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The work presented in this thesis is the result of an investigation into
the closed loop velocity control of a de¢o arc,between parallel electrodes,
subject to a transverse magnetié fielde The velocity of the arc is in the
order of 0.005 m/sec and has particular application to the processes of
seam welding,profile cutting and zone refining,

Previous workers in this field have,over the past thirty years,
amassed a great deal of literature on the nigh velocity behaviour of
electric arcs in magnetic fields, This has been used;together with original
experiments carried out by the author,to produce a mathematical model for
a low velocityy,low power arce

A control system has been developed using an original arc
velocity instrumentation techniquej;the controller uses a hybrid form of
both a digital computer and analogue components,By constantly monitoring
the gain of the systemythe controller is able to adapt itself to long-term
changes in electrode surface conditions and to changes in electrode materials.

Although it is not possible to control rapid variations in arc
velocity,the feasibility of closed loop controlling the average velocity
of electric arcs is demonstrated by output graphs of arc position versus
time.These graphs in@icate that average velocity can be controlled to
within 10% of the input command indicating a suitability to the applications

discussed above,
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CHAPTER 1

Intreduction




1ol Research origins

The electric arc represents a most powerful and flexible tool for industrial
and scientific uses,Its ability to generate large quantities of heat has
made it an ideal element in the processes of welding,cutting and smelting.
Fore recently,its uses have been extended to that of zone refining 1 and the
transfer of heat to gases in the plasma torch .

The high-speed movement (greater than 1 m/sec.) of an eclectric
arc in & transverse nagnetic field has been under investigation for several
years and was initially instigated to examine the possibilities of
extinguishing arcs in circuit breakers (eege. Guile and Hehta 3 );later
research has been developed along more academic lines with interest centred
on the mechanism of arc motion (see 1.3).Russian welding engineers have
recently developed a process of welding tubes to tube plates utilising the
high speed rotation of a welding arc in a ragnetic field 4 ;this technique
differs from conventional welding practice by the fact that the welding arc
moves at a much faster rate (10 = 25 m/sec.) than the weld takes place5 JHigh-
speed arc rotation,using a magnetic field,is also employed in the plasua torch
in order to prevent excessive erosion of the electrodes?

This thesis presents the results of xesearch into low speed
arc velocities (less than 0.025 n/sec) and the development of an arc velocity
closed-loop control system.The research has been specifically orientated
towards future demands of industrial processes,such as seam welding,profile
cutting and zone refining,where it is visualised that megnetically-controlled
arcs could take the place of present day mechanically-moved electrodes and
workpieces,This would present an enormous advantage in specialised processes,

such as operation in environment chambers,vhere mechanical movement would be




2.

impracticable.

The specific terms of reference for the research are:=—

1) To consider short de.c. arcs onlyj,using arc currents up to 50 A.

2) To use a transverse magnetic field as the controlling
paraneter.

3) To only consider arc motion between parallel electrodes
using commonly available electrode material of copper
and brass,

4) To investigate and control arc velocity in the industrial
range (0,005 n/sec to 0,025 m/sec) using commands of the
form ¢ velocity v to position X, then velocity v, to
position X, etc,

5) To develop an arc velocity feedback system without using
an external optical or magnetic sensor.

6) To restrict any computer control found necessary to the
low price type of computer commonly available in industry.

7) To develop any hardware to a point where it is almost ready

for commercial manufacture.

1.2 The electric arc
Comprehensive reviews of the electric erc are given in the literature2’6’7 s
this section contains a brief survey of the arc processes,

An electric arc is basically a conduction of current through a
gaseous medium between two elecirodes.The energy from the discharge is used

to heat,dissociate and jonise the gas molecules,thus providing the conducting

medium.The discharge is maintained by a flow of electrons from the cathode ;
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in the case of & cathode of high vapourisation temperature the electrons
are released by thermionic emission,but when a cathode of low vapourising
temperature is used the origination of the released cathode electrons is
in doubt.It hae been shown that thermionic emission cannot account for the
current densities observed in cold-cathode arcs,but there is reasonable
evidence to show that high electric field intensities close to the surface
of the cathode could be responsible 8 o

The electric field (or voltage gradient) in the arc is not
vniform and caa be considered as having three distinct regionss—

1) Cathode fall region.

2) Arc column.

%) Anode fall region.
This is indicated in Fig.i.1

The voltage in the cathode-fall region has been measured at
about 15 volts for a cold-cathode arc and the voltsge in the anode-fall region
at about 10 volts 2 .The extent of the anode and cathode fall regions appear

5

to be in the order of 10 ° metres,though variations in arc current and

. 2
electrode material can have an effect on this value ™ .

The majority of current carriers are electrons,though the ratio
of electrons to positive ions cen vary throughout the arc.The anode and cathode
roots are of very small cross-section compared with the area of the arc column

2 .
and high current densities (v 1010 Anps/metre” ) are required from the
clectrodes.Electrode vepour occurs in the anode and cathode fall regions and,
because of the constriction of these regions,is under pressure.The result
is that jets of vepour are projected from the roots into the column.In short

arcs the vepour jets can interact and affect the characteristics of the arc,
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particularly its motion in a magnetic field ? R

Typicel voltage/current characteristics of a short d.c. arc
are shown in Fig.{.2. This final 'stable state! of the electric discharge
can be seen to have a negative resistance characteristic,the voltage across
the arc approaching a constant value as current is increased.Due to the
random processes occurring within the arc,associated with the high energy
discharge,the arc current is extremely noisy over a very wide frequency

rangejneasurement problems associatled with this are discussed in Chapter 2.
1.3 A brief review of recent arc velocity research

Interest in the motion of eléctric arcs in transverse magnetic fields has
~accelerated over the past decade.Original research was orientated towards
the prediction of the velocity of an arc formed by the interrupt action of a
circuit breaker1—.The earlier prediction of arc velocity was based on curve
fitting experimental result53’1o;theoretioal predictions were made by
considering the arc as a solid rod conductor with opposing forces produced
by the transverse nmagnetic field and aerodynamic drag11.More recent research
has revealed that the motion of an electric arc is dependent upon the
mechanisms of the cathode root and its associated fall region12.Models of

the cathode-fall region have been proposed and seem to fit observed results,

#
particularly the interesting phenomenon of the retrograde motion of an arc

t This was in connection with the rapid extinction of a circuit breaker arc

. . +h Y i 1 -
in a magnetic field generated by the current in the breaker contacts.

* » . 3 FRE)
Reverse direction to amperian roticn.
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in a transverse magnetic field at low pressures,
Using dimensional anslysis,researchers have produced important
dimensionless groups to investigate both the velocity characteristics and
voltage characteristics of an electric arc15’1?By correlating experimental
results with theoretical calculations,mathematical models of the high velocity
electric arc have been obtained end can predict velocity to within = 50% 9’17.
The majority of measurement techniques used in high-velocity arc
research have been photographiggthough with experiments using continuously
rotating arcs on a pair of circular electrodes the velocity has been
nmonitored by observations of the arc current 18 «The photographic methods
consist of filming the arc at a high speed (v 1000 frames/eecond) and
calculating the arc velocity-by determining the distance moved by the arc
per frame.,In some cases,the high-speed cameras have been manufactured by the

19,2

researchers themselves .The use of photographic measurement has also been

used to examine various modes of arc motion,especially the discontinuous motion
o 20
of the arc under certain conditions.
A few experiments have been carried out on the effect of electrode

21,22

surface conditions on the arc velocity charécteristics .In all cases,the
velocity of an arc was found to achieve a maximum with a small coating of oxide
on the electrodes,a condition attained by previously running an arc along

the electrodes.It would also appear that the stability of a cold-cathode arc
depends very mich on the oxide layers at the surface of the cathode electrode14.

1.4 structure of the thesis

Fig.1.3 shows a flow diagram of the structure of the thesis.Chapter 2,3 and 4

effectively work in parallel to achieve the final arc velocity control system
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discussed in Chapter 5. Chapter 2 deals with the instrumentation system
associated with the control feedback loop, Chapter 3 investigates the ‘'arc
plant?! and produces an approximate mathematical model for the low-velocity
arc and Chapter 4 discusses the theoretical aspects of a closed-loop system
design.The dotied lines in Fig.1.3 indicate connections between these three
Chapters.kMeasurement techniques produced in Chapter 2 help to investigate
low velocity arcs in Chapter 3 and mathematical results from both Chapters

are used to produce design calculations in Chapter 4.




CHAPTER 2

Arc Instrumentation




2e101 Instrumentation Principles

In order to produce a system to contfol the velocity and position of a de.c
arc along parallel electrodesyelectrical feedback signals have to be
generated which are proportional to the velocity and position of the arc,
If a signal proportional to the position of the arc can be generated then
the velocity of the arc can be found by differentiating this signal.The
position of the arc can be wedsuved in two ways:
1) By the use of optical or magnetic transducers spaced along
the length of the electrode assembly,as shown in Fig.2.1.
Voltages generated by these transducers due to the proximity
of the arc are fed into an electronic system which determines,
by interpolation methods,the position of the arc relative to

the nearest transducer,

2) By using the voltage generated by the arc current flowing
through one of the electrodesjas shown in Fig.2.2.Providing
the electrodes are homogeneous the output signal is

proportional to:

( Arc Current X Arc Position )
signal
If the arc current is constant,the output'ie proportional

to arc position.

2.162 A Practical Instrumentation System

of the two methods outlined in 2.1.1 the second is far more practical for
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the rugged demands of industry than the first,Since the research was
intended as a feasibility study for arc control,the second method was
chocen for the generation of the arc-position signal.The mechanical details

of the electrode and field generation apparatus are given in 3.1,1 and 3.1.2.

20261 Arc position Signal
(The system analysed in this section is a modification of an original

2
system described in a paper by Roots and Jullien 3)

The position signal,as shown in Fige2.1 ,is dependent on the current
flowing through the electrodes.Although it is possible to produce a control
system which will endeavour to keep the arc current constant (see Appendix 1),
high-frequency perturbations(ﬁue to random electron noisg)and low-frequency
perturbations as the arc moves over fluctuating surface conditions(i.e.
pitting and oxidatioq)will be present on the controlled d.c current,The
random electron noise may be filtered out,since its frequency will be far
higher than the measurement system needs to respondjbut the low-frequency
fluctuations,which the current control systém cannot correct,cannot be
successfully filtered out without making the system too sluggish,

By utilising a signal proportional to arc current,vz,and the

arc position signal, vy ,(sce Fige2.3) we can perform an analogue division

V5 , the resulting output being independent of current,

vy

Since v, is of very low amplitude (typically less than 5mV depending on arc
1

current and size and raterial of electrodes) the problem of drift in high-
A ™ . i .

gain d.c amplification becomes appreciable with most types of dec amplifiers.

By *chopping’ v, and feeding it through an a.c amplifier,to obtain the gain




required, then de~modulating and recovering the dec signal the problem of

drift at high gains can be eliminated,

26262 the Arc Position Keasurement Circuit

The analogue divider consists of an analogue multiplier in the feedback
24
circuit of a dec amplifier.Such a configuration is shown in Fig.2.4.1f the

input current is equated to feedback current (this is correct providing

the amplifier takes negligable input current) thens

N _ D.O hence, 0 = 10 N
R - 10R - D

Thus the output is proportional to the division of one input by the other.
Fig.2.5 outlines the system used for a.c amplification of v1.
The input signal is chopped by two Nechannel field-effect transistors,a
system used widely in chopper stabilised d.c amplifierggThe signal is
amplified by an a.c amplifier and fed into the de-modulator,which clamps
the waveform into the'nzgaxive region on theoubput side;the square wave is

filtered out,leaving the negative de.c component at the output.The transfer

function of the de-modulator issg

_R-O_' { 1 g 900.00.0.00.000009(2.1)
R 1+ 8 Co Rb

In order to analyse the de~modulator consider an input square wave of
fundamental frequency & .Since this square wave is being filtered,the
harmonic components can be neglected,this results in an approximate expression

for the square wave (amplitude V) 3
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'

By combining eqn.(2.1) and eqn.(2.2),a ratio of d.c output to fundamental -

N

frequency output,which can be effectively termed a signal-to-noise ratio,

is obtained.

Signal/Koise ratio = v Rb 2 Ro v
2 By KAl Rioa'tf
where X/ = Co Ro
hence; Signal/Noise ratio = TTw T/ esesssscccessescl263)
4

providing wT >>4,

Practical values of w and T have been found to be 1000TVr/sec. and 1 sec.
respectively.The considerations in this choice have been the speed of
sampling (if @ is too high the F.E.T's will not switch 'cleanly') and the
signal-to-noise ratio of the output,the importance of which will be discussed
in a later section,Using these values for w and ‘T ,a signal to noise ratio
of 250TY2 can be calculated from eqn.(2.%);this is about 68 dB.

