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SUMMARY

This thesis describes the modelling of a 56MVA electric arc
furnace installation and its high voltage supply from 275kV.
Models were constructed both in the laboratory, and mathematically
using a mainframe digital computer. In both cases an
investigation of the supply voltage distortion was carried out,
with the disturbances that cause complaint from other consumers at
the Tlowest distortion level being identified as the visible
flickering of tungsten filament Tlamps. Model static shunt
reactive compensators were applied to each system model, in order
to reduce the voltage flicker annoyance levels caused by a given
arc furnace demand.

Both arc furnace models wutilised digital recordings of 33kV
three-phase currents to reproduce measured supply voltage
distortion.

The Tlaboratory model system had a three-phase rating of 452VA,
using an AIM-65 8-bit microcomputer and commercial power
amplifiers to draw non-sinusoidal currents from a 175V supply.

The mathematical model used the same 1.8 sec data span of recorded
current data to generate distortad supply voltage waveforms. The
step-by-step solution of differential equations allowed a
theoretical performance study of a six-pulse static shunt
compensator.

Different thyristor-controlled reactor (TCR) schemes were appliad
to the laboratory arc furnace model, with fast phase angle control
of conduction achieved with a voltage-integral algorithm using
Intel 8088 16-bit microprocessor. The TCR control methods are
fully described, with theoretical and experimental performance
studies.

The results use power spectrum analysis and an internationally
recognised flickermeter to show that the compensation methods

reduced flicker levels, giving an improvement factor of 40 percent.
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a The phase angle between voltage peak and start of inductive
current conduction. Units: Degrees.
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inductive current conduction. Units: Degrees.

£ The phase angle between voltage zero-crossing and start of
'first-stage' inductive current conduction in the twelve-pulse
TCR only. Units: Degrees.
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p.f. Power factor.
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ACE Association of Chief Engineers (UK)
ADC Analogue to digital converter.

c Three-phase TCR compensator rating. Units: VA,
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A three-phase transformation matrix.
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Centre International des Grandes Reseaux Electriques
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calculated VR - Vye

Discrete Fourier transform.
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recorded Vo - Vye

A continuous integration sum. Units: Volt seconds.
Electricite de France

Erasable programmable read-only memory.

Electrical Research Association (UK)

Electricity Supply Industry {UK)

R~ Yy
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1.1

1.1.1

1.1.2

THE ARC FURNACE LOAD

Electrical Supply to Arc Furnaces

Arc furnace installations have a well-established reputation as
sources of harmonic and sub-harmonic disturbances of the supply
system voltage[1’2’3]. Being rapidly fluctuating 1loads, their
large electrical rating requires that they be connected at points on
the supply system having a low source impedance. The allowable level
of resulting voltage distortion 1s fixed by the electricity supply
authority; customers proposing to install such plant face not only
the capital cost of their own equipment, but also the costs incurred
by the supply authority in strengthening or segregating the supply to
that installation. These costs, for arc furnaces up to 40MVA, were
debated as early as 1963 during the discussion period following an
IEE symposium on transient, fluctuating and distorting
loads{®3:%:8] At that time, the sum of £300,000 was agreed
reasonable to achieve suitable segregation.

This economic factor has naturally made necessary a precise
calculation of the level of segregation required, in conjunction with
a detailed study to define acceptable Tlevels of supply voltage
distortion.

The UK Electricity Council issued guidelines in 1970 in the form of
an Engineering Recommendation P7/2, 'Supply to Arc Furnaces'[s]
that is now well known. The UK Association of Chief Engineers (of
the supply industry) followed this document with their own detailed
report[7], which explored the subject in greater depth.

Supply Voltage Distortion

The voltage distortion effect of the arc furnace load has been the
subject of discussion and research for over twenty years[3]. This
type of distortion causes annoyance by the visible flickering of
tungsten filament lamps. This occurs even at low levels of voltage
distortion, due to the fourth power relationship between voltage and
1ight output.



