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Abstract

Among the parameters influencing plasma arc cutting, arc current, cutting speed, and plasma torch height act as the main
factors. Among them, the plasma torch height plays an important role in improving the kerf width and cut quality, and the
automatic control of the plasma torch height is essential due to the deformation of the workpiece during the cutting process.
Therefore, according to the surface condition of the workpiece during plasma cutting, it is required to have automatic control
so that the gap between the plasma nozzle and the cut workpiece remains constant. The plasma torch height control system in
this paper consists of the sensing, controller, prediction, and stepper motor control system of the plasma torch height. Here, the
rolling mode grey prediction algorithm is applied to predict the next state for the cutting forward direction and to control the
previous data continuously updating. It is shown by the Simulink results of Matlab that the plasma torch height tracking with
rolling grey prediction has better tracking accuracy than the general PID control method. In addition, the comparison between
the plasma torch height tracking experimental results using the rolling grey prediction based method and the tracking
experimental results using the general PID control method in the cutting test showed that the variation of the arc voltage is less,
the cutting width is smaller, and the tracking performance is improved.
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1. Introduction

Plasma cutting is a thermal cutting process, and its quality
can be altered due to the changes in the cutting parameters
during plasma cutting and other some other reasons. When a
power supply of the stable current output characteristics is
used, torch height is an important factor affecting cutting
capacity and cutting quality [1, 7-9, 14, 16].

In computer numerical control (CNC) plasma arc cutting

the plasma torch height monitoring and controlling are im-
portant as the plasma torch height is changed for some rea-
sons such as an undulation and thermal deformation of the
workpiece in the cutting condition etc. When the plasma
torch height is kept constant, the quality of the cutting can be
improved, the damage of the plasma electrode and nozzle
can be prevented and their lifetime can be extended.
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During the plasma arc cutting process, the properties of
cutting-generation sound are changed with the variation of
arc voltage, cutting speed, air pressure and plasma torch
height, especially frequency components and noise energy of
sound are different. Therefore this properties can be used to
monitor the cutting process [3-6].

The plasma torch height sensing method can generally be cat-
egorized into the contact and non-contact types. Of these, owing
to the high tracking precision and the lack of problems of wear
between the sensor and the cutting workpiece, much attention has
been focused on the non-contact mode in arc welding [2].

In order to investigate the effectiveness of non-contacting
sensors including laser and arc types.

The plasma cutting process is accompanied by a high
temperature and strong arc light, is causing some sever con-
ditions for the sensor applications.

Aiming this effect, the optical filter has been used to re-
move the disturbances and maintain a sufficient spacing be-
tween the arc and the projected light spot.

However, it raises a problem of discordance between the
real arc position and the sensed one.

On the other hand, the arc sensing method based on the
apparent altering of the arc voltage when plasma torch height
changed is proposed to detect the torch height [10, 17].

To improve the tracking performance of plasma torch
heights, a proportional control scheme using prediction terms
has been proposed, and the experiments have shown that its
tracking performance is improved compared to conventional
proportional integral differential (PID) control.

Recently, the grey theory has effectively been applied to
many forecasting problem. In [13], a grey predictive fuzzy
control method (GPFC) was applied. Next, in view of the
drawbacks of the conventional grey model GM (1, 1) model, a
method using the genetic algorithm to adaptively change the
model parameters is presented in order to increase the accura-
cy of the prediction [11, 13, 15]. The simulation results
showed that the prediction accuracy of the improved grey pre-
diction model is higher.

2. Prediction by Grey Model

2.1. General Grey Model GM (1, 1)

Grey model of GM (1, 1) form called “one variable first order
model” has been used widely in papers. This model is time se-
ries prediction model. This model is updated with new data that
is effective for the prediction model. To reduce randomness,
convert the original data obtained from the system to an opera-
tor called Accumulating Generation Operator (AGO) to con-
struct the GM (1, 1) model. By solving the differential equation,
n-step forward prediction of the system is obtained. Finally,
using the predicted value, the Inverse Accumulating Generation
Operator (IAGO) is applied to find the predicted values of orig-
inal data.

When

let’s assume non-negative primitive sequence
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{XO®K)}={X(1),X?(2),--, X”(n)} and this sequence is
subjected to the AGO, the following sequence
{XO®k)} = {X(1),X?(2),--, X (n)} is obtained.