The compiete measuring system is shown in Fig.2.6.Since the
datum point on the electrodes (x = 0) is not at the current input to the
electrodes,a voltage bias is present on the output voltage and has to be
biassed off in the de-modulator stege,as showm,

The multiplier used in the analogue divider operates on the
characteristics of a pen junction in a transistor and is accurate to within

less than 1%.The series resistance used to obtain V5 is 150 m{) and so
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produces a large value of signal that has only to be amplified by a factor
of two,This eliminates amplifier drift Wﬁich would occur at higher gains
causing inaccuracies in the output of the divider.The arc current control
syStem( see Appendix I ) uses v, as a feedback signal so any increase in
the 150 m{)L resistor,due to power dissipated in it by the current flowing
through,will correspondingly modify the arc current by the same fraction as

v2,thus maintaining the balance,

20203 The Heasurement Circuit Performance

In order to justify the use of an a.c system. to eliminate drift,both the a.c
system (Fig.2.5) and a d.c system,using two amplifiers in cascade,were
compared under the same conditions.With a gain of 1000 and an input of TmV
the outputs of both syétems were photographed from an oscilloscope.Fige2.7 (a)
is the output of the d.c system and Fig.2.7 (b) the output of the a.c system,
In both cases the centre of the graticule indicates 7V amplitude and the
scaling in the photographs is:

X~direction 1 division = 1 second

Y-direction 1 division = 0,5 volts
Apvreciable drift is present on the dec system and is of a vate of the
same. owe<as a typicai input signal.The a.c system indicates a little drift,
this occurring in the de-~modulator stage.Fig.2.8 shows a typical output from
the analogue divider before de-modulation,

The effectiveness of the analogue divider is shown in Fige2.9
which gives the results of arc position output versus arc current,these were

tabulated at a distance of 0.12m from the zero datum point.For a h 50% current
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swing from a nominal 12 Amperes,the total error in output voltage was 4,5%
of the nominal 5voltis;since there was an effective d.c offset of about 3volts

the actual error in output voltage was only %%,

26301 Arc Velocity Signal

The differentiation of the arc position signal can be accomplished in two
wayss

a) Analogue differentiation

b) Digital differentiation
With any form of differentiation,noise present on the input signal will be
amplified proportional to its frequency;evidéntly filtering must be employed
to reduce the output noisee

Analogue filtering can be employed using a first order system,

the transfer function of the differentiator and filter being:

8 or Jjw
1+ 8% T+ jwr

If jw?b >> 1 ,then the transfer function can be approximated to

1
’t’ L]
Thus for T = 1 ,noise at the input of frequency >> 1 r/sec, will be
produced at the output with the same amplitudesThe lower the frequency of the
input signal the greéter the signal to noise ratio.

Digital differentiation (using a first difference approximation)

and filtering represents a far better solution to the problem,since it

requires no further analogue filters and hence restricts the system to a

single-time-constant transfer functionewith regard to the control of the arc

2
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a discrete controller(ﬁhich can be used in conjunction with the differentiator
and filter)is shown to be a far more realistic approach to the problem of arc —

velocity control than the use of an analogue system (see Chapter 4)e
20302 Principleg of a Digital Filter

Digital filtering is accomplished by taking n samples of the amplitude
of a signal over a space of time T and finding the average value of these
n samples,The output of the filter will be pulses every T secondsythe
amplitude of the pulses representing the average value of the signal over
the previous T seconds.If a zero-order hold circuit is used after the
digital filter then the output of this hold circuit will be steps changing
every T seconds,the amplitude of each step corresponding to the amplitude

of the input pulse,This is demonstrated in Fig.2.10.If T 1is very much

greater than 210 pwhere w4 is the lowest noise frequency
“n1

and many samples are teken (say <# 103},then adequate filtering of the signal

will take placee

If Sm is the value of the mth sample then Sn,the average

value of n samples,is:

m=11
2,
m
m=U i
sn= 00-00.005009000000000(204)
n

Digital differentiation can be performed by taking the first difference
of the sampled (and filtered) signals.Fige2.11 demonstrates this method of
differentiation.In practice we cannot obtain the average value of the input

signal until the end of the period T and this accounts: for the delay of
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the first difference calculation,by time T ,in Fig.2.11.This becomes

important when considering the control system design (see Chapter 4),
20703 A Practical Digital Filter

A PDPS computer(typical of the low-priced computer found in industry))with
enalcgue-to-digital and digital-to-analogue conversion facilities,has been
used for the digital differentiation and filtering systems.The snalogue —
to-digital converter can perform a 12-bit (binary) conversion in 3%/4seconds
which,if we take into account the time for first difference and filtering

operations,means that over 1000 samples can be taken in 100 mS.Using

T=100mS and n = 210 = 1024 (for ease of computer manipulation),from
eqno(2.4') H
1024
; s 1024
m S
= p=0 =" ) 105 (2.5)
Sn = = = _,1024 o0cecbsssoeoroce .
1024 =0

Since a division of 1024 is equivalent to shifting Sm (binary) 10 places

to the right,by summing Sm (shifted) 1024 times the resultant value will

be S, (from eqne(2.5)).

The computer operates with an 18 bit register,so a shift of 10

places with a 12-bit number will result in a loss of 4 bits.If,however,vwe

expand eqn.(2.5) tos

S S
S = P where SD: .n ‘0000000000(206)
n s : %0
=0 15==0
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then we can perform the same averaging function without shifting Sm nore

than 5 places to the right.

Full details of computer programmes can be found in Appendix II,
20304 Typical Velocity Output Performance

Figse2e12 a) and b) show typical velocity outputs using the computer;Fig.é.12
a) indicates zero arc velocity and in Fig.2.12 b) the arc is moving at an
average velocity of about 0.005 m/sec.Considering the very low velocity in
Fige2.12 b) the results are remarkably goodsThe fairly rapid change in arc
velocity,which can be seen in this photographyindicates changing surface
conditions and is probably the most predominant factor contributing to the

non~uniform motion of the arc.

204 Summaxy

1) A system has been developed for measuring arc position along parallel
electrodes.This is particularly suited for the industrial arc speeds of up
to 0,025 m/sec.
The system is:
.a) Virtually free from drift -
b) Affected by fluctuations in arc current by a
factor of less than 0.05,
2) Differentiation of the arc position signal at welding speeds has been
made possible by the use of a digital ccomputer and variations in arc

velocity along a pair of electrodes can be monitoreds







Chapter 3
Characteristics of low velocity arcs in transverse

magnetic fields
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3elei Apparatus

The apparatus developed for modelling the slowly moving arc process is
shown in Fige3.1:The arc is run between parallel electrodes in a transverse
magnetic field and although this is not a true representation of an industrial
process,the basic configuration can be adapted to such processes as seam
velding,profile cutting (where the lower electrode is replaced by a movihg
sheet of metal) and zone refining,

The cathode and anode electrodes are of a square cross section
positioned as shown in Fige3.2.The arc is initiated by a piece of silver

Toil inserted between the electrodes at one end.

Anode
.Arc" 0.,0025 netres
Cathode T

Fige3.2 Electrode configuration

This electrode configuration is the result of many experiments carried out
with various configurations and proves to be the most successful with regard

to constraining the arc to one degree of freedom i.e along the length of

' s I nale T g ‘;”i’t‘ C"’E‘Ll‘d t 1 ar ctincui i
the electrodes,It is also the most stable with reg o the arc extinguishing

itself.These two effects are interlinked,since the latter occurs if the

) |
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circuit via an isolation transformer,A variable-inductance transductor is
used for the a.c voltage supply and an output current varying from 5 Amperes
to 50 Amperes can be produced with an input current variation of a few
hundred millismperes.The transductor has a capacity of 25 KVA,

Using an arc-current feedback signal(see Figs2.3) and input
command signalgdriving into the single-ended power amplifier at the input
of the transductorya closed-loop current supply has been built.The system
has been designed to minimise low-frequency current fluctuations due to
random arc variations.Circuit details and a complete closed-loop analysis
are given in Appendix I.

The current is fed to the electrodes as shown in FPig.3.4,this
minimises the transverse magnetic field produced by the current flowing in

the electrodes,since the fields are of opposite polarity and tend to cancel

oute

e

2.7

Anode

\

Cathode

End View

Figo3.4 Dirvection of current feed to the electrodes
1o e - -




3ele4 Open~loop Position Leasurement

For open-loop measuring purposessthe arc position instrumentation system
éee Chapter 2) is used in conjunction with a Hewlett-Packard X/Y plotter.

The plotter has a passive filter on ths input and this is used as the

de~modvlator filtersThe input to the plotter is fed from the output of

the analogue uivider via a diode and resistor de-modulator network as shown

in Pige3eSe

— N -

L
From divider To

Fige3e5 De-modulator network to chart plotter

¥
plotter

A time-base unit is fitted on to the X input of the plotter giving a time -

bgse variation of from 0.5 seconds/inch to 50 seconds/inch.Typical results

of arc position verus time,for slowly-moving arcs,are shown in Fige.3.6 for

ti base of 5 seconds/inch and & vertical deflection of 1 inch/OQOS metres
a time bas

of arc movemente

Zelel Experimental Results
Jacle

scussed in Jeled to 3e1.44experiments have been carried

Using the apparatus di




Scalings

Tigebeb

novenent
fypical outputs from the chart plotter

X direction 1 inch=5 seconds
Y direction 1 inchs= 0.5 m
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out to determine s mathematical model for the low-velocity motion of arcs in
a transverse magnetic field.Using a constant electrode gap (0.0025 metres),
the velocity of the arc depeads upon three variablessarc current,transverse
nagnetic field and electrode surface conditions.This latter parameter indicates
the roughaess of the surface (pitting,scratches ete.) end the amount of oxide
on the surface.Both are caused by the movement of an arc across the electrodes.
For each set of conditions applied to the arc,three arc runs were
made;the average velocity of the arc was found from the slopes of these rums.
The small field produced by the arc current in the electrodes was biassed off
by generating an equal and opposite field in the air gap of the laminated
former,The bias field was adjusted for a stationary arc,All field measurements
were made with a Bell and Howell flux meter ,the probe being positioned in the

electrode gap.
20262 Arc Velocity Characteristics

Fig.3.7 shows the results of velocity versus transverse magnetic field for

various surface conditions on brass electrodes and Fig.3.8 gives results of

velocity versus field for various arc currents under constant surface conditions.

In order to produce a practical method of measuring surface conditions;albeit

approximate,the degree of roughness is measured from the number of times a 10

-4

the electrodes in a field of 6 X 10 " Tesla.Previous

ampere arc is run down

workers21’22have carried out tests with varying surface conditions, but these

conditions have been produced by introducing a carefully measured coating of

oxide on to the clectrodes.The author feels that although this method

21’22that the maximum velocity of an arc is reached vhen a
present on the cathode surface.As the coating is
The importance of the oxide coating

a coating in affecting the

+‘It has been found
emall coating of oxide is ©
1 ] ~C ity decreasese.
nerecased, so the arc veloclty 1 :
on1d. seon ginate from the properties of such

would seem to ori _ o .
field enigsion of eloctrons from the cathode suriace,
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of measuring degree of roughness is far more precise than the method proposed,
its practical application is limited,since carefully-controlled oxide layers
do not occur in practicecFurthermore,pitting of the electrodes cannot be

produced in this way and pitting contributes heavily in determining the arc

motion characteristics.

A1l results of arc runsgas indicated in section 3.2,1,are taken
from the slope of a position-versus-time curve,Superimposed on this average
slope is a random variation of arc velocity which,from observations,seems
to be dependent ong

1) Surface conditions

2) Random movement of cathode and anode spots.

Such variations have been reported and discussed by workers in the field of

21,22,26
high-velocity arc researchs

Since the arc has negligible inertia,very high acceleration and
deceleration is possible so that 1) and 2) above produce immediate ghanges

in velocity which impart to the arc a discontinuous mode of motion,This

4

effect is more noticeable at very low fields (less than 3 X 107" Tesla),

where it is quite possible for the arc velocity to suddenly drop to zero or

even reverse its directione.As an illustration of the effects of varying surface

conditions over the electrodes,an arc was run on fairly clean electrodes but

with well-used conditions Over & short length at the centre of the electrodes.

