjust the inclined degree of the leading keyhole wall and
the weld pool volume. Increasing Tk1 prolongs the keyholesustaining opening period and decreases the keyhole exit deviation distance. In the controlled-pulse keyholing welding
process, the current waveform is defined in Fig. 4. The waveform parameters are defined in Table 1, peak current (IP),
base current (IB), and base current period (TB), second-stage
current falling period (TK2) are fixed to simplify the control
algorithm; peak current period (TP), i.e., the blind keyhole
growing period is related to the weld pool thermal status, it
is a variable and treated as the disturbance factor in the control system; the first stage current falling period (TK1), i.e.,
the keyhole-sustaining open period, is set as the controlling
factor, its varying ranges are listed in Table 1.
In this research, deviation distance was used to indicate
the keyhole status, the averaged deviation distance in one
pulse [averaged deviation distance per pulse (ADSP)] was selected as the controlled factor in the control system. The
system control process is shown in Fig. 5. During the welding process, the transferred-arc current waveform from the
main power source is controlled by the command signals
from the host control computer. The keyhole dynamic state
varies following the current waving process. The backsidemounted camera continuously images the keyhole exit behavior, and keyhole exit deviation distance is calculated
from the processed image. As the keyhole opens, the deviation distance adds up until the keyhole is closed. During the
base current period, the ADSP is calculated, the difference
(e) of the real-time ADSP and its set-point ADSP* is figured
out, and the controller outputs TK1 for the next current
pulse based on the inputted error. The keyhole state will be
adjusted to narrow the error.

Fig. 4 — Current waveform in the controlled-pulsed welding
process.

Fig. 5 — The closed-loop control process.

obtained by system identification. From test 1 to test 3, the
input factor varies randomly in different ranges; the ranges
are listed in Table 1. The response model of the system output to the input was obtained by
ADSP(k) = 0.848 × ADSP(k – 1) – 0.27 × TK1(k –1) + 0.59 (1)
where ADSP (mm) is averaged deviation distance in one
pulse, Tk1 (ms) is the first stage current falling period, and k
is the pulse cycle number. The experimental observed ADSP
and the model predictive value are shown in Fig. 6. The root
mean square error (RMSE)

RMSE =

System Identification

1 N
2
ŷ ( k ) − y ( k ))
(
∑
1
k
=
N

(2)

is 0.1788 mm, which is very small, i.e., the error of the model predictive value to the experimental results is very narrow. In Equation 2, N is the sample number, y(k) is the sam-

The mathematic model between the input factor (TK1) of
the control system and the output factor (ADSP) should be
Table 1 — Welding Current Waveform Parameters and Welding Speed
Test No.

IP (A)

TK1 (ms)

1
2
3
4

220
220
220
220

10–130
10–100
10–80
10–130
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TK2(ms)
40
40
40
40

IB (A)

TB (ms)

Welding Speed (mm/s)

Set Point (mm)

60
60
60
60

100
100
100
100

1.8
1.8
1.8
1.8–1.6–1.95

—
—
—
2.3
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Fig. 6 — System identification results: A — Test 1; B —Test 2; C — Test 3.


ple value, and y (k) is the predication value of the model.
According to Equation 1, if the system becomes stable
(i.e., reaches its steady state), the controlling factor and the
controlled factor have the following relationship:
TK 1− s =

1
(0.59–0.152ADSP− s )
0.27

(3)

where TK1–s (ms) and ADSP–s (mm) are the inputted TK1 and
outputted ADSP as the system is stable. According to Equation 3, some typical stable input and output values are listed
in Table 2.

Control Algorithm
A predictive control algorithm is a robust control method
for applications where the predictive model is not accurate
(Ref. 22), and has been used widely in the welding control
field (Refs. 23–25). In this research, keyhole behavior was
controlled by applying the predictive algorithm.
At instant k, denote ADSP(k) as y(k), TK1(k) as u(k). Equation 1 can then be written as
y(k) = a × y(k – 1) + b × u(k – 1) + c

(4)

where a, b, c are constants whose values are identified as
0.848, –0.27, and 0.59 [based on standard least squares algorithm (Ref. 23)], respectively.
At step (k + 1), (first step prediction)
y(k + 1) = y(k) + y(k + 1)
= y(k) + a×y(k) + b×u(k)

(5)

where y(k + 1) = y(k + 1) – y(k), u(k) = u(k) – u(k – 1).
At step (k + 2), (second step prediction)
y(k + 2) = y(k + 1) + y(k + 2)
= y (k + 1) + a × y (k + 1) + b × u (k + 1)
= y (k) + a × y (k) + b × u (k) + a2 × y (k) + ab × u k

Fig. 7 — Controlled process (Test 4).