In the UK, Dixon, Kendall and Thomas have published results of many
studies[4’5’8’9] into the annoyance effects of such lamp flicker
caused by different types of supply voltage distortion. In 1963
Kendall advocated the need for a flicker meter and its proper
application, and further research into the nature of arc furnace
voltage distortion followed[10’11’12'13], with work towards the
development of a flicker meter being carried out both in the
UK[14’15’16] and abroad[17’18]. Internationally, the ‘Union
International Electrothermie' (UIE) has co-ordinated the efforts
towards flicker evaluation through its Disturbances Study Committee
(DSC), and its flicker measuring methods working group published a
valuable review of arc furnace disturbances[19 and found common
agreement for a flicker measuring method[zol, resulting in the
internationally standardised flicker meter now used by the UK
Electricity Supply Industry (ESI)[IG].



1.2

1.2.1

SHUNT REACTIVE COMPENSATION

Shunt reactive compensation techniques are well established as a
means of controlling power system voltages[21’22'23]. Mechanical
switching of dinductors and capacitors could only compensate for
relatively slow reactive load variations, and a faster response was
obtained by excitation control of synchronous rotating machines£24].

Rapidly fluctuating loads, particularly the arc furnace, demanded a
speed of response even faster than could be obtained from the
synchronous compensator, and in the early 1960s static compensator
systems utilising saturated iron[25’26] were 1installed at arc
furnace installations with some success[27’28’29’3°].

Compensation for Arc Furnaces

The UK Electricity Council published a document 'Compensators for Arc
Furnaces'[31], which with other review documents[19’32'33'34’35]
jdentified thyristor-switched reactive devices as having potential
for flicker compensation duties, with the general reservation that
practical experience at that time was limited and their performance
nad then to be established.

A large amount of research and application of thyristor-controlled
reactive compensators followed, with early success for transmission
system voltage control. The 1literature contains many detailed
reports of such work, and many of those up to 1982 are referenced in

a bibliography of static VAR compensators, published by the
1eeel 361,



1.2.2 Thyristor Controlled Reactors For Flicker Reduction

The control systems utilised to obtain the required compensator
performance vary between manufacturers. The reactive compensator
theory and control methods applicable to flicker reduction have baen
included in many pub1ications[32’37’38’39’40’41’42], but evidence
of the successful application of thyristor-controlled equipment for
flicker reduction 1is not so widespread. Those schemes which show
flicker improvement[43544'45’46] use thyristor-controlled reactors
as the variable VAR element, with fixed capacitors for filtering and
power factor improvement. Measurement methods used to demonstrate
their efficacy comprise both power spectrum analysis and different

'flickermeter' equipment.

The successful control methods are rarely presented in detail, for
sound commercial reasons. However, a digital control system can be
made flexible enough to allow its application to a variety of
different control strategies. This digital approach, using
minicomputers or microprocessors, offers the capability for greatest
speed and accuracy of control. ‘



1.3

1.3.1

DIGITAL COMPUTER CONTROL OF POWER EQUIPMENT

This research project makes extensive wuse of modern digital
techniques for the control of laboratory power equipment. To show
that such work may be of use in the environment for which 1t is
eventually intended, a brief review of previous applications follows.

Applications of Digital Control

The many advantages of using computer control, for almost any scheme,
are now well-known and widely accepted. Primary reasons for their
wide application are:

(i) Arithmetic processing power and accuracy
(i1) Flexibility
(ii1) Cost

(iv) Ease of monitoring and data logging

Initial applications to power equipment included simple sequence
controllers and data loggers, and early problems of size, component
reliability and electromagnetic interference and isolation have now
been largely overcome. The Tast five years have seen the development
of an extremely wide range of low cost robust programmable Tlogic
controllers for process control in an industrial environment, and
dedicated systems are easily designed for high speed control of
specific equipment such as power equipment protection and
contro1[47’48’49’50] and HVDC Converter Control[51’52’53’54].



1.3.2

1.3.3

Digital Control of Thyristor Switches

Fibre-optic isolation techniques, effective electromagnetic screening
and 'hardening' of sensitive equipment now a11ow% digital controllers
working at ground potential to control thyristor switch assemblies at
voltages in excess of 33kV.

Thyristor technology has advanced rapidly, allowing simpler and more
effective switch assemblies to be built. Recent advances include
symmetric and asymmetric 1light-triggered thyristors, controlled

turn-on, gate-assisted turn-off, and voltage break-over
protection[55’55:57»58.59,60].