The well-used conditions were obtained by maintaining a motionless arc at the

required position for a few seconds,Fige3.9 shows an oscilloscope trace

photograph of the output of the position-measuring system for this run.The

ffect of the sudden change in surface conditions can be clearly seen and
ellrec S - &)

11s on the rough surface conditions for

for this particular run the arc dwe

glmost half the total run times







more effect on clean electrodes than with well used electrodessbelow 5 X 10”4

Tesla this effect does not occur.A possible explanation for this is that,
as the arc is moving at very low velocities,the oxide deposits taking place
around the cathode root (the predominant root in the arc motion process)
have time to build up sufficiently to slow the arc down as it progresses
through them.'lus at low fields the arc generates its own 'Used' surface
conditions on an initially clean electrode.This is certainly a possible
hypothesig,since an initially clean electrode,which has had one arc run at
less than 0,01 m/second (less than 4 X 10"4 Tesla),has very high deposits
of oxide on the arc track.

Burkhard21found that an arc moved faster on thinly-oxidised
electrodes than on clean electrodes and concluded from this that an arc would
move faster on tracks left by a previous arc than on no arc tracks.No
evidence has been found from low-velocity arc experiments that the arc moves
faster on slightly-oxidised electrodes;but this is probably because a thin
coating could not be obtained with low velocity arcs.In support of the above
claim,however,it has been found that an arc has a tendency to move aleng
previous arc tracks;this is particularly noticeable on tracks left by an
arc that has extinguished itself by running out of the gap(see 34151)e1In
such circumstances,if this track is not removed there is a high probability
ng themselves at this point.On 'Well Used'

of successive arcs algo extinguishi

electrodes the oxide coating can cover the whole width of the electrodes;

this causes the arc to wander to one side or other of the gap,through the

oxide path tending to extinguish jtself and for this reason the arc model
4

becomes more unstable as the surface conditions on the electrodes detericrate.

With the apparatus described in 3.1.4,there is no way of measuring

T see 3.201
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the velocity of an arc as it extinguishes itselfjbut it may well be that the
velocity is greater vhen the arc runs along previous arc tracks than on a

clean surface,as Burkhard suggests.
3264 Arc Veloecity Characteristics witk Vavicus Electrode Haterials

Fige3.10 gives velocity versus field curves for all combinations of brass,
copper and stainless steel electrodes.The apparatus used for this experiment
is shown in Pig.3.11.The electrodes are not water cooled(in order to allow
easier removal)and the gép is adjustable.The electrode configuration is shown
in Fige3s12.Althovgh this configuration is not as stable as the previous one

for all surface conditionsj,under relatively clean conditions its stability

is quite high.

0.0125 m ]

Cathode

; {_0,0031 m

Axe 0,025 metres

Anode

Fig.3.12  Alternative electrode configuration

All experiments were carried out with electrodes whose surface conditions

. =l .
corresponded to two ten-ampere arc runs at a field of 6 X 10 Teslajths

0025 metres and the arc current ten amperes,The electrodes

S —————

electrode gap was O

1.Results of high-velocity arcs on varying materials can be found in the

literature 28,29,30,31,
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S . . “4’ . N
were initially st room temperature before each are rm and each run was short

enough in time Yo prevent the electrodes from heating up to too high a

temperatureythis was done 5 ;
E 5 € 10 preserveyas nearly as possible,the same conditions
as used with the water cooled electrodes.Experiments have shovn that the arc
motion can be affected by the temperature of the surface over which it is

.. 26 ‘ .
moving oThe electrode materials used for the various tests are indicated by
the key in Fige3.10 and close examination reveals that the electrode materials
can be classified in %o two main sections:

&) Highvelealy systens

b) Lowvekn&ssysﬁems

Table 3.1 lists the electrode materials and their classification,

The copper seems predominsuf ia the highvékxtﬁsystems and the
7 stainless steel predominent in the lowwékt&3systems.Althcugh the cathode root
has been observed as the predominant rout in the arc movement mechanism ,the
material of the cathode electrode does not seem to be predominant as a factor

influencing the arc velocity versus field characteristics.

36265 1lectrode Polarity Reversal

All experiments discussed sO for have been performed with the cathode as the

bottom electrode,but if the polarity is reversed|{so that the ancde is below

the cathodg)enmﬁic arc movement occurs vhich rapidly leads to the arc

extinguishing itself.This effect is Vvery noticeable on clean electrodes but

the arc is more stable on used eleotrodes.F1g.3.1§ shows a comparison between

the arc tracks left on:

a) A cathode electrode in the lower position

b) An anode electrode in the lower position,




HIGH VELOCITY SYSTEMS
Cathode raterisl Anode Material
Brass Copper
Copper Copper
Stainless Steel Copper
Stainless Steel Bréss
Copperv Brass

LOV veEwoCTY SYSTEMNS

Cathode Material Anode Material

Brass Brass

Brass. Stainless Steel

Stainless Steel Stainless Steel

JENSESSSIRESS e,

Stainless Steel

b

Copper

Table 3.1 Classification of electrode materials







In Fige3e13 the electrode configuration is maintained for both a) and b),
whilst the polarity is reversed.The cane effect of erratic arc motion was
observed on configurations of both Fige3e2 and Fige3¢12, A comparison
between a) and b) of Fige3.13 reveals that,although the arc track of a) is
relatively continuous,the arc track of b) indicates large jumps of the anode
rooteThe phenomenon of discrete anode root motion is not unknown and has been
reported previouslyzo,but no menticn of electrode configuration,with reference
to the stability of arc motion,has been recorded.The mechanism of this erratic
movement has not been thoroughly studied since this represenfs a digression
from the main researchybut certain work has been carried out and is presented
below.

A ten-ampere arc running on brass electrodes in a field of
6 X 10-4 Tesla was filmed at approximately 3000 frames per second using a
Fastax camerasFige3.14 shows a small section of the film demonstrating the
discrete motion of the anode (upper) roote.ihe cathode (lower) root is
stationary over the two frames shown and,infact, is stationary over about
ton fremes in the vicinity of the gection showneThe anode root can be seen

%o jump from a position to the left of the cathode root to a new position

%o the right of the cathode root.Previous research into the discrete motion

of the anode root seems to indicate that the phenomenon is due to the arc

column being attracted to the anode electrode and tshorting out' the

existing root,so forming a new rooterhis can also explain the double root
-

learly visible on the anode electrode of Fige3.14;however,since the cathode
clearl;

<hibits multiple roots (far more closely spaced than those of the anode),
e 1 RA

g t < t 1 y & ]' n +heat
i v .. 1 emlanat O e Ohe hypo ) A(‘,S, s

this phenonenon 0

offered by the author and other527is that a single emission site is

a t is necessary
t gufficient to maintain the arc and so more than one I00
no
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for the existance of the arceDepending on their position,these could appear
as multiple or single rootse

In both configurationsof clectrodes used,the upper electrode
regtricts the arc to movement along its length,whereas the lower electrode
allows movenment over both its width and length.With the anode on the lower
electrode far more random movement is possible than in the upper position
and so this could give rise to the erratic movement observed.Fige3.13 b)

indicates a large anode movement over the width of the electrodes.
36301 Mathematical Model

everal papers on the correlation of experimental results for arc velocities
. . 9,16,1g 15

in transverse magnetic fields have been written oDautov and Zukhov have

applied dimensional anélysis to the electric arc and have produced a set of

dimensionless qroups from which the following equation has been obtained:

1/2 I 2 ’
___p__,r7/2-———[-];---(l = f /(lo 4 B 4 I' \ eoessceses e (301)
Mo 1 Bd fop d
wheres ) /() ~ Ambient gas density
P = Ambient gas pressure
L = Characteristic surface width on

which the arc moves
U = Velocity of the arc
I = Arc current

d = Flectrode gap
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td
i

Transverse magnetic field

]

Permeability of free space

Mo

11
From experimental results correlated with egn.(3,1) it has been found that

the dependence of eqne(%3e1) on B2 and I is negligible and so the

fo ? !

dominant form of the equation can be written:

ﬁ1/2 U a = f /ﬂo 1 ooeocooo&ooocooooa(302)
Bd
1/2 I

/Mo

i is hen T eqn, 3.2) ¢
Since/-lo is constant and,if O is constant,then from eqn,(

Bd

Ud _ f§ I g vervesssessassscal3e3)

17 j imilar relationship using the
: 3 also obtained a sim
Cuile and Naylor have

i lumn
magnetic and aerodynamnic forces acting on an arc co 0

By elating experimental data with eqn.(3.3),an approximate
corr Y

v i 2 een found to
f grc moving in air at atmospheric pressure has b
equation for an (

bes
0.6 :
1 vessecesesos(3od)
UK-SE P N
I B4
1

S a e (83 g 1N a T



48,

for arcs held by a magnetic field against an argon flow.”’i‘he equation for

the mean line for both helium and argon is:

‘ “'006

...U.._g‘. 2 4.0§_.I__ oooocoaoo-ooooeooee(B;s)
I Bd

Prom eqne(3e4) and eqn.(3.5) a generzl trend can be observed.The experimental
results hold for arcs running on either clean or used electrodes with velocities

not lower than 1,3 metres/second,
3#3.2 A Moditication to the Existing Arc llodel

In order to examine the usefulness of eqn.(3.4) the following parameters

were used:

-4

B = 6X10 ' Tesla
I = 10 Amperes
d = 25X 10~ metres
From eqn.(3.4) :
=0.6
G a4 é I
- d Bd
4.6 IO°4 BO.6 0.00.00...0-0.000.0.(306) )
or U= T 04

substituting the parameters into eqn.(3o6) gives:

U~ 1.5 metreS/Second oooooo.000000000000000(307)
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Using the same parameters on Fige3,7 we obtain a velocity ofs

U X 25X 10°2.metres/second PR (s 8=)
(for used electrodes)

There is a multiplying error of 60 between eqn.(3,7) and eqn.(3.8) and
from this we must conclude that eqne(3.4) is not valid for the conditions
g‘iven.o Adams et aJ_gj.ndicate that eqn.(3.4) does not take into account
vapour-jet interactions,which arise mainly at very low spacings,aad the
degree of oxidation of the electrodes.The latter consideration can also have
an effect on clean electrodes for low velocity arcs (as indicated in 302.%)
and probably,to a lesser extent,on the higher arc velocities considered in
this research,

If we assume that eqn.(3.3) still holds for the low velocity
arc model 4then we can calculate the value of constant and index required

to produce the form of equation:

.‘.......0“.....'. 309
Ud Kg_l__g (3.9)
B

F‘ig.3;15 gives a log/log plot of Ud versus I for the curves
I Bd

shown on Fige3e7 and Fige3.8e From Fige3e15 we can sees
a) That the points approximate to a set of straight
1ines indicating the validity of eqn.(3.9)

b) The slopes of these lines are almost constant at

a value of =2

2

ITd no Kgug onoooooooooooo00000000(3010)

Henceg "‘I"' I
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o e

plotted on 1og/log coordinates

v varying arc currents and electrode surface conditions




i 2
FigoJs16 ghows a plot of Ud versus ? B d} for conditions presented
I

I

in F189307 and Fig03089 From the slopes of these granhs values of X have
been obtained for different surface conditions and arc currents and these

are listed in Table 3.2,

Electrode

Surface Conditiong Arc Current K
Clean 10 Amperes 0.5 X 107
Used 10 Amperes 0.25 X 109
Well Used 10 Amperes 0.16 X 109
Used 20 Amperes 0,65 X 109

9

Used 30 pmperes | 1.0 X 10

Table 3e2 Values of K for different surface conditions

and arc current

arc currents of 10,20 and 30 Amperes _1%_ is almost

For used electrodes with

constant and ;-

K o~ O.3X1OBI 00.00000000000000000.lo.<3.11)
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Substituting eqne(3.11) in eqn.(3.10) s

Ud . 03X 108( - )2
I
this can be re-arranged to give:
Uz 795X104. Bz 00;000.010000000000000(3;12)

(@ = 0.0025 metres)

Eqn.(3.12) is plotted in Fige3+17 together with the experimental curves of

Fige3.T and Fige3.8s

36303 A Mathematical Represeatation of EKlectrode Surface Conditions

From Fige3.17 it can be seen that,although ean.(3.12) agrees well with the
results for 10,20 and 30 Ampere arcs on used electrodes,the resulis for 10
Ampere arcs on clean and well used electrodes do not match eqne(3,12).Clearly
eqne (3,12) must be modified to include variations in electrode surface
conditions.Section 3.,2,2 details an experimental method of defining surface
conditions,but this cgnnot be applied directly to a mathematical arc model,
The simplest solution is to define 2 'gain' §3 vwhich has a value of 1,0 for
clean electrodes and zero for 'infinitely rough' electrodes,i.e conditions
upon which the arc is unable to move.Using the results given in Table 3.2

and eqn.(3d2),an approximate arc model may be derived:
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Fige3e17 Comparison of avproxzimate arc model with
experimental results




U _f-\l_ EP 0015 B2x106 ....Oo..0.00..0.0‘..0....06‘0.(3.13)

Table 3,3 gives values of j; for varying surface conditions,

Electrode

Surface Conditions

Clean 100
Used 005
Well Used 0.3

Table 3,3 Values of 9? for varying surface conditions

The figures quoted in Table 3.3 are derived for aversge surface conditions,

The instantaneous value for{% fluctuates about the average value and can

fall to zero especially on well used electrodes, An attempt to express q; in

terms of number of arc runs n (see 3.2¢2) results in an expressiong

VY

o‘3+o°7 e-n/z .............°.(3.14)

Eqne(3.14) is plotted in Fige3.18 together with the three experimental points

for cleanyused and well-used electrodes,Although three

points cannot give a true representation of a characteristic curve,emn.(3.14)

fits the points given and concentrates the important variation in qp to the

first five arc runs)which agrees with experimental observation.
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Fig.3.18 Elecirode gain plotted against nuber of arc runs




3e4 Summary

A simple arc model,based on typical industrial processes of seam welding,
profile cutting and zone refining,has been developed and various arc motion
characteristics of arc velocity versus transverse magnetic field have been
obtained,

From experimental observation and correlation of data,the low-
velocity arc can be represented by a zero-order transfer function (no time
constants) of output velocity to input transverse magnetic field.The non-
linear gain of the system is dependent on ¢

a) The input field

b) The electrode surface conditions,
By combining eqne.(3.13) and eqn.(3.14),it is possible to predict arc velocity
to within ¥ 307 using readily attainable parametersjgthis is perfectly
acceptable if one considers the randomness associated with the electrode
surface conditions.