= y(k) + a(a + 1) × y(k) + b(a + 1) × u(k)
At step (k + 3), (third step prediction)
y(k + 3) = y(k + 2) + y(k + 3)
= y(k) + a(a + 1)2 × y(k) + b(a + 1)2 × u(k)

(7)

At step (k + j), (j-th step prediction)
y(k + j) = y(k + j – 1) + y(k + j)
= y(k) + a(a + 1)j–1 × y(k) + b(a + 1)j–1 × u(k)

(8)

(6)

Because in Equation 8, a and b are constant, y(k + j) can
hence be predicted. Based on the results of modeling and experimental observation, if the predication step number is
set to 5, the response time and the predication precision of
the control system will get an acceptable trade-off.
Supposing the control system reaches its steady state,
i.e., the input and the output get stable, the system should
meet u(k + i) = 0(∀i > 0). The i-step prediction output value is
y(k + i) = y(k + i – 1) + y(k + i)
= y(k) + a(a+1)i–1 × y(k) + b(a+1)i–1 × u(k)
(9)
Suppose,
y(k + i) = y*
(10)
where y* is the set-point value of the system output.
Thus, as the prediction step is set as 5, the control algorithm is
Δu ( k ) =

y * − y( k ) a
− Δy ( k )
b ( a + 1)4 b

(11)

Table 2 — Predicted Input and Output in the Stable System
TK1–s(ms)

ADSP–s(mm)

50
78
106

3
2.5
2

The period length of TK1 directly determines the keyhole
open period length in one pulse (Ref. 21). If the keyhole
opens too short or too long, the keyhole will be unstable. According to Equation 3, if TK1 is less than 10 ms or larger than
JUNE 2015 / WELDING JOURNAL 199-s
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Fig. 8 — Keyhole image, current waveform, and deviation distance in Test 4: A — Welding current and deviation distance (Part
I); B — keyhole image (Part I); C — welding current and deviation
distance (Part II); D — keyhole image (Part II); E — welding current and deviation distance (Part III); F — keyhole image (Part
III).

E

200 ms, the penetrated keyhole may become unstable because the heat input to the weld pool changes too heavily.
The system input should be restricted to a range that will
guarantee the robustness and the stability of the control
system. According to the observation results in tests 1–3, if
TK1 [10, 130] ms, the keyhole should not be so unstable. In
the control system, the input is set as
⎧u ( k ) = 130 ms, if u ( k ) > 130 ms;
⎪
⎨u ( k ) = u ( k ) , if 10 < u ( k ) < 130 ms;
⎪u k = 10 ms, if u k < 10 ms.
( )
⎩ ( )

Control Experiments
In order to test the robustness of the control system, the
welding speed was varied during test 4. The welded workpiece thickness was 9.5 mm. The set point of the control al200-s WELDING JOURNAL / JUNE 2015, VOL. 94

gorithm (ADSP*) was 2.3 mm. The observed input and output of the control system are shown in Fig. 7. At the starting
stage of the welding process, the welding speed is zero until
a fully penetrated keyhole forms in the weld pool. At the beginning stage, the keyhole exit deviation distance was very
small. TK1 is restricted at 60 ms during the first 10 pulses;
the welding torch moves after the first completely penetrated keyhole emerges, and the ADSP is increasing during this
stage. After the control algorithm begins to work, the system is not so stable; the heat input factor TK1 waves in a
large range. The control system stabilized after about 20
pulse cycles. Even though the welding speed was changed
during the welding process, the controlled factor ADSP
waved in a narrow range around the set-point value.
Figure 8 shows the keyhole image, current pulse waveform, and keyhole exit deviation distance behavior during
the different speed welding stages. The keyhole first penetrates completely at the instant of 2.292 s. The observed
keyhole exit center point is considered to coincide with the
torch axis for the torch is stationary at this instant. During
the first stage, the welding speed is 1.8 mm/s, TK1 keeps inA

B

Fig. 9 — Weld surfaces (Test 4): A — Front side; B — back side.
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Fig. 10 — Cross
sections of the weld
(Test 4): A — Part I;
B — Part II; C — Part
III.

A

B

creasing as the welding point moves toward the middle of
the workpiece plate, and the current pulse frequency is
about 3.6 Hz during this stage; the keyhole position is stable
and the keyhole open period in one pulse is about 157 ms.
During the second stage, the welding speed decreases to 1.6
mm/s, so less heat should be deposited into the weld pool,
TK1 becomes shorter to 30~60 ms to decrease the heat input,
and the current pulse frequency increases to 3.8 Hz; keyhole
open period decreases to about 144 ms, and the keyhole exit
position varies steady around the set point. During the third
stage, the welding speed increases to 1.95 mm/s, TK1 increases to 100~120 ms, the keyhole open period increases to
about 194 ms, the welding current pulse frequency decreases to about 3.0 Hz, the keyhole exit deviation distance waves
steady around the set point. During the welding process, the
control system can overcome the disturbance of the welding
speed varying, the welding current falling period (TK1) was
controlled to adjust the heat input into the weld pool; therefore, the keyhole open period was adjusted and the keyhole
position varied smoothly.
The resultant weld was very sound. The weld surfaces are
shown in Fig. 9. During different speed stages, the weld surfaces changed very little except at the arc starting point and
extinguishing points. As shown in Fig. 10, the inner weld
quality in the three stages was very sound. It was thus concluded that the derived predictive control algorithm was
able to control the process with acceptable accuracy.

Conclusion
A controlled-pulse keyholing plasma arc welding system
was designed based on the keyhole exit image. Deviation
distance of the backside keyhole exit was extracted from the
keyhole image captured by a backside-mounted camera. The
averaged deviation distance in one pulse (ADSP) was chosen
as the controlled variable, the first stage falling period (TK1)
in the welding current waveform was set as the controlling
variable, the relationship between ADSP and TK1 was identified, and the model based on predictive control algorithm
was applied. During the control experiments, the control
system was able to adjust the welding current waveform according to the keyhole deviation exit distance feedback, thus
controlling the keyhole exit position. High-quality welds
were obtained in the experiments conducted on the 9.5mm-thick stainless steel workpiece. The results laid a foundation for the practical application of the keyhole mode
PAW process.
The experiments were completed at the University of
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