Microprocessor Control of a TCR Compensator

A microprocessor controller has not, to the author's knowledge, yet
been applied to a full-scale TCR compensator scheme. A control
system 1is presented in this thesis, and the available technology
demonstrated in other engineering schemes may be suitably applied to
this system.



1.4

1.4.1

MODELLING

Historically, modelling has been used by researchers to overcome
difficulties in understanding caused by the size or complexity of the
real system. Scale models, with all parameters under the control of
the researcher, give savings in both the cost of equipment and the
time required for the solution of a problem.

More recently, the advent of the digital computer has allowed
researchers to extend mathematical modelling to 1include the most
complex of systems.

These two types of modelling - physical and mathematical - have been
represented in varijous studies dinto shunt static compensation
techniques and the nature of voltage flicker.

Physical Modelling of Static Compensators

Cooper and Yacamini presented a review of modelling methods at the
1979 IEE seminar, 'Reactive Compensation in Power Systems'[51], and
concluded that small scale physical modelling of thyristor controlled
devices was a valuable study method, whilst warning of a reduced X/R
ratio and the need for a wide frequency response.

Many papers show how Transient Network Analysers (TNAs) can be
applied for physical modelling of static compensators and
networks[62’63’64’65], but the TNA {is not generally applied to an
evaluation of static compensator performance for voltage flicker
reduction. A difficulty appears to be the generation of a suitably
distorted voltage waveform, accurately reproducing the frequency

components causing flicker effect.

The results of other forms of static compensator physical modelling
have recently been presented[66’67], and this thesis treats aspects

of this work in greater depth,.



1.4.2 Digital Modelling of Compensator Systems and Flicker

The advent of the digital computer allowed the study of network
transient phenomena by the step-by-step solution of differential
equations. Domme1[68’69’70’71] has published widely on this
subject, and he demonstrates how various system components may be
represented in the differential equations[68] of a general
numerical model. The computational step-width is identified as an
important factor in non-linear circuit so]utions[sgl and frequency
dependence of components, especially 1lines, is accommodatad using
convolution between the frequency domain and the time domain[71].
The frequency dependence of parameters in digital models is further
discussed by Budner[72] and Marti[73], while Feero, Juves and
Long[74] give a study of the mathematical modelling of power system
components.

Particular cases of computer modelling applied to static compensators
few[13’75’76]. Arc  furnace load modelling has been
d[76’77’78’79] and both of these subjects are explored

are
attempta
further in this thesis.

Digital models studying voltage flicker[13’14’76’80] have used
either voltage waveforms synthesised from low frequency sinusoids, or
they have utilised recordings of arc furnace currents to aid the
study of the flicker effect.

The basis for work in this thesis is that in order to model system

. voltage disturbances, the use of measurements of real arc furnace
currents will offer the most realistic tests of performance for any
model static compensator. This principle is applied for both a
physical model in the laboratory and a mathematical model on a
digital computer.
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2.1

17

REQUIREMENTS FOR A PHYSICAL MODEL

The aim of modelling an arc furnace and its electrical supply is
simply to reproduce 1in the 1laboratory the type of voltage
disturbances found in the full-scale case. If this can be done
successfully, then any modifications made in the laboratory having an
effect on the voltage fluctuations should have a full-scale
parallel. In particular a means of reducing those voltage
disturbances causing tungsten-filament lamp flicker by means of shunt
compensation may be sought. Synthesized currents may have some value
for investigating the annoyance factors of different combinations of
disturbances at different frequencies, but for a practical study
involving current compensation, it must be necessary to use load
currents modelling actual currents as closely as possible, to make
the results most relevant.

In dits broadest terms, the Templeborough system to be modelled
comprises:

(i) From the supply systenm:

An 'infinite busbar', or supply having a source impedance
which 1is very low compared to the impedances of the
components that it supplies. Thus the supply voltage is
practically independent of the current drawn from it.

(i1) At the 'furnace busbar':

A load, drawing non-sinusoidal currents described by
recordings made at this voltage. These are not the furnace
1ine currents, but the currents drawn by the primary of the
53kV/500 V furnace transformer.

(ii1) Between (i) and (ii) above:

A complex impedance representing the lumped parameters of
components between the 'infinite busbar' and the load.