The time constant of the field coil is 0.15 seconds and so the

final arc model transfer function can be writtens

Vo G e
"""'_(B) = = oooo..ooooooooooo(3015)
v, 1 + 0.015s8
by
where ¢ =f( v, ? ) = KXv, ﬁL (1.ea square law output)

= Arc velocity
= Input voltage to bias winding amplifier

Gain constant of the systenm

IS IR B S
u

= ‘'Gain' of electrode surface conditions



CHAPTER 4

Control System Analysis
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4e1e1 The uncompensated arc velocity control system

In order to create an industrially usable system of arc control,one must
be able to control both the velocity and position of the arc.Both controlled
parameters,howevgr,can be associated with velocity control,since it is
vigualised that the only useful position control is one where the arc is
moved from position A to position B at a certain velocity decided by
the control command.Position control,therefore,can be associated with
velocity control,the command of the controller depending upon the position
of the arc.Since the velocity of the arc is obtained from the position
gignal this type of control is readily available.Both analogue and digital
feedback signals can be used,the analogue signal generated as explained in
2.%.1 and the digital signal as in 2.3.1 and 2.3.2,For the purposes of this
feasibility study,the digital control has been decided on for three main
reasonss
1) The feedback transfer function is more complex with
analogue filtering at the differentiator (see 26301)
2) Command changes with position can be easily accomodated
by a digital controller.
3) Means of adapting the system to changes in surface

conditions are far more realistic with digital control,
b4ole2 The Control System Block Diagram

The block diagram of the computer (digital) control system without any form

of compensation is given in Fige4e1.The output of the first difference
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calculator is delayed by T as shown in 2,3,2 and is divided by T in order
to produce a transfer function gain of t{.Brief details of the zero-order
hold circuit are given in 2.3.2;the 'arc plant'! transfer function is taken
from eqn,(3.15).The dependence of the arc plant gain on its input can be
eliminated by a square root function on the computer output.

If the input to the square root function is € then the output

is (€ )1/2 and the output of the 'arc plant' is:

% X 61/2 ? 361/2 K € ? 000'0000000(401)
1 + 0.015s

Fige.4.2 a) shows the linearised block diagram of the controller and Fige4.2 b)

gives the simplification of this block diagram
4e1e3 An Analysis of the Uncompensated System

Consider the control system shown in Figede3e

From this:

;
eX(s) = (o) - €' $elo) Wo)§ (2)

or

e*(?) = r'(z) - € () CH (2)  eecnseneeessesss(4e2)

and
o*(z) = € (2) GT(2)  eereenecanoressereecaneas(4e3)

T For details of the sampled data analysis presented in this and later

sections see Jury e

i
;
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From eqn.(4°2) 65*(2) = r*(z) esececsnsossessseltad)
1 4+ GH (2)

S\lbstihlting eqn,,(4,4.) in‘to eqn.(4°3)

c*(z) - _zflg} G*fz)

1+ GH%(Z)

PSSR 03,9

This result cannot be applied directly to Fige4.2 b) because of the
complications in the feedback loopzhowever,since the feedback loop is in
effect measuring the output signal ¢ (arc velocity) with a time delay T
via a first order 'lag' circuit ' ,it seems reasonable to replace the
feedback loop by the transfer function of Tigelod a).If this is now compared

with the original fecdback loop of Figde4 b); using the z-transform

techniques
ot (z) = H§-——°-LS-LQ:SE§*(Z) vessosscocss(feb)
1+8
ond ott(z) = &Vn g-——f—(—l——g (2)  eemenes(daT)
aT s(1 + 8)

Eqn.(4.6) can be modified to:

o X(z) = %g-—-‘-’-‘ﬂ- (2) eesesseesensess(4eB)

1+8

The presence of 1 ina transfor function with simple poles will give

8
rise to a p  factor in its z-trensform (this can be seen by checking
Z~1 .
53
tables of z—transforms).

-‘_

Soe section 2eJe2
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Removing this factor outside the brackets of eqn.(4.7) and
cancelling,the multiplying factor reduces to -Izi owhich is the same as that
for eqn.(4.8). The remaining transformed expression,contained within the
brackets of eqn.(4.7) sand the transformed expression within the brackets
of eqn.(4.8),will have identical denominators;but in their numerators
certain coefficients of unity in egn.(4.8) will be replaced by coefficients

7
c . .
of -g—-,-r—-)- in eqn.(4.7). (e.g. Using c(s) =% the expression in

eqn.(4.8) iz = % (z—"T) = (z+1)% and in eqn.(4.7) = (z-e-T) - ﬁ—'-'-%-z)(zﬁ'd) )

(z-1)(z-e"T) (z—1)(z—e-T)

.1..
For T—»0 f 2———>1 and so for small values of T the feedback of

Fig.4 4 a) can be just:.fled The control system can now be shown as in Fig.4.5 ale

T
. * 61 =-o °0) 2

Ustag eqn.(4.5) ¢ * r (2) %sﬁ + 0,015s) (=)

c (Z = - -sT ¥ 000.00-000(4.10)

{4+ GH e (1 - 2 ) (Z)
s(1 + s)(1 + 0.0158)

The presence of 1 in the forward loop of Fig.4.5 a) will

1 + 0.015s

.T-

into eqn.(4.10). If T is O.1

introduce factors of 1

or greater then o /0'015 can be neglected ‘a.nd this reduces eqn‘.(4.10)

tos

cessso{fot1)

‘ *(Z) = -~
- 1+ E cn o™ (1 = 3(2)

Phis corresponds to the control system of Fig.d.5 b).The unit step response

p=0.1 and (1=e )~ 0.95
T

T In the control system

i




G

1 + 0.015s

a)

0 e-sT

1+ 8

G(1 - e-ST)

Figo405

~sT

1+ 8

Final simplification of the control loop
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of eqn.(4.11) can be calculated by letting r(z) = ( % (unit step);
‘ z - 1)

using z-transform techniques:

c*(z) G 22 (z - e_T)

z(z~1)(z—e“T) + (z—1)(1—e‘T) GH

]

or
2 T
c*(z) = Gz (z-c ) R (- 98 123
(z-1)(z=-o)(z-8)
where:
$ _ &y [ - ca(t -
g™ 4
Inverting eqn.(4.12) gives:
o) = (=, e g g

(1-o)(1-B8) (& =1) (=) (B-1)(B-c)
ceertecnercinec(4.13)

Eqn.(4.13),the system unit-step response,has been plotted using a computer
programme (see Appendix I1),and Fig.4.6 gives the results of this programne

for T = U.1y H= 1.0, G = 1.0 and G = 0.5, The large overshoot,at n = 0

with ¢ = 1,0,is to be expected since initially there is zero feedback signale
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As G is reduced,the overshoot decreases until at the limit (G-e-0) the
overshoot is zero (but with zero output).The steady-state closed-loop gain

of the system is given by:

G
1+ CGH

000-olco..oo.ouoooo.o‘.oobo(4o14)

and for GH — 0 the closed-loop gain of the system approaches G , Since
G is constantly varying with the electrode surface conditions,the arc velocity
will vary proportionally and the purpose of the control system will be lost.

By making GH_;>,1O the closed-loop gain of the system approaches 1 and
H

5o variations in G will not affect the steady-state arc velocity (there
will be gain-change transients,however).ﬂith such a large open-loop gain,the
initial overshoot is prohibitive (1000% in this case)e.A compensation
network is needed which will perform two functionss:

a) Reduce the step-response overshoot

b) Maintain the steady-state closed-loop gain if G varies,

The next two sections give alternative methods of compensating the control

loope
4,201 Analogue compensator

It is possible to design analogue compensators by sampled~data techniques
but, because of the simplicity of the basic control system and the small sample
time involved,little error is obtained in this case if the compensator is

designed by continuous techniquese
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A continuous system approximation to the sampled data loop of

Fig.4.3 is shown in Fig.4.7. The additional block in the forward path is the

analogue compensator C(s).

c(s) » G o

Fig.4.7 Continuous system approximation for the control

loop with analogue compensator added

Because of the basic simplicity of the 'arc plant' and feedback transfer
functions,it is possible to produce a simple compensator network ( C(s) )
which will perfectly compensate the system,i.e. create a closed-loop

transfer function with no time constants.Such a network has the form:

v 1+ 8

1+Ts

0'0'000.0.0'-01..000-00!0-..0.-0.!0(4015)

where ’t:GH+1



“*----1

The gain of the system is determined from ean.(4.14) and so for complete
independence of closed-loop gain on the value of G, G should be much greater
than one.

If this analogue compensator is now applied to the sampled

data loop of Fig.4.3,eqn.(4b5) becomess

* ) - ~sT Ly ®
r(z)gw ) U(ljr;'j% (2)

~sT ~sTy ¥
. gcne (1 -¢ )Z(Z)
s(1 + Te)

C*(Z) = 000(4016)

Using z=transform techmiques and invertingyan expression similar to eqn.(4.13)
can be obtained,This has been plotted using a computer programme and typical
results are given in Fige4.8. For these resultsq, H = 1.0 T =11and T=0.1.
For these values of H andT'yideal compensation in a continuous system is
obtained with G = 10,but the sampled-data system,Fig.4.8,indicates an
overshoot of 107 of.the steady-state valve,This,however,is of little conseguence
in a control systemeWith G = 15 there is an overshoot of just over 50% of

the steady state valve and with G = 5 an undershoot of 5(fte For a nominal

valne of G =9, a t 50% variation in G will only produce +3.5% and -9%
change in closed-loop gain.Vith analogue compensation, therefore,large changes
in gain of the forward path will only have a small effect on the closed loop
gain of the system,providing the criterion GH:§> 1 is adhered to.Changes

in gain about a nominally ideally compensated gain will,however,produce changes
in the transient response of the systemjan increase in gain produces transient

overshoot and a decrease in gain,undershoot.
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462,2 ‘ Digital compensation

The presence of a digital computer inAthe sampled data system allows a form
of discrete compensation to be carried out by the computer.The form of the
compensation is evaluated using z-transform techniques and can be readily
adapted to the time domain for use in computer compensation (see 5¢1.1).