The generated mean sequence of X® is defined as.

VA :{Z(l) (1)12(1) (2)’_“’2(1)([1)}

Where z® is mean value of adjacent data.
The least square estimate sequence of the grey difference
equation of GM (1, 1) is defined as follows.
X OLk}+az®{k} =b (1)
The first-order differential equation is therefore, as fol-
lows.

ax{k}=b )

dx® (k
dt( ) +
where a is a developing coefficient and b represents the
grey input.
In above, [a,b]" is a sequence of parameters that can be
found as follows.

[a,b] =(B"B)*B'Y (3)
Where Y =[x?(2), xX*(@3), ---, X[
e 1
=7 w @
29y 1

According to Eqg. (2), the solution at time k can be found
as.

b

£k +1) =[x () - g]e-ak = ®)

To obtain the predicted value of the primitive data at time
(k + 1), the IAGO is used to establish the following grey
model.

X (k+1) =[x (1) - g]e'ak (1-¢%) (6)

2.2. Rolling Grey Prediction

Discrete sequences that reflect the dynamics of the system
have regular trends and irregular variability, and the regular
trends provide useful information for constructing the dynam-
ics of the system, irregular variability can be considered as
disadvantageous information. The irregular variability makes
the regular tendency obscure. Several transformations have
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been proposed to weaken the irregular variability embedded in
discrete sequences. In the traditional grey prediction model
considered earlier, the adjacent average equivalence interval
generation rule is used as a generation transform.

We use the adjacent average non-equivalence interval
generation rule and define the smoothing process of adjacent
three values, i.e., the three-point average process, as follows.

XM +x*(2)

x® (1) =
XO (i) = X (i -2) + 2xO(>i) + xO(>i +2) @)
XO(n) = x®(n-1) + SX%”(n)

4

where i=1 2 - n

In this expression, we can see that the weight at the pre-
sent time point has been increased.

When considering the dynamic characteristic of a state
with time, generally predicting using GM (1, 1) models, only
a few recent numerical data have a relatively high accuracy
and the prediction accuracy of the model is increasingly
weakened with time. To compensate for this deficiency, grey
metabolism is introduced.

Considering the dynamic variation of the grey scale activ-
ity is important for increasing the prediction accuracy of the
model and lowering the error. First, we construct a GM (1, 1)
model that simultaneously optimizes the grey activity and
time response function from the original sequence to obtain
one prediction value. Then, in the original sequence, which
adds this predictor, we simultaneously eliminate the previous
data and keep the dimensions of this data sequence and the
original one to be equal. Then, based on the sequence, the
corresponding improved GM (1, 1) model is rebuilt to pre-
dict one data. In a sequence that adds the new predicted data,
we remove the previous data and make the dimensions of the
data sequences equal.

We calculate the #“(n+1) with initial original sequence

and then remove the first value x(1)in the original se-

quence and make the following new sequence by adding
newly predicted value £“(n+1).

{y(O) (k)} = {X(O)(2)1X(O) (3)1 " X(O)(n)r)’zw)(n + 1)} (8)

Next, we determine the %“(n+2) by applying {y® ()}
as the new original number sequence. In the same way, we
determine. X°(n+3), 2(+4), 2(+5),-

3. Plasma Torch Height Control Based
on Rolling Mode Grey Prediction
Model

In the plasma torch height tracking, the tracking orbits
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between the control cycles can usually be divided into three
types. The shapes of the tracking orbit are shown in Figure 1.
In this figure, 1-curve is linear approximation shape of
tracking orbit, 2-curve is nonlinearly increasing approxima-
tion shape and 3-curve is nonlinearly decreasing approxima-
tion shape of tracking orbit.

H

t1 t2

Figure 1. The tracking curve types of plasma torch height (t1,
t2-control point, H-plasma torch height).

This tracking orbit control function can be calculated as
follows. If we assume the measured values of the previous

plasma torch height as {x® (1), x®(2), --- ,x?(n)}, the se-
cond-order polynomial approximation model can be obtained
from these data.

H =a-x%(@)' +a,-x"()+a, where i=1n (9)

The coefficient a,;, a,, a; are calculated by least squares
method.