12

The infinite busbar can be modelled simply by using a suitable
low-impedance, three phase supply. The load will require some device
or devices that, when driven by a continuous signal derived from the
recordings of the currents at 33kV, will faithfully reproduce the
waveform at a suitable magnitude of current in each of the three

phases.

The impedances present between supply and load can be modelled using
components with values of complex impedance such that, for given base
levels of current and voltage, their per unit impedance is as close
as possible to that found in the full scale system.



2.2

2.2.1

THE SYSTEM TO BE MODELLED

In June of 1977 the System Technical Branch of the CEGB Headquarters
organised a programme of measurements on an arc furnace supply at
33kV. The measurements were made at the Templeborough 275kV/33kV
substation, which supplied six arc furnaces having a collective
nameplate rating of 360MVA.

The aim of the exercise was to 1investigate the supply voltage
'flicker' fluctuations (see Chapter III) and harmonics produced by
arc furnace operation. The three-phase current waveforms were
recorded simultaneously with the voltage waveforms, and a record of
relevant stages in the arc furnace melt cycles was kept. The varying
electrical characteristics of single and multi-furnace operation
could, therefore, be obtained.

The Templeborough Installation and its Supply

The six arc furnace transformers are supplied at 33kV from five
275/33kV supergrid transformers (SGTs) local to the steelworks. The
SGTs are connected to the 275kV Sheffield ring between the Brinsworth
and Pitsmoor switching stations (Figure 2.1).

The fault level on the Sheffield 275kV ring was 8500MVA, the system
reactance being:

XS = Base VA
Fault Level

= 1.18p.c. on 100MVA base

The fault level at the 33kV ‘'furnace busbar' is governed by the
configuration of SGT transformers connected to it. HMeasurements
(detailed further in 2.2.3 below) were taken on the left hand side of
the split 33kV busbar shown in Figure 2.1. This enables a simplified
supply diagram to be drawn (Figure 2.2) which also shows the
impedances of each component.

13
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Fig. 2.2 : Simplified supply diagram for Templeborough furnaces 1 & 2



The total system impedance for the 33kV busbar is therefore:

Ztot = (0 *+j 1.2)p.c. 275kV supply
+ (0.519 + j 23.833)p.c. SGT 4
+ (0.02 + j 0.1)p.c. 33kV cable
Ztot = 0.539 + j 25.133p.c. on 100MVA base

The X/R ratio, or 'Q factor' for the supply circuit is then:
Q = 46.6

The individual furnace 33kV/500 V a-a transformers are not considered
here because there are no records for the currents and voltages in
the secondary circuits.

Also not shown in Figures 2.1 and 2.2 is a Y-Y connected earthing
transformer for the 33kV circuit. This transformer has a high
impedance connected from the primary star-point to earth, to ensure
that the otherwise isolated system does not depart from an earth
reference. This transformer was judged to be unimportant in that its
contribution towards the source impedance and its effects on current
imbalances were negligible.

There were no connections to other consumers at 33kV, therefore the
Point of Common Coupling (PCC) is at 275kV.

The short circuit Tlevel, Sc’ of the furnace installation 1is shown
in Appendix A to be 87.46MVA. The importance of this value relative
to the fault level at the point of common coupling is discussed
further in Part 3.3, with particular emphasis on the voltage flicker
levels that are to be expected.
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2.2.2 Measurements made at 33kV

Data acquisition at the Templeborough installation was by means of a
digital recording and measuring (DREAM) system which has been widely

used in power system studies[81’82].

The equipment and its possible operating modes are described in great
detail in CEGB 1internal documents and need not be repeated here.
However, the principal featuras of the mode used at Templeborough are:

(1) Simultaneous sampling of eight analogue signals every 800
microseconds.

(i1) Each sample has 15 data bits plus one sign bit,
Quantisation noise is thus -90dB relative to the full scale
signal.

(1i1) Digital storage on magnetic tape in blocks of 2048 Bytes up
to a maximum of 30 MBytes per tape.

Long-term studies may be made using repetitive short samples, but for
this application a continuous stream of data was recorded, tha length
of which is 1imited only by the magnetic tape spool capacity.

Recordings of line current were made using current transformers (CTs)
developing a voltage across resistors for conversion to a digital
value.