The usual way in which the compensation is evaluated is by
expressing the desired output of the control system in the time domain and
then choosing a discrete compensator as a polynomial in powers of 2'1 oIt
is possible to evaluate the coefficients of this polynomial and so determine
the form of discrete compensation, Since there are no poles or zeros in the
forward path of the control loop,it is possible to obtain a perfect system
response (as demonstrated in the last section)oIf the following closed-loop

transfer function is used as a criteriong

(@ _

r*(z)

..........‘0.'....0'.'...(4.17)

it should be possible to evaluate a realisable discrete compensator which
will give the system such a closed-loop transfer function,
Fige4+9 shows the block diagram of the control system with a

. * .
discrete compensator D, (z) in the forward path,

From Fig.4.9

€ *(z)

il

~sT -sT *
r(z) - €' (z) gm e (- )5 (2) +a(4.18)

s(1 + s)

€'(2) = DD EE) i (4419)



T3

. T, a(1_‘e—ST\? C
3%
e (z 5
B e-»sT
148
Fige4e.9 Block diagram of the control loop using

discrete cowmpensation

8

» ~3T *
c*(z) = €' (z) ?G (1=e7") g (z) sereeeconss(4.20)

*
Substituting eqn.(4,18) into eqn.(4.19) to find & ! (z) and substituting

this into eqn.(4.20),we obtain the expressions

r*(z)Dc*(z)g & 1;e‘ST) g*(z)

GHe"ST(1_,e'ST) *(z)""'--(4.21)
3(1 + s) .

c (z) =

1 *(
+ Dc z

Using eqn.(4.17) and applying z-transform techniquesywe obtain an expression

for Dc*(z) :
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* 1 72 ao n".\mT
Dc (Z) = - 2 - ".DT s ~T anoooo..oaocoooc(4.22)
G (25 =ze - (1~e")

In this expression K is taken as vnity and will be so for all future
analysis.

In order to assess the affects of changing the system gain,
whilst the compensated gain G in eqn.(4.22) is held constant,the gain in
eqn.(4.21) is changed to G' and eqn,(4.22) is substituted into eqn.(4.21),
Using a computer programme,the unit-step response of the system is plotted
for G = 10 and G' = 5, 10 and 153the results are shown in Fig.4.10,

The =+ 50% variation in forward-path gain produces no
difference in the closed-loop gain of the system and,infact,the forward path
gain can be taken from 0.7 to 10 without any variation in the closed—loop
gain.This is the first obvious advantage over the analogue compensation
method.As with analogue compensation,the changing gain of the system
produces differing transient responses to a step input,as seen in Fig.4.10,.
It would be desirable to include some method by which the forward-path gain
of the system could be measured and the compensator modified accordingly.
This leads to the second advantage the discrete compensator has over the
analogue compensator,since it is easier to monitor gain and correct the
digital compensator to the changing system gain.The next section presents a

method of implementing such an adaptive controller,
4,23 Adaptive control

In order to monitor the gain of the arc process Gt s W@ have to use signals
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which are handled by the computer.Consider the block diagram shown in Fig.4.G.
Using the signals r and €' and changing the system gein from G to GY,

as in the previous section,the following expression can be determined:

*
D, (2)
""ST o -3

o e e
¢ s(1 + 8)

*
Substituting for D, (z) from eqn.(4.22)

2 =T
1 5 % —ze %
L ) I
6'*(z) _ G 5omr0 T f=e T)
m =
r (z) , G Z2“”29-T e_ST(‘l-e-ST) *
e 2 -0 . D ()
g mze =(1-e ) s(1 + 8)

Using z-transform techniques,we obtain the final expressions
g ques, xp

e, 1 2(7 - e-T) (4.25)
— - r' ”r 0920080000 L ]
r(z) G 22 =20 F = (1 -%.)(1 -¢ £l)
If the system is ideally compensated,i.e. G'=G,then €' (z) _ 1

r*(z) B G

and the gain of the plant can be monitored immediately.If G' suddenly

changes,then a transient will occur the form of which is determined by the

step change of G* from G,
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The transient behaviour can be analysed by letting:

r*(z) = T}_—zﬂ- (a step function of amplitude R )

in eqn.(4.23).This produces a time domain expression:

e-l(nT) = 1 g ( -e"T) . o((n'*")(o(we"T) .\ ﬁ(nﬂ)(ig “e..r_]jjg
: ¢ (U=-)0=8)  @-D&=) (BB~

eescsosssecsssessslbe2d)

where: % = - =HE-

The steady-state value of eqn. (4.24) is given by:

| S (1'9-T)
£ () = § = 1,

' (1 =a)(1=8)

n—=e= o0

i.@e the inverse of the final plant gain,The initial value of eqn.(4.24) is

given by:

€l - 13 U= | =D ﬁ(ﬁ-e-‘l‘)%
(1= (1-5) - -g)  E-1)@-x)

1!

Q=

i.es the inverse of the initial plant gain,
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For gain increases giving g;”:> 3 o(and(3 become complex and produce
damped oscillatory transients.Such large step changes in gain are not,
howevery, anticipated.Assuming an ideally-compensated gain of 1 4the inverse
of eqn.(4.24) has been plotted by computer for step changes of gain G¥ = {—=2
and G! = 1—-0,5 sthe results are shown in Fig.4.11.It is obvious that the
system as it stands will not respond to rapid fluctuations in gain but will
monitor long-tecrm gain changes,for example the slow build-up of oxide,and
hence reduction of the gain of the electrodes for consecutive arc runs.

Since the adaptive element of the control system is designed
to correct the forward-path gain in order to produce a perfect step response,
it is only necessary to modifj the compensator (eqn.(4.22) ) immediately
before a step change in input.If,however,the compensator is continually
modified by the gain calculated from eqn.(4.24), different gain change
transients can be expected fromthose shown in Fig.4.1%1.The continuously-
counpensated gain transient is difficult to analyse theoretically,since for
each time interval T the discrete compensator has to be modified and the
initial conditions of the system,at the begihning of T yhave to be taken
into account.The solution of this problem by simulation techniquesyon a
hybrid analogue/digital computer configuration,represents a far easier way
of producing the adaptive gain change transients,and this is demonstrated in

the next chapter.

4.3 Summary

A theoretical control system has been developed which can use either analogue
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or digital éompensators.ﬂith a known ‘arc plant! gain the system has a perfect
step response, i.e., the closed-loop transfer function is uni.ty,For both
methods of compensation,the system output is independent of gain changes in
the moving ayc process for a wide range of gains.With digital control an
adaptive controller has been developed which monitors the gain of the arc
process and continuously modifies the discrete compensator.This creates a very
versatile control system able to adapt itself to any system gain within a

very large range.



CHAPTER 5

The arc velocity control system



5e1e1 ‘ Discrete compensator

The theoretical analysis of the ideal discrete compensator is given in 4,32
This is in terms of the variable z which can be related to the complex

variable s by the relation
z=e .""..'DO.'.‘.....OO...'.l....l.(501)

T 31s the per;od of time between successive samples in the system under
investigationsFrom eqn.(5.1) we can see that z° is a time delay or advance
operator depending on the sign of n, Since,in practice,time advance is not
possible,realisable functions have to be expressed in terms of z “eWe can

thus rewrite eqn,.(4.22) ass

1 1 =g et

D, (z) = eese(5.2)

1= 16T 2 5 2(1-07T)

A further criterion for realisability is that the order of the denominator
of the polynomial,in z"n gis the same or higher than the mumerator.From

this criterion,eqn.(ﬁ.Z) is realisable,

Using the relation obtained from Fige.5.1,

E, (z)

Dc*(Z) =

E1*(Z)

eqn,(5.2) can be rewritten as:



82,

*
o D (z) / P E2 (z)

FigeSel Input and output to the digital compensator

e1(t£»

Delay

0,(t)

Fige5.2 Block diagrem of the digital compensator

for computer representation .



2 - * -~ - A ! - £ 3 -t !
G EZEZ*(Z) -7 1E2 (z) e L 2E2 (z)(1-e Ti% = E1*(z) - 1E1 (z)e 1

This can be expressed in the time domsin as:

G §Te2(t) = ez(t—T)emT - ezkt-ZT)(1_e~Ti} = e1(t) - e1(t«T)e—T
or:

o (t) = ‘16 591(1;) - e, (+=1)e™" + Ge, (t-T)e T + Gez\‘c-Z‘I')(he-T)g

QOOQQQOOOOI0.0.0.'0..(5.3)

Fige5.2 gives eqn.(5.3) in block diagram form and is used for synthesising

the compensator by computer programme,
5ete2 Couputer implementation

The PDP9 conmputer used for this research has software to handle two
languages, MACRO9 and FORTRAN IV .The first is a basic computer language
which allows direct control of the computer hardware,the second is a more
sophisticated scientific language.

The sampiing and compensating programme has been written in both
languages by the use of sub-programmes.In this way,it is possible to perform
the sampling and digital filtering operations using MACRO9 and the more-
complex compensation proceedures using FORTRAN IV.The use of this latter

language means a large proportion (sreater than 10%) of T is used for

calculation purposes rather than sampling and filtering,It would be possible
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to write the compensation programme in MACROS ,in order to reduce the
compensation time,but the far greater complications involved and the vast
physical size of such a programme does not seem to justify this stepeOne
possible step that could be taken to cut down the calculator time would be to
replace the square-root function at the output of Dc*(z) (generated by a
FORTRAN IV science library programme) by an analogue function generator on the
input to the field coil amplifierjhowever,since a digital computer is used
in the control system,utilisation of this to the full in order to minimise
analogue components is necessary for economical operation.

Appendix II gives full details of the programmes uged in the

digital controller,
5e2e1 Systen ‘Pest on the Analogue Siwuiator

Fige5+3 shows a complete block diagram of the hybrid control system.As
indicated in 4.2.1 ,position control of the output is affected by changing
the velocity command to the input when a desired position has been reached;
this is effected by the dotted line shown in Fig.5.3.The required position
and velocity commands are read into the computer and stored at the beginning
of the control run.During the run,the various velocity commands are changed
at the predetermined positions.These positions are measured from the output
of the‘measurement system and are subject to the transient behaviour of the
one-second time-constant output demodulator.It is possible to compensate for
this transfer function in order to monitor position accurately,though this
procedure tends to introduce more noise into the systeme.For the purposes

of this investigation,however,such compensation methods have not been pursued,
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5e2e2 The Hybrid Test Circuits

Since the ‘arc plant! has no time constants,its analogue model can be simply
represented by an operational amplifier whose gain is the gain of the tarc
plant’.In ofder to approximately model the arc,the output of the amplifier
should follow a square law with the input (see eqn.(3.13) ) jhowever,this is
not necessary if the square-root function on the output of the discrete
compensator is removed. Fig.5.4 gives the block diagram of the hybrid test
circuit for the discrete compensator,

4 further hybrid test circuit was used to check the analogue
compensator discussed in 4.2.1yand is shown in ig.5.5. The same computer
programse was used for both tesis,but in the.case of the analogue-compensator
test the discrete compensator section of the programme was by-passed,Full

details of the programme are given in Appendix IT,

5.243 Rybrid Test Circuit Performance

The outputs of both hybrid test circuits were recorded by photographing the
traces on an oscilloscope.The input commands from the computer were set for

unit steps,i;e; cycling between +1volt and =ivolt.
Analogue Compensator

The value of T used for this test was 11 seconds ¢Fig.5.6 a) <hows the unit-
step response of the system with G =15 and H =1 $8ige5.6 b) G = 10 and

H=1 ;Pig.5.6 ¢} G=15and H=1,
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Scalings X one division = 1 second

Y one division = 0,5 volis

Fige5.6 Output photographs of hybrid simulator using
analogue compensation
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Scaling:
c) H=1.0 G =15 X one division = 1 second
Y one division = 0.5 volts

Fig,5.6 (continued)
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The predicted outputs,as calculated by z-transform techniques,
can be seen in Fig.4.8.Since modified z=transform methods were not used,
Pig.4.8 represents the output of the system at the sample pointyevery T
seconds, and. as such compares favourably with the photographs of Fig.5.6
8] ¢b) and ¢).Fig.5.6 a) showever,shows that between sample times the output
has an initial overshoot greater than the 10% predicted “n 4.2.1 for a gain
of 10.By decreasing the gain to G = 9 the unit-step response for this pain

is far more acceptableja typical response is shoun in Fig.5.6 a).

Digital Commensator

Using the simulator of Fig,5;4 with a discrete-compensator gain of 1 ,output
traces produced by the system for a step input were photographed.Fige5.7
shows typical results for &) G= 0,5 and H=1, b) G=1 and H=1,
c) G=1.5 and H=1.

In this case,the predicted outputs of Fig.4.10 match the
experimental results very well,since there are no time constants in the
forward path of the simulated control system.This means that the output is
held constant throughout the time between successive samples.