Based on this, we calculate the tracking curve up to pre-
dicted desired value X (n+1), the tracking orbit in the time
interval between the previous control time t 1 and the next
control time t 2. This is to predict the next target value for
each control cycle and derive a fractionated tracking orbit.
Thus, approximating the tracking orbit during the whole
control period can reduce the tracking error, compared to the
linear approximation.

Next, the block diagram of plasma torch height control
system based on rolling grey prediction is shown in Figure 2.
The measurement of the plasma torch height is calculated by
sensing the arc voltage, where it is analog-to-digital con-
verted to 12 bits via digital filter and amplification circuits.
The sampling period was 10 and the control period was set to
be 500 Hz. In the figure, considering the errors between the
set-point and the measured values and the predicted values,
we calculate the new control error ee and perform the orbit
interpolation via the tracking orbit approximation.

Next, we drive the z-axis controller to maintain the plasma
torch height, the driving signal is the pulsed one for stepping
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motor control. To consider the accuracy of rolling grey pre-
diction and the height tracking using it, computer simulations

were performed.

Rolling grey prediction

F 3

Set value el

+ e

- Controller - Control object

Tracking curve H»| Interpolator

Torch height

Sensing signal

Figure 2. Block diagram of plasma torch height control system.

The data used in the simulations are the discrete data obtained
from the following model discussed in the literature [12].

S(t)zcos(t;—s”)sin(tx—”niu, tefo, 2200] (10)

100" 1000

Here, in order to evaluate the ability of grey prediction,
random noise corresponding to about 10 percent of the am-
plitude was added.

Using these experimental data, the grey parameters are
obtained as follow.

a=-0.0384, b =0.6025
Hence, the grey dynamic sequence is

0.6025
RO(K) = (L- )| x© (1) + @038k
()= )[ ® —0.0384j (11)

The relative error of this model is 0.874 and the above
model is based on the calculation from 10 source data. As we
use the rolling mode grey prediction, when we shift the fol-
lowing data, the parameters « =[a,b]" are changed accord-
ing to the model.

' : : : : : :

. . . i O datal
e oo oo * data -
: : : : data3d

Time series

Time

Figure 3. Grey prediction results (datal: predicted value, data2:
original serial value, data3: approximate model value).

Figure 3 shows the calculated result predicted by the roll-
ing mode grey prediction model. In the figure four infor-
mation points predicted from 10 time series data are shown
by labels (-o0-).

We can see that the new data reflect the tendency of pre-
vious data.
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Figure 4. Tracking orbit approximation during the control cycle
(data 1: tracing curve approximation, data 2: predicted point, data
3: linear approximation).

The aforementioned tracking based on rolling grey predic-
tion and comparison with the general PID control method are
carried out in Matlab Simulink.

The results are shown in Figure 5, where it can be seen
that although the target arrival times are almost similar, the
general PID control method has more overshoot and longer
transient process than the rolling grey prediction.

This shows that the rolling grey prediction converges to
the target point faster than the conventional PID method and
the tracking error is small.

138


http://www.sciencepg.com/journal/sr

Science Research

http://www.sciencepg.com/journal/sr

__________________________

Rolling Grey Prediction [--
general PID

------------------------------------------

Amplitude

Figure 5. Simulation results in Simulink in Matlab.

Next, the performance of the plasma torch height tracking
is investigated through the cutting experiments. The CNC
plasma cutter used in the plasma cutting experiments and the
test place are shown in Figure 6.

Figure 6. CNC plasma cutter and test place.

Since the plasma arc has a resistive action, its resistance
varies significantly with the change in the distance between
the cutting torch and the workpiece in the situation where the
plate thickness, the cutting torch and other cutting techno-
logical parameters are determined, and this change can be
calculated from the height through the measurement of the
current and voltage of the arc.

The plasma arc resistance varies generally with the dis-
tance between the cutting plasma generator and the work-
piece in situations where the plate thickness and the cutting
generator and other cutting technique parameters are deter-
mined, and the torch height can be calculated by measuring
the arc current and voltage. Plasma torch height is related to
the plasma arc voltage. A separate plasma arc voltage sens-
ing circuit was constructed to measure the plasma torch
height, as shown in Figure 7.
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Figure 7. Plasma arc voltage measurement system.