Y-connected 33kV/110V voltage transformers (VTs) supplied the three
phase voltages for ADC conversion., It could not be ascertained
whether the star point of these VTs was connected to any neutral or
earth reference. The continua.ly changing imbalance of the system
voltages and a floating star point may then have given rise to
measurement of 'phase' voltages unrepresentative of the true system
phase voltages.

17



2.2.3

To eliminate the possibility of studying misleading voltage
measurements, the equivalent line voltages were calculated for every
set of data samples. These derived 1line voltages were then
independent of any neutral reference, and would give a true
measurement of the three phase system voltages.

Selection of Data

Study of the reproduction of large amounts of Templeborough data by
chart recorder at CEGB headquarters revealed a particularly
interesting section. The record corresponded to one 55MVA furnace
operating in isolation from others, and effectively supplied through
its own supergrid transformer (SGT).

The data for this period was transferred to magnetic tape for use at
Liverpool University. Appendix B describes in detail the operations
required to recover analogue data from the digital magnetic tape
recordings supplied to the University. The voltage and current
recordings used for the studies are shown in Figures 2.3 (a),(b) and
(c).

18
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THE PHYSICAL MODEL OF ARC FURNACE AND SUPPLY

Section 2.1 above discusses, in broad terms, the requirements for a
laboratory model. The methods used to fulfill those requirements
will now be presented.

The Model's Supply

Modification of the laboratory 200 V three-phase supply to that shown
in Figure 2.4 provided a source with a per-phase impedance of

L = (0.0165 + j 0.0073) Ohms

This impedance, with an X/R ratio of 0.4, is not intended to model
exactly the real 275kV Sheffield ring. The impedance is, however, of
such a low value that it will be almost negligible compared to the
impedances of the equipment it is to supply (2.3.3 below).

Line Current Reproduction

It was desired that 31 scale model of a particular arc furnace
installation should be subjected to the same form of non-sinusoidal
currents that the real installation suffered. This demanded a
variable dimpedance capable of very fast response - in fact the
frequency response had to be at least within the range 20-80Hz to
allow the critical 0-30Hz modulations of the 50Hz carrier to be
impressed upon the system, without distortion away from the driving
signal. The driving signal would, of course, be derived from the
recordings of the on-site current measurements at 33kV.

A feasibility study was undertaken, using a professional audio power
amplifier s a 'current sink'. Using such a device for the variable
load offered the advantages of easily controllable gain that would be
practically uniform from 20Hz to 20kHz, and a short development time
for the prototype system.
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Fig. 2.4 : The laboratory supply from 6.6kV

University 6.8kV distribution system
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An analogue input to the power amplifier was required, which would
represent the line current waveform at 33kV. The necessary data was
available on magnetic tape, and this was transferred via punched
paper tape to a flexible microcomputer system dedicated to driving
the power amplifier 1input. This method allowed many different
sections of data to be applied to the variable 1load, 1including
waveforms purely synthesized on the mainframe computer for test
purposes.

The results of the feasiblity study were encouraging[ss], and an
extension to three-phase operation was undertaken.

The block diagrams illustrating the system used for the three-phasa
arc furnace model are given in Figure 2.5 (a),(b),(c).

A problem identified early in the project was the 800 microsecond
sampling period used for the CEGB measurements and recordings.
Although sufficiently small for data analysis, with a Nyquist
frequency of 625Hz, the step lengths for current waveform
reproduction were large. Figure 2.6 illustrates the step waveform
produced with no smoothing.

Physical smoothing with low-pass filter networks could not achieve a
suitable waveform. The data was therefore modified on the mainframe
computer before punch tape output. Various interpolation and
curve-fitting procedures were studied, and the method of
least-squares cubic-spline approximation used to obtain three extra
data points between each pair of recorded values. This reduced the
time between data points from 800 microseconds to 200 microseconds.
The computational principles and their practical application are
further detailed in Appendix C.