It is evident from the photographs that the steady state gain

of the system,whilst.being affected by the G term in the
1+GH

analogue compensator (ean.4.14), is completely independent of G in the

discrete compensator,as predicted in 4,2,2,
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a) H=1 G = 0.5 X one divisionz=1 second

Y one division= 0,25 volts

Fige5.7 vutput photographs of hybrid simulator using

digital compensation
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c) H=1 G = 1.5
Scalings
X one division = 1 second
Y one division = 0.25 volts

Mge.5.7 (continued)




5¢301 Adaptive controller

Section 4.2.3 deals with the theoretical aspects of the adaptive controller.
The gain of the plant,under steady-state conditions,is found from the
division of the computer output by the input command,as given in eqn.(4.24).
As indicated in 4.2,% ,the prime purpose of the adaptive
controller is to be able to produce an ideal system response regardless.
of its gain,The steady-state value of the system output,with the discrete
compensator,is constant over a wide range of gains without the adaptive
controller,
Section 4+2.3 outlines two methods of applying adaptive

control to the discrete compensator:

1) Correct the compensator gain immediately before
a change in input command

2) Continuously correct the compensator gain.

Theoretical results of gain change transieﬁts have been obtaired for 1),
see Fig.4.10 ,but 2) requires more complex mathematical procedure and has
not been analysed,The gain change transients can be observed by simulating
the farc plant' on an analogue computer (see previous section)oUsing such
a simulation,output photographs have been obtained from the system for
sudden changes in gain,

Fig.5.8 a) shows the output of the simulator using type 1)
adaptive control.The compensator is set for unity gain and has a unit-step

input,The gain-change transient,proauced by the change G = 1—-2,is



a) Type 1) adaptive control Scaling:

X one division

Y one division

b) Type 2) adaptive control

Fig.5.8 Gain change reponses from the hybrid simulator

fi

0.5 secs.

0.5 volts



therefore the inverse of Fig.5.8 a). Using type 2) adaptive control the
output of the simulator,for the same conditions,is shown in Fig.5.8 D).
The theoretical gain change transient of Fig.4.10,for G = 12 ,is in
very good agreement with the inverse of Fig.5.8 a).

From the output traces of Fig.5.8 a) and b) little difference
is observed between the two methods of adaptive compensation;the adaptive

compensation of type 1} is marginally better.
56362 Performance of the Adaptive Compensator

Using the hybrid simulator with type 1) adaptive control,output photographs
have been obtained for a widé range of sirmlated 'arc plant' gains.Fig.5.9
a) 4b) and c) show the output traces of the system with a complex input.The
datum line for each photograph can be taken from the extreme right hand
output value of =0.25 volts.The plant gain for a) is G = 0.2 ,and for

b) G = 2 ,The effectiveness of the adaptive controller is such that very
1ittle difference can be observed in the output response for a 1000%
difference in gain.Fig.5.9 c) indicates the éffect of sudden changes in gain
§n the output response,In this photograph,the first step change in gain is

¢ = {—=2 and the second is G = 2—1 .Providing the gain-change
transient has sufficient time to decay before a step change in command occurs,
then the system will perfectly reproduce the command changejthis is
demonstrated in Fig.5.9 c) .Bffects of changing the input comnand before

a gain-change transient has had sufficient time to decay are demonstratéd

in Fig.5.10 a) and b).Both output traces indicate a step change in commnand

of 40.5 —p==0.5 4in a) the gain is changed from G = 1—2 and b)
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02 Scalings
X one division 2 seconds
Y one division 0.5 volts

gutput from hybrid simulator using a complex

input



Scaling: { X one division

Y one division

Fige5.9 (continued)

2 seconds

0.5 volts
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a) G =1 2 Scaling: X one division 1 second

Y one division Ued volts

division 1 second

Y one division 0,25 volts

Fig.5.10  The effect of a step change in gain on the ontrut of the

nybrid simulator
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G = 2~+—~1 ;in both cases the gain change occurs a fecw tenths of a seeond
before the coumand changes,

If the system exhibits rapid changes in gain (greater than one
per second),then it is obvious that the controlier wili not be able to
adapt to these changes.The coniroller will,however,respond to average values
of the system gain (over several seconds of ﬁime) and will be able to adapt
itself to average-gain changes.Thus,if the system exhibits rapid gain chenges
and also long—term gain changes (i.e. the steady build-up of oxidation on
the electrodes of the 'arc plant'),perfect system response to step changes
in input cannot be expected,but more consistent responses should be

available with adaptive control than with a constant compensator gain,
5441 Arc velocity control

The tarc plant' discussed in sections 3.1.1 to 3.1.3 ,together with the
measurenent system of Chapter 2 were used to replace the simple model used
in the analogue simulator of Fig.5.4. The complete block diagram of the final
velocity-control system is shown in Fige.5.11 and a photograph of the
laboratory set-up is shown in Fig.5.12.The measurement system and the
arc-current controller are contained in the cabinets on the left of the
picturejthe 'arc plant' model can be seen on the right (the photographs of
Fig.3.{ and Fig.3.2 show this in greater detail) and behind this part of the
arc-current power supply is visible.The digital computer used in the control
system was situated in another part of the building;input and output connecticns
were made by the use of tyin-core shielded microphone cable,

The block diagram of Fig.5.11 indicates two reéions of noise

occuring in the control loop.The first, E ,is associated with the gain of
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Fig.5.,12 Laboratory set up for the final arc control s stem

<
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the 'arc plant? and it is this rapid gain-changing function which gives
rise to the discontinuous mode of arc motion observed,This gain noise is
superimposed upon the average value éf gain G ,and it i. this gain, G
to which the adaptive controller will respond,as discussed in 5¢3.2 . The

second noise input,f§ soccurs in the measurement of the arc position glong

the electrodes and it is caused by fluctuations in arc current and random
arc movenent,The input to the discrete compensator is the command minus
the first difference velocity signal.Typical velocity signals are shown in
Pig.2.12 a) and b) and from these it ig evident that noise inputs from é&
and E' are quite predominant.The output of the compensator will also have a
noise content (a typical output is shown in Fig.5.13) and,since the adaptive
controller calculates the system gain from the compensator output imnediately
preceeding a change in input command,it is evident that the calculated gain
could be in error by a considerable amount during an arc run.,There are two
possible solutions to the problem:
1) The adaptive control element can be replaced by
a fixed-gain compensator,the gain of which is
determined by the conditions of the 'arc plant?.
2) Further filtering can be employed to reduce the

noise content of the compensator output.
Method 2) is the moré worthwhile,the filtering being accomplished by
digital means within the compensator software.The digital filtering is
performed by taking the average of the ten previous compensator output
pulses immediately before the change in command input \the programme
details are given in Appendix J1).The square-root function on the output of

. , : " b s
the compensator,which was removed for analogue simulation tests,is

included in the arc-velocity control systems
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Fig05013

Scaling: Zz one division = 1 second

Y one division = 1 volt

#*
Typical output from the discrete compensator Dc (2)

Laminated Former

CATHODE

Fig05514

-
To measurement
apparatus

Modification to the arc position signal pick~up
system



105,

Since the vosition measurement electrode (cathode) is
situated in the air gap of the laminated former,a step change in the field
generated in the air gap will induce a voltage in the cathode electrode,
This will give rise to an erroncous arc-position signal.In order to
overcome this difficvlty,one of the measurement leads from the cathode
electrode is run parallel with the electrode;thus any induced voltage in
the cathode will be cancelled by an equal and opposite voltage induced in the

measurenent lead.A diagrammatic representation is shown in Fige5.14e

Seds2 Control System Output MNeasurement

In order tc assess the performance of the system two output points on the
control loop are available and are indicated in Fig.5.11.Unlike the analogue
simulator,it is not possible to monitor the arc velocity directly on the
practival system,the signal being derived from the feedback loop of Fige5eit,

and sc any velocity monitored will be subject to the transient behaviour

of the one-second time constant associated vith the measurement system,Although

it would seem logical to observe the velocity signal available from the
conputer,in order to assess the performance of the system,the noise present
on the velocity signal is such that a clear indicgtion of the system
performance is diffictlt to obtain.A more useful output is obtained at the
output of the position—measuring system.Since this represents the integral
of the computer velocity signalymost of the noise will be greatly attemated,
The degree of success of the control system in maintaining the arc velocity
at a desired value can be exenined by observing the slove of the position

output trace.The output response of the recorder to a step change in input
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cormand to the control system yill be dependent on both the control systen
response and the response of the recorder,Unlike the demodulator stage of the
measurement systemythe recorder has effectively two filtersjone is a passive
capacitor/resistor filter on the inpul to the recorder and the other is the
dynagmic filter created by the drive apparatus in the control systems of the
X andY axes.The combined dynamic filter has a characteristic which is flat
up to 10 1/s and then falls off rapidly.At a typical pen speed of 5 seconds
per inch,a step change of ramp input to the recorder produces a near perfect
output response,It is therefore possible to examine the output response of
the arc velocity control system to a step change of input command and to

observe approxinate degrees of overshoot and undershoot,

5ede3 Arc Velocity Control System Performance

This section presents the results of various experiments carried out on the
arc-velocity control apparatus.The results are in the form of arc position
versus time and were>recorded by a Bewlett~Packard chart plotter, as
discussed in the previous section.

Initial tests were carried out on brass electrodes with an input
command cycling between 0,0125 m/sec. and =0,0125 m/sec. over an electrode
length of 0.22 metress Fige5.15 shows the position trace of a 10 Ampere arc
noving on'used’electrodes,The tjittert on the trace is due to the noise from
the meagurement system and the fact that the carrier frequency of this system
tbeats! with the carrier frequency used in the chart plotter,

It is evident from this trace that velocity averaged over zmall

cections of the electrodes (less than 0.005 metres) is beyond the contiwl of
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2
Output from the chart plotter with the arc under

closed loop control. Arc current = 10 Amperes

X direction

Scalings

0.05 m of arc movenent
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vision

.

Y direction

Fig,5.15



the systemjthis is particularly evident over the first few centimetres of
arc travel (at the beginning and end of the trace) where velocity increases
and decreases of well over 100% can be observed and at one point zero
velocity persists for a short while.If the absolute velocity is now averaged
over 0,05metre sections of arc travel sthis aversge value varies by less
than 10%% for the total arc travel and it is this average velocity over which
the system extends its control,The average value of velocity measured fof both
directions of arc travel is = 0.0115 netres/sec.,which represents an error
of &b referred to the input command from the computer.This error is of little
consequence in such a control system and can be accounted for by the fact
that the value of sample time, T ,is probably greater than the 100mS
calculated (Errors in this calculation will change the feedback coefficient
from wnity toy,in this casej,a slightly greater value and effectively reduce
the gain of the system,The step response from positive to negative arc velocity
is very good in this example and indicates an accurate electrode gain
calculation,by the adaptive compensatorsat the point of command change.

In order to assess the improvement in performance of the closed=-
loop control system over an open-loop systemyan arc run was made using the
system shovm in Fige5.16. The input comnand was chosen to produce a similar

value of absolute velocity to that used in the closed-loop case.The open-loop

T The calculation of T involves a summation of the times taken to complete
each computer programme instruction.With the MACRO 9 main programme this is
a straightforwvard procedure,since each instruction time is lnown exactly.
Because of the complexity of each FORTRAN IV instructions in the sub-routine,

an anproximation of the time taken to cycle this programme has been made by
only considering instructions talking longer than 1 mS to perform (e.ge

multiplication,division,square root).
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run was made on the same electrodes and directly after the previous closed-
loop run,thus almost identical surface conditions were obtained1-. Fige5.17
shows the output trace of the open-~loop run with Fig.5.15 superimposed.The
improvement afforded by closed-loop control over open-loop control is
immediately obvious; measurements taken from the open~loop trace indicate that
the velocity of the arc,averaged over 0.05 metre lengths,can vary by as much
as 45% from the mean velocity,

Results were taken on a different set of brass electrodes for
more complex input commands and these results are displayed in Fig.5.18 and
Fig.5.19 .In both output traces the average velocity of the arc is within {10
of the input command,The responses of the arc to changes in input command
are not so good as those indicated in the fifst trace of Fig.5.15. The cause
of the imperfect responses is probably due to:

1) A sudden electrode gain change in the vicinity of the
command change.
2) Inaccurate calculations of electrode gains by the adaptive
compensator.
3) A non~linear forward path gain because of inaccuracies in
the square-law model for the arc.
This latter suggestion will not affect the velocity change in Fig.5.15 since
the command is only changed in sign,not in absolute value,and the response
by the arc is immediate,
Fig.5.20 shows the output trace of an arc running between a brass

cathode and copper anode on clean surface conditions.The input command is the

-rThis is justified by the fact that the electrodes had received five 10 Ampere

arc runs (see 3.3.3).
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Scalings X direction

Y direction

2 division = b seconds

2 division =

0.05 m of arc movement

Fige5.18 Output from chart plotiter with arc under closed loop control,
Input command +0.0125 m/s +0.025 m/s.~0.0125 n/s =0.025 m/s

Arc current = 10 Amperes,
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Pige5.19 Output from chart plotter with arc under closed loop control,

Input command +0.00625n/s +0.025m/s +0.0125n/8 ~0.00625n/s
=0.025m/s -0.0125m/s . Arc current = 10 Amperes
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same as that used for Fig.5.15 to.0125 metres/szc. The coniiguration of
copper anode and brass cathode is in the high gain range (see 3.2.4),as apart
from the low-gain configuration of brass anode and cathode uced in the previous
tests.Apart from producing an arc model of higher gain,the copper electrode,
enhanced by the clean sﬁrface conditions,introduces a certain element of
instability into the arc motion and this can be observed in Fig.5.20. Near

the change in command,the arc velocity falls to zero and then increases by well
over 100% of its original value,The sudden drop in velocity was probably due

.1-

to imperfections on the electrode surfaces ' and the sudden increase in velocity
was the result of the arc 'freeing! itself,The average absolute velocity of
the arc trace in Fig.5.20 is about 0.011 metres/sec.,which is consistent
with the resulis obtained previously with the all-brass configuration.