Because we measure plasma arc voltage in plasma supply
by connecting to output in parallel, during the automatic ig-
nition, high voltage appears here and so we placed the elec-
trical relay to measure the arc voltage in stable condition
synchronizing with the ignition starting after the ignition.

The collector voltage versus the input signal voltage was
converted to analog/digital (A/D) converted in a
high-performance digital signal controller dsPIC, and the
plasma torch height was measured with an accuracy of 0.1
mm as required by the design. In the cutting experiments, a
transducer direct current (DC) plasma cutter was used, air
cooling mode (air pressure: 0.4 MPa), and reference torch
height was 4.0 mm. The cutting workpiece is 5 mm thick
mild steel (1 200 mm >400 mm). The cutting workpiece was
placed at an inclined angle and plasma torch height was
measured.

In order to reduce the amount of variation in the arc volt-
age measurement and increase the accuracy of the measure-
ment, the locally varying voltage was filtered and digital
filtering was also performed in the controller. When the cur-
rent of the plasma cutter was set to 40 A, the arc voltage was
measured to be 86 V for the plasma torch height of 1 mm
and 138 V for the case of 8 mm during the workpiece cutting
process. The measured arc voltage when varying the plasma
torch height is shown in Figure 8.
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Figure 8. Arc voltage measurement curve according to plasma
torch height.
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The plasma cutting experiments were carried out at a cut-
ting speed of 500 mm/min with the plasma torch height set at
2 mm, and the results of plasma torch height tracking are
shown in Figure 9.

Three cases (Al-sliding grey prediction case,
A2-conventional PID control case, and A3-height control
case) are shown in Figure 9 (b), where the kerf width is 1
mm at the beginning and 1.9 mm at the end of the cut in the
absence of height tracking, which clearly increases the kerf
width. Also, comparing the case of Al-rolling grey predic-
tion with the case of A2-general PID control, it can be seen
that Al has less variation in kerf width than A2.

(b)

Figure 9. Results of plasma cutting experiments ((a): Test work-
piece; (b): Cutting test result; Al: Rolling grey prediction; A2:
General PID control; A3: No height control).

Next, to evaluate the height tracking results quantitatively,
the arc voltage was measured during the cutting test, and the
results are shown in Figure 10. As shown in this figure, red
curve represent the tracking result that was performed cutting
by using method based on rolling grey prediction, blue curve
represent the tracking result by using PID control method. In
the case of general PID control method the variation width of
arc voltage was 1.9 V and in the case of rolling grey predic-
tion method the variation width of arc voltage was 0.6 V.
From the above results, we can see that accuracy of plasma
torch height tracking was improved by using the rolling grey
prediction method.
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Figure 10. Plasma torch height tracking result.

4. Conclusion

The automatic control of the plasma torch height is essen-
tial due to the deformation of the workpiece during the cut-
ting process. Therefore, according to the surface condition of
the workpiece during plasma cutting, it is required to have
automatic control so that the gap between the plasma nozzle
and the cut workpiece remains constant.

In this paper a tracking method based on the rolling grey
prediction for keeping cutting torch height in the plasma arc
cutting is introduced. Through cutting experiment, we have
confirmed that plasma torch height is related with plasma arc
voltage and cutting speed.

We have established tracking algorithm based on the pre-
diction to eliminate static error of control in the plasma arc
cutting. It is confirmed by computer simulation and cutting
experiments that the torch height tracking on rolling grey
prediction has better tracking accuracy than the general PID
control. In addition, the torch height control based on rolling
grey prediction can predict the tracking error, realize the
predictive control, and overcome some degree of noise. The
comparison between the plasma torch height tracking ex-
perimental results using the rolling grey prediction based
method and the tracking experimental results using the gen-
eral PID control method in the cutting test showed that the
variation of the arc voltage is less, the cutting width is small-
er, and the tracking performance is improved. It is shown
that the proposed torch height tracking algorithm based on
the rolling grey prediction is an effective method.

Abbreviations

CNC  Computer Numerical Control

PID Proportional Integral Differential

GM Grey Model

AGO  Accumulating Generation Operator

IAGO Inverse Accumulating Generation Operator
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A/D
DC

Analog/Digital
Direct Current
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