The interpolation routines could easily be adjusted to produce any
number of data points from the original samples. The obvious
restriction, apart from punch tape length, was the capacity of the
microcomputer memory.
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The microcomputer chosen for the feasibility study, and subsequently
used in the full Tlaboratory model, was the Rockwell AIM-65

system[83’84’85]. The main features are:

(i) R6502 8-bit processor driven at 4MHz
(ii) 64K bytes of addressable memory
(ii11) ROM resident 8K byte monitor program for single-key
commands, 1including editor for simple data entry and
manipulation
(iv) ROM-resident 4K byte R6502 assembler
(v) Single line display, thermal printer and full-size keyboard

A Dram Plus multi-purpose expansion board[86] provided 16K bytes of
dynamic RAM and two R6522 Virtual Interface Adaptors (VIAs) each
providing two independent 8 bit I/0 ports.

Appendix D gives program listings and operating details for the
AIM-65 microcomputer system wused to regenerate the arc furnace
current waveforms.

The memory map of the final system is shown in Table 2.1. This shows
that 28,672 memory locations were available for waveform data storage
in EPROM,

Table 2.2 shows how this storage space could be used to give a range
of 50Hz cycles of recorded waveforms depending on the number of
channels required and the number of data points output per 50Hz cycle.

Only two current outputs were required to the model, since
ig = -(iR + iY) at all times. Using this summing technique at
a point in the system near to the power amplifier inputs ensured that
amplifiers would not be acting in opposition if a fault occured in
the signal conditioning circuit. This technique was reasonable
because iR + iY + iB = 0 at the arc furnace, with the melt pool

acting as the star point of the load.
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Address Use Locations for
Waveform Storage
0000
4 x'1 K byte -
OFFF On-board RAM
1000
4 x 1 K byte -
1FFF Dynamic Expansion RAM
2000
4 x 1 K byte -
2FFF Dynamic Expansion RAM
3000
4 x 1 K byte -
3FFF Dynamic Expansion RAM
4000
4 x 1 K byte -
AFFF Dynamic Expansion RAM
5000
2 x R6522 VIA -
5FFF
0000
1 x 4 K byte EPROM 0 - 4,09
6FFF
/7000
1 x 4 K EPROM 4,09 - 8,191
7FFF
8000
1 x 4 K EPROM 8,192 - 12,287
8FFF
9000
1 x 4 K EPROM 12,288 - 16,383
9FFF
AC00
AIM-65 Printer, key- -
AFFF board, display, I/0 etc
8000
1 x 4 K byte EPROM 16,384 - 20,479
BFFF
€000
1 x 4 K byte EPROM 20,480 - 24,575
CFFF
D000
1 x 4 K byte EPROM 24,576 - 28,671
DFFF
000
AIM-65 Monitor -
EFFF
F000
AIM-65 Monitor -
FFFF

Table 2.1 Memory Map of the AIM-65 microcomputer system used for
waveform reproduction



Number of Data Points Per Cycle
No. of 25 50 75 100 125 150
Channels
2 573 286 191 143 114 95
3 382 191 127 95 76 63
4 286 143 95 71 57 47

Table 2.2 Showing maximum number of complete 50Hz cycles of recorded
data that could be output using only 28 K bytes of EPROM
for storage

Frequency
wrt We 0.1 e 0-25 e 0.5 e e
Phase -12° -29° -60° -135°

Table 2.3 Phase response of a -60 dB/decade low-pass active filter
UC = 723HZ
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A third output channel from the microcomputer was allowed for in the
memory considerations. This was used:

(1) To output the recorded iB for comparison with the 1B
derived as described above.

(i1) To output the recorded VR for phase and form comparison
with the model's VR'

Spline interpolation was used for each channel, to give 100 points
per cycle from the original 25 points per cycle. This was sufficient
to give a smooth waveform after low pass filtering of the DAC output
waveform. The low pass filter used had the passband characteristics
shown in Figure 2.7.

This filter characteristic was found necessary in order to eliminate
severe oscillations, which occurred in early models at the data
output frequency of 5kHz. The filter circuit diagram is given in
Figure 2.8. It comprises a -40dB/decade Butterworth cascaded with a
-20dB/decade low pass active filter. The phase response of such a
filter is important, and is given in Table 2.3, The 50Hz current
fundamental 1is at 0.07uc, and the varying amplitude modulation
components of the distorted 50Hz signal may be phase-shifted by many
degrees. Close inspection of the signal waveforms before and after
filtering showed that the effect of this phase delay was extremely
slight.