Further tests have been carried out on brass electrodes with arc
currents up to 50 Amperes, Fig.5.21 shows the trace of a 30 Ampere arc
moving on used surface conditions, and Fig.5.22 shows the trace of a 50 Ampere
arc moving on the same electrodes, Both traceas indicate a very stable arc
motion, with an average velocity of 0.011 metres/sec.,but in both cases the
step change of velocity undershoots. At arc currents in the order of 50 Amperes,
instability occurs at velocities greater than 0,03 metres/second., This
particular problem has also been encountered on open-loop tests (used in
Chapter 3) vhere instability at these higher velocities has prevented arc
runs at currents greater than 30 Amperes.

Throughout all the closed-loop tests the gain of the system has

not been adjusted in any way ,the only adjustments required being those to

-rSudden drops in velocity have been observed by Cobine and Gallagher36 where
the cathode spot demonstrated reluctance at crossing even a smell scratchon

the cathode surface.
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Scalings X direction 1 division = 5 seconds

Y direction 1 division = 0.05 m of arc movement

Fig.5.21 Output from chart plotter for a 30 Ampere arc travelling

on 'used' brass electrodes. Input command as for Fig.5.15.
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;

Scaling: X direction {1 division = 5 seconds

Y direction 1 division= 0,05 m of arc movement

Fig.5.22  Catput from chart plotter for a 50 Ampere arc on
brass electrodes, The arc run follows that of Fig.5.21

for the same input command,
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re-calibrate the position-measurement apparatus for electrode changes.The
consistently accurate responses of the arc to the input commands demonstrate
the effectiveness of the controller in compensating for any change in the

tarc plant' conditions.
5.5 Summary

The theoretical control system analysis of Chapter 4 has been developed
into practical software for an arc-velocity control system.Using a hybrid
(digital/analogue) simulator,exhaustive tests have been carried out on the
system which has behaved exactly as predicted in Chapter 4. An interesting
result from the simulator is that,for a given complex input command,the
output is identical over a total gain change of 1000%.

Finally,the control system has been applied to the 'arc plant®
of Chapter 3,the results being displayed as arc position versus time.Although
instantaneous values of arc velocity are beyond the control of the system,
for constant input commands velocities averaged over 0.05 metre sections of
the electrodes can be controlled,in the main,to within 1(% of each other
and the total average velocity to within 10% of the input command to the
control system. Open-loop control of the arc velocity yields an average
velocity (over 0.05 metre sections) of up to 45% and a visible deterioration
in the output trace when compared with the arc under closed-loop control.
Changes in electrode material (within the terms of reference of this
investigation) ,electrode surface conditions and arc current reveal littie

changes in the average output velocity of the arc under closed-loop control.
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CONCLUSIONS

A sumnary of the work carried out in this thesis is presented at the end
of each of the four main chapters;this section critically surveys the work
and discusses i1ts importance in relevunce to work produced by previous

researchers and its practicability to industry.

1) An instrumentation system has been developed for measuring the
position of a dec, arc,along parallel electrodes,to a degree of
accuracy well suited to industrial and experimental requirements.

The principle embodies a simple but very effective original technique
utilising the voltage developed across one of the electrodes end as
such makes obsolete the method of using external optical or magnetic
transducers as sensors ,The system has been developed,using components
of modest performance,to a point where commercial manufacture is
feasible,

| Utilising a digital computer of the type commonly
available in industry,an arc-velocity signal has been obtained with a
signal of sufficient quality to be used successfully in the feedback

*
path of an arc-velocity control system,

TThis remark is certainly true for industrial applications.In the author's
opinion it is also true for many laboratory investigations where more delicate
apparatus is permissible but not more efficient,

* By connecting a recording device (eeg. a chart plotter) to the output of

the measurement system,a very useful tool is obtained in the recording of

low velocity arc movement for future research in this field,
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3)
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The research studies,over the past two decades,in the field of high
velocity arc movement (greater than 1 metre/second) have now been
extended to the low-velocity region.A mathematical model for the
rapidly moving arc,developed by previous workers,and believed to be
accurate to within & 507 ,has been shown to be totally inadequate
vhen applied to the slowly moving arce.

Using existing mathematical results and correlating these
vith extensive experimental work on the slowly-moving arc,a new
model has been developed which will predict arc velocities in the low
region,This model is heavily dependent on the electrode surface
conditions (a factor which does not seem to influence the higher -
velocity arcs to the same extent) ,and new experimental and mathematical
methods of allowing for these surface conditions have been introduced.
This model has been expressed in control engineering terms in order
to assist in the design of arc-movement control systems.The electric
arc is still a relatively unpredictable phenomenon and any mathematical
model can only be representative of the average performance under a
given set of conditions;but,nevertheless,this model represents a new

advance in industrial arc control,

A system has been developed for controlling the velocity of a dec.

arc between parallel electrodes (of the prescribed materials).Although
the arc model is not a detailed representation of a specific industrial
process (such as seam welding,profile cutting and zone refining) it

is a meaningful general representation of the industrial arc process'

and will be useful to future workers,lioreover,this model was eminently



suitable for the purpose of this research; i.e. the feasibility of
closed loop controlling an arc,by a transverse magnetic field,for
~industrial purposes.

From initial open-loop tests it was found possible to
control the low-velocity arc using a transverse magnetic field,but
the introduction of a feedback control system considerably improved
this control.,Under near identical conditionms,the velocity of an arc
( averaged over an electrode length of 0.05 metres) can be closed-loop
controlled to within 10% of a nominal value,whereas under open-100p
control this factor increases to 45%.

For many everyaay industrial uses of the arc,the accuracy
obtainable by open—lodp control could be sufficient.This research
shows that increased accuracy can be obtained by closed-loop control
incorporating the type of low-priced digital computer becoming
increasingly available in industry,Purthermore,the closed-loop control
system developed adapts itself to the surface conditions of the
electrodes and so consecutive arc runs on the same workpiece,or
chanées of workpiece,can be made witﬁout adjusting the control system
provided the measurement electrode is unchanged.If the measurement
electrode is renewed (in the same material) a slight adjustment to the
instrumentation system will be required,If the measurement electrode
material is changed,a recalibration of the measurement system will

be necessary before the first run,

This research was intended as a contribution towards the control of arcs in

industrial processes.If it is found useful by future workers in this field

then its purpose will have been achieved,
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Some of the results have been published23 and other papers are in preparstion,

Areas for future research

This investigation has been concerned with the control of an arc under
laboratory conditions., Future research should be concentrated on adapting the
present control system to an industrial process by developing the existing
tarc plant', Modification to the electrode configuration will be required
since the lower electrode becomes the work~piece and the upper electrode
becomes the measurement electrode. Modification to the measurement electirode
cross-section may be necessary if instability of the arc proves to be a
problem, A modification suggested by the author is to surround the wedge -
shaped cross-section with a high-temperature ceramic material in order to
prevent the arc from travelling up the sides of the wedge.

It is possible that the present low-velocity arc model will
have to be modified for arcs used in industrial processes (previous resesrch
has indicated that on molten surfaces the electrode gain is far higher than
on solid surface337and it may be that the square-law model is also inaccurate).
Inaccuracies in the arc model,vwhich is used for linearising the feedforward
path in the control loop, will only affect processes requiring accurate
command change respomses (profile cutting) ;the use of the control system in
maintaining a fixed arc velocity (seam welding and zone refining) will no% be

affected by such inaccuracies.

Improvements to the measurement apparatus could be made by
decreasing the time constant of the demodulator stage without increasing the
noise content of the signal.If such an improvement could he effected,the

gain-change response time of the controller could be greatly reduced and a
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far 'tighter' control exerted on the arc velocity.
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APPENDIX T

POVER SUPPLY AMALYSTS AID CIRCUITRY

This section presents an analysis and circuit details of the arc-current

closed=loop system.

Fig.ATe1 shows a block diagram of the open-locp arc-curreant power supply
systen,The variable element is a saturable-core transductor, vhich has the
property of having an inductance whose value depends upon the current flowing
through a bias winding around the inductor core.By varying voltage v, (ariving
the bias winding amplifier) the current in the primary loop ,supplying the
isolation transformer, may be varied considerably.The output of the transformer
is rectified using a bridge circuit and smoothed by a bank of heavy duty
capacitors.The 'arc plant' is driven from the power supply via a 2.7 ()
stabilising resistor,the arc current being monitored by the voltage,vb,
developed across a 0.152 resistor.

The linearity of the open-loop system is demonstrated by the greph
in Fig.AI.2.For this plot,the input power amplifier gain was set to G = 1
and an arc was struck between the electrodes.The dynamic gain of the system
is constant up to v, = 5.5 volts and begins to reduce after this value,this
is because,at high values of vi sthe impedance of the transductor is low end
approaches the value of impedance of the rest of the circuit.At v; = 0 the
transductor is at maximum impedance but,since this is not infinite,a small
output signal is present (vo = 0.9 volts).The dynamic gain of the system '
over thellinear region is 1,5 jtherefore with an amplifier gain of G the
overall system gain i8 1.5 G »

Two time constants are present in the system: 0.5 seconds and

0,015 seconds.These are the result of the transductor bias-winding circuit

and the power-supply filfer respectively,Thus,the open-loop system can be
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Block diagram of open-loop arc current supply
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Fig.AI.2 Open-loop system characteristic curve
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represented mathematically ass

1.5 G

B g 7% B
(1 + 0.58)(1 + 0,015¢)

The introduction of a closed=loop controller improves the regulation of the
power supply and nelps to minimise fluctuations in arc current as the
arc moves over varying electrode surfaces.

Applying unity feedback ., the closed~loop transfer function is:

Yo

v = 2 1.5(} --ao.ooo'.--oo(ﬂ.2)
i 0.,00758" + 0.5158 + {1 + 1.5 G)

From the characteristic equation of this controller (equating the denominator
to zero) we can identify the damped frequency of oscillation wn and the

dsmping factor S’ from the general characterigstic equation:

2 2 _
8 + 2 Swn s + (un = 0
therefore W = A+ 156G and S - 0,515
0.0075 0,007 X2 1 + 1.5 G

0.0075

If we choose a critically-damped system,then S

.?.»
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Hence7the steady state gain of the system for critical damping is:

Open—loop gain = 5,25 X 105 = 709

Closed=loop gain =-%§%%—- = 0,88

~ The final closed-loop current control system is shown in Flg.AI.3. The input-

command circuitry is driven from the main power supply (see Appendix III) and

+ consists of 6 discrete switching positions (0 to 50 Amperes) with a variable

control on each position.A safety circuit has been built into the controller

- to prevent large current surges when re-igniting an extinguished arc.If an arc

% is extinguished ;the feedback signal falls to zero and the input commend is
multiplied by the gain of the bies winding emplifier (5.75). This means that

: vhen the arc is re-struck there is a large current surge before the system

. settles,This is particularly undesirable when operating at low currents.In

: order to prevent this,a comparator circuit is used to detect for zero

| feedback signal and,under such a condition,a large feedback signal is

% instantly switched into the controller.The comparator and switching circuit

; is shdwn in Fig.AT.4.The comparator consists of a long-tailed pair (Tt and T2)

é with one input held at ground and the other input connected to the feedback

i signal.When this signal drops to zero,T2 and T3 switch onyconnecting a +15 volt

' feedback signal to the controller.Diode D1 prevents this signal from feeding

back to the arc current monitor resistor (0.150Q)).

Tests have been carried out on the system for a nominal arc
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Fig.AI.5 Output from closed-loop system for a current change
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current of 20 Amperes.A drop of 505 in the supply voltage resulted in a 7%
drop of arc curremt,as compared with a 95% drop using the open-loop system

of Pig.AT.1. The drop in arc current,in the closed-loop system,from by-passing
the 'arc plant! to running an arc between the electrodes was 0.%% as

compared with 10% in the open-loop system.Better figures could be obtained

by increasing the open-loop gain,though compensation to the control system
would be necessary to prevent excessive transient overshoot;the figures,'
however,seem adequate for the purpose of controlling the arc current.A typical
step response is shown in Fig,AL.5 for a current change of SAmperes tec 10 amperes
(in this,negative voltage indicates positive arc current).The rise time is
just under 100 mS and demonstrates the ability of a closed=loop controller

to substantially reduce the values of the open-loop time constants,
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APPEHDIX TT

COMPUTER PROGRAMIIES ANALYSIS

This Appendix gives details of the computer prograrmes mentioned in the

nain body of the thesis.

Output response calculations

A total of four programmes have been used to calculate output responses of
various systems.These responses are shown in detail in Chapter 4,together
with a summary of the mathematics used in the calculations.

A1l four programmes are developed on a similar principle and
this is discussed in detail by McCracken?4.The programme written to calculate
snd plot outputs of the uncoépensated control system is taken as an example,
Fig.AII.1 presents the computer programme (written in FORTRAN IV ) and
Figo.AII.2 shows a block diagram representation of the programme,The main
variables in the system, T , G and H are read into the computer at the beginning
of the programme run.This allows for programme flexibility.,in that the
variables may be changed at the end of each response plot.The variables are
uéed to calculate the system output at incréasing values of nT (B = 0—s30)
and this output is scaled so that the steady-state output appears in the
centre of the trace.The graph axes and curves are plotted using characters
typed in from the computer teleprinter at the start of the plot.AAsafety

factor is built in to check whether or not complex roots occur with the

variables chosen,

On-line programmes used in the arc velocity control system

As indicated in 5.2.1,the on-line programme is written in two languages,



I

o

138.

REAL T,G,H,LINE,EX,ALPHA,BETAL,AL, BE,ALBE,MID, SQ,0UT

INTEGER JsN

DIMENSION LINEC(K1)

READC1,2) T>GrH,ELANK,DOT»X50
FORMAT (3F4.2,401)
EX=1.0/EXP(T)
SO=EX*%2/4.0-G%xH* (1 «O-EX)

IF (SO.LE.0.0) GOTO 6
ALPHA=ZEX/2.%+SGRTCSQ)
BETA=EX/2..60-S0KT (SO)
AL=1.4-ALPHA

BE=1.0-EBETA

ALEE=ALPHA-EKETA

MID=G*(1l 0-EX)/ (AL*EE)

WRITE (2,11) MID

FORMAT (1H1,41HUNIT STEP RESPONSE
DO 3 J=1,61

LINECJ)=DOT

DO 19 N=1,3%

CLOSED LOOP GAIN = ,F5.3)

OUT=MID+G*ALPHA*+N* (EX-ALPHA) /7 (AL*ALEE)

QUT=0UT+G*EETA**N*x (EETA-EX)/ (EE+*ALEE)

J=30.0x0UT/MID+1.5
IF (J.LE.61) GOTO &
LINEC(&1)=0

GOTO 13

WRITE (257)

FORMAT (14H COMPLEX KOQOOTS)
GGTO 1

IF(J.GE.") GOTO 12
LINE (1)5=0

GOTO 13

LINEC(J)=X
WRITE(2,9) LINE
FORMAT (1H 561A1)
DO 4 J=1,61
LINEC(J)=FLANK
LINE(31)=D0T

GOTO 1

END

Fig.AIl.1

Programme used to determine the output response of

the uncompensated control system
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FORTRAN IV and MACRO 9 .The main programme COMP is corcerned with the
sampling and digital filtering operations. Fig.All.3 presents the computer
programme and Fig.AIT.4 the block diagram representation of this programme,
After the programnme stores have been set gt their initial conditions,samples
are tsken from the anslogue-~to-digital converter and filtered as indicated
in section 2.3.%, The sub-routine DIG performs the firgt difference and
compensation operations,the outputs from DIG being transferred to the
digital-to~analogue output unit.Because the ADC requires 32/48 to convert

a signsl to a 12 bit sample,this time is utilised by scaling the previous
sample.In this way,it is possible to perform 1024 samples in a time of 85 mS,
The 6_place scaling to the right in the main programme (car) y (rather than
the 5-place scaling indicated in 2.3+3) is necessary because the most -
significant digit gives the sign of the sampled value and erroneous results
can occur,when changing from negative to positive sampled values,if this
extra scaling place is not included. .

The FORTRAN IV sub-routine is given in Figl.AIIL.5,with the block
diagram representation in Fig.A.II.6. The first part of the programme operates
in conjunction with COMP and is a start and stop facility.The contrel run
is started by both switching on an accumulator switch on the computer console
and reducing the voltage from the measurement system to below 75 mV.This
allows for starting the control run in the laboratory,without immediate
access to the compute}.The run is stopped by either switching off the
accumilator switch or by a predetermined input command.The data required
for the control run is read into the allotted stores and the programme
returns to COMP. During the control run,the filtered position signal is

transferred from CCiP to DIG. A first-difference calculation is performed

with this and the previous signal and an error signal obtained using the



«GLCEL DIG

«IODEV 2
ADSM=7011703
ADSC=7M130 4
ADRE=T701312
DAL1I=795101
DALZ=705102
/INITIAL CONDITIONS
START I10F

LAC (1

ADSM
/INITIALISE EEFCRE EACH
LOCP1 LAS

DAC COM

I0F

LAC (-4

DAC TAGZ#

DzM ST3#

LAC (409000

DAC STo2#

100MS SAMPLE

/120MS SAMPLE AND DIGITAL FILTER

LOCP3 LAC (-40
DAC TAGt #
DzM ST1#

LoorP2 ADSC
LAC (-2
DAC SHFT2#
LAC (-5
DAC SHFT#
LAC (-6
DAC SHFT1#
LAC ST2
SPAICLL
STL
SMA
NOP
RAK
NOP
157 SHFTI1
JMP -7
TAD 4000
TAD STI
DAC STI

Fig.A1I.3 Hain progremme COMP used in the on-line control

systems Programme langusge MACRO 9.
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ADRE
DAC &T2
1S7 TAGI1
JMP LLCOP2
LLAC STi
SPATCLL
STL
SMA
NOP
RAR
1S7 SHFT
JMP . -6
TAD ST3
DAC ST3
157 TAG?2
JMP LLOCP3
LAC ST3
/DIGITAL COMPENSATOR AND VELOCITY MEASUREMENT
DAC IN
10N
JVMS* DIG
JMP . +5
«DSA IN
«DSA 0OUT
«DSA COM
«DSA BIAS
LAS
SNA
JMP START
/VELOCITY OUTPUT
LAC BIAS
DAL1
LAC OUT
/COMPENSATED ERROR QUTPUT
DAL 2
/RETURN FOR NEXT SAMPLE
JMP LOOP1
IN %]
ouT @
COM 4]
BIAS 4]

. Fig.AIT.3 (continued)
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1 4

SUSRIITINE DIG (IN, DU COM 31AS)
INTEGER O JIHCI931A5 '
DIMEZNSION ACIAF),BC123)5 6AINCTIT)
IF (COM.E3.3) GOFD 3
TFCCCOMAND «Z) e 03) dAND «(POSEQ 0 .3)) GOTO 6
J=1

IF (COMAND L T0e3) GITO4

IF (PRESGE«”D53) GOTI 15

GOTY >

IF (PRESLE.PO3) GITO0 15
DEL=PRES

PRES=IN

R1=R

V(PRIES-NDEL) /9 « 52
R=(V=-COMAND) /GA YV

C2=Cl1

C1=C
C=R+(C1-R1)/1 17351 7+C2/12.52833
IFCCLLE«(=13137¢3)) C==13137.2
IF (CeGES131970) C=13197.9
G=ABS(COMAND/C)

IFCGLE«T 1) G=9 a1

AVGAIN=3 .0

GAINCI1)=G

DO 17 K=2,11
AVGAIN=AVGATIN+GAT N(K)
GAIN(K=1)=6GAT NGO

IF(C) 19511511
OJT=~IFIXC(3ARTCABSC(C/131AT7e)))%131373 )
GOTo 12
QUT=(SART(C/I31DT7ed))%131373
BIAS=V/3 .1

RETURN

READ(352) 1

FORMAT (I3)

DO 14 L=1,1

READ (3514) ACLI>BL)

FORMAT (2F5.3)

Fig.AIl.5 OSub-routine DIG used in the on-line control system,

Programme language FORTRAN IV
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16

L=

L=l+1

COMAND=ACL)
POS=BL)
COﬂAND:CO%AND*?621044
POS=POS*13137.2
GAV=AVGAIN/1D 9
J=1

GOTO 5

C=9 9

J=9

Cl=8 .2

PRES=3 .0
COMAND=3 .3}

P0OS=2 .0

OouJT=9

R:{?) «i?

AVGAIN=5% .0

DO 16 K=2,19
GAIN(K)=S.0

RETURN

IFCJeEQe1) GOTO 13
IFCINGI1902) RETURN
GOTO 1

0uUr=9

RETURN

END

Fig,AII.5 (continued)
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command input.This error eignal is fed into the compensator,the output
being transferred back to COMP. During’each 100 mS cycle, DIG checks the
position of ths arc and determines the point at which to change the input
coamand from the data read in at the start of the control run,

The digitally-compensated output appears at the terminals of
DAC 1 and this is the output used for the arc-control system.The output
available at DAC 2 is a direct,unconpensated,velocity signal for use in the

analogue compensation system discussed in Chapter 5.
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APPENDIX IIT

BLECTRONTC CIRCUTINY

This gppendix gives details of some of the electronic circuitry used in the

arc-velocity and current control systems,

Position Signal Modulator

This circuit uses the d.c. voltage developed across the *arc plant' measurement
electrocde to modulate a 500 Hz. square wave,The modulation is performed by
tchopping® the measurement voltage,using two FET s as shown in Fig.ATII.i,and
feeding this signal into an a.c, differential amplificr.The FET s are
switched by 180° out-of-phase square waves wﬁich pefform the following cycle
of operations

1) Open-circuit the measurement voltage lead and short-circuit

the two inputs of the a.c. differential emplifier.(This is

the OFF position).

2) Connect the measurement voltage lead to the a.c. amplifier

input and separate the two inputs.(This is the ON position).

The switching waveforms are generated by a multivibrator circuit driving two
cascaded switching transistors via an amplification stage.

A safety circuit has been built into the modulator to protect
the FET s from high voltages é}ising from an incorrect connection of the
measurenent leads to the 'arc plant'.The circuit =llows a maximum of 11 volts
acrossg the series connection of the FET s,and ensures that each input

to the a.c. differential amplifier is no more than 5.6 volts from earth
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potential,

External Field-Coil Amplificr

This emplifier is used to drive the field coil producing the 'arc plant'
transverse megnetic field.The power amplifier uses a commercial lowepower
d.c. amplifier in the input stage,and this drives a push-pull power output
stage capable of driving 1y Appere into the field coiljthe circuit diagram
is showm in Fig.AIII.2.The variable feedback allows the amplifier gain to

be adjusted.Two inputs are providedjone is for the output from the computer
output smplifier and the other is connected to a variable voltage supply;this
is used for biassing off the magnetic field produced by the current in the

tarc plantt' electrodes,

Single-Ended Power Amplifier

This amplifier is used in the feedforward path of the closed-loop arc -

current supply;the circuit diagram is shown in Fig.AIII.3. Since the amplifier
is only required to operate at one polarity,the circuit is not so complex as
the amplifier of Flg.AI1I.2.The input stage uses the same commercial amplifier
as used previously and this drives a medium-power output stege.Variable
feedback is again used and the amplifier has a facility for two inputs (input
command and feedback signal).The final emitter-follower power-output stage

is built into the transductor cabinet and is provided with its own unstabilised

power supply,.

Two other power supplies have been built to power the electronic circuitry,
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the circuit diagrems are not included here,since the circuits are of a well—

35.'I‘he

established design and can be found quite readily in the literature
first supply is stabillsed and provides 15 v (i 100n4) ;this is used to power
the commercial d.c. emplifiers,and the other low-power circuitry as indicated
on the circuit diagrams.The second supply is unstabilised and has a capacity

of L4 Anperes at a voltage of ¥ 15v.This supply is used for the power-output

stages)as indicated in the circuit diagrams,