The continuous output from the signal conditioning circuits was fed
to the inputs of three commercial power amplifiers. The maximum
rating of the ‘'arc furnace model' was determined by the rating of
these power amplifiers. Figure 2.9 shows the limits of VI output
avai]able[87]. It can be seen that the maximum continuous a.c.
power falls-off rapidly above 100 volts and 20 amps when current flow
matches voltage polarity. The high inductive current component
measured at 33kV presented the possibility of driving current in
opposition to the voltage applied to the amplifiers, and the
quadrants of Figure 2.9 show the de-rating necessary.
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The transformer coupling at each amplifier output had a 100/40 Volt
ratio to ensure that the amplifiers operated at a more suitable point
on the VI curves. The negative feedback loop to the power amplifier
input ensured that the model T1ine currents exactly matched the demand
current output from the AIM-65 microprocessor via the signal
conditioning circuits. Thus the impedances of the output coupling
transformers could be neglected, and could be Tlumped with the
amplifiers themselves as the furnace 1oad on the supply system.

It will be shown that Zbase for the physical model is fixed by
impedance scaling considerations (Section 2.3.3 below) and hence
vbase/Ibase will be a constant. The operating level of voltage
and current were chosen to be as large as possible to avoid
measurement and recording difficulties possible with small signal
levels and thyristor switching.

vphase=40v rms lies well within the amplifiers continuous operation
curve, allowing:

0 <1 < 15A rms

phase

in the positive or negative current quadrants. This corresponded to
the model system operating levels of 100V and 6A per phase.

Impedance Scaling

The dominant feature of the supply system for the Templeborough arc
furnaces (Figure 2.1) 1is the 275/33kV Super Grid Transformer (SGT),
rated at 56MVA. Its short circuit reactance and resistance greatly
exceed the lumped value for all other components between the infinite
busbar and the furnace transformer.

Since the Y-a connection introduced specific coupling between the
three phases, it was decided that the physical model of the arc
furnace supply should also contain a Y-a transformer in order that
primary currents could be studied if the need arose.

The per unit values for impedances in the supply system are to bases
of 33kV and 100MVA, giving a base value of line current of 1.75KA.
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Suitable model system operating levels were chosen as 100V and 3A per
phase to ensure that the power amp11f1ers[87] would be well within
their operating range. Setting base values of VL=175V and IL=3A

gives

3-phase VA base = 1/3-(VL base) (IL base)

909.3VA

and Z (per phase)

2
(v, base)
3-phase VA base

base

33.67 Ohms

These base values were used to specify equipment with impedances
suitable to model the real system.

The ratio of resistance to reactance of the SGT is Q = 45.9. As the
physical size of such items of equipment is reduced, the X/R ratio
also reduces - a typical value for equipment of 1000 VA rating being
approximately 10. The specifications for the model Y-a transformer
emphasized a maximum value for short-circuit resistance which would
approximately equal the per unit value of resistance found for the
real SGT.

i.e. Rsc max = 0.00519 p.u. x 33.67 Ohms = 0.174 Ohms

Ideally XSc would then be 8.02 Ohms (representing 0.2383 p.u.) but
the much reduced X/R ratio for the model transformer will give XSc
considerably 1less than this. This difference between actual and
desired reactance could then be overcome with the addition of an
inductance with low series resistance 1in serifes with the model
transformer. Fine adjustment of the value of the series reactance
gave a suitable Tumped parameter representation of the supply system.

For the 200/175V Y-a transformer:

-
[

sc ° 0.124 Ohms per phase wrt 175V

>
[

sc = 0.069 Ohms per phase wrt 175V at 50H;
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For each additional line choke:

0.80 Ohms

Rsem‘es

xseries = 9.36 Ohms at 50Hz

Thus the impedance of the line choke dominates, and the X/R ratio of
the lumped parameters is 10.2. The magnetising current of the Y-a
transformer was found to be 0.8 Amps and non-sinusoidal at rated
voltage. It is therefore important that the series 1ine chokes are
not inserted between the Y-a transformer and the 1low impedance
supply, since considerable distortion of the voltage wavaform
results. With the Y-a transformer primary connected directly to the
Tow impedance supply, its magnetising current can be safely ignored.

Although the model's X/R ratio is a factor of four lower than that of
the Templeborough system, the 1{inductive reactance remains the
dominant component. The ratio of lumped inductive reactances was
used to determine the exact base value for 1ine current as follows:

For the Templeborough System

Lumped impedance

to infinite busbar SGT impedance + supply impedance

(0.00519 + j0.2383) + (0.0 + jO.01) p.u.

(0.00519 + jO.2483) p.u.

To bases of 100MVA, 33kV, 1.749kA
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For the Analogue Model

Lumped impedance Line choke + Y-a transformer + supply
to secondary of impedance impedance impedance
6.6kY transformer

= (0.8 +j9.36) + (0.124 + j0.069)

+ (0.0165 *+ jO.0073) Ohms wrt 175V

(0.9405 + j9.436) Ohms wrt 175V

Let j9.436 Ohms at 175V represent j0.2483 p.u. to bases of 100MVA and
33kV.

Therefore, Z for the model = X Ohms = j38.0 Ohms

base
X p.u.
Then VA = (V base)2 = (175V)2 = 805.90VA
base ~ 'H——" T ‘===’ T *
Zbase 38.0
And Ibase = -—bas = __805.90 = 2.659 Amps

3 (V base) V3(175.0)

This is only slightly 1less than the base current value of 3A
initially chosen for the model.

The magnitude of the input signal to the amplifiers was adjusted
until the first peak of the model yellow phase line current, IY,
representing 1.1978 kA, was:
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1.1978kA x 1

baseMODEL
I

baseSYSTEM

1.1978kA x 2.659A
1.749kA

1.81 Amps
As shown in Figure 2.10.

The signal conditioning circuits and amplifier gains were each
adjusted to give exactly balanced amplification for each phase under
steady-state sinusoidal conditions.

A circle diagram is shown in Figure 2.11 for the laboratory 200V
3-phase supply at the receiving end. This diagram gives the lumped
supply impedance for the model, and demonstrates how reactive power
flow is due to the magnitude of the voltage difference along the line
rather than the phase angle between sending and receiving end.

Figure 2.12 shows that currents drawn from the supply have frequency
components in the range -20dB to -50dB, relative to the fundamental,
in the band 1-100Hz. The power spectrum to 600Hz is shown in Figure
2.13, with peaks visible at 3rd, 5th, 7th, 9th and 1lth harmonic
frequencies.

Macedo[88] investigated the characteristics of supply impedances,
highlighting the possibility of resonant nodes at frequencies up to
19th harmonic. Components of current at such nodes would produce
disproportionate voltage fluctuations and would need to be recognised
in any study. Ca1cu1at10ns[89] for the real Templeborough system
showed that such nodes existed at 6th and 17th harmonic (Figure
2.14), due to the combination of system capacitance and inductance.

Any disproportionate voltage fluctuations arising at these
frequencies are, however, well outside the range of those necessary
for Tamp flicker analysis.
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2.3.4 Safety Sequence

The particular arrangement of the laboratory model allowed a safe
sequence of events to be followed for its start-up. Appendix E gives
a schematic of the complete laboratory model, and the 'safe-start'
sequence. This sequence avoided the application of large voltage
transients or current surges to the -equipment, thus allowing
protective devices to be graded to the relatively low operating
levels. A safety contactor allowed complete disconnection of
supplies in the event of danger to personnel.
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RESULTS

Measurement of the characteristics of non-sinusoidal waveforms may be
attempted in a number of ways. Modern oscilloscopes have now
replaced high speed chart recorders for most applications, and
digital measurement techniques enable large amounts of data to be
stored and retrieved easily.

The study of the success of the laboratory model in reproducing arc
furnace supply characteristics was undertaken in three stages.

(1) The accuracy with which the line currents produced by the
power amplifiers compared with those 1ine currents measured
at 33kV at the Templeborough installation

(i1) The voltage fluctuations at 175V that the model 1ine
currents produced, again compared to those measured at 33kV

(1i1) The frequency components of the currents and voltages
described above.

Section 2.3.2 describes how the same stream of data is continually
cycled through to drive the model's power amplifiers. This meant
that the model was operating in a continuous mode, and different
measurements could be taken sequentially using the same recording
equipment. For (i) and (i1) above, where the measured quantities
were studied as a function of time, it was essential that some common
time reference be available for comparison between non-concurrent
recordings. This was achieved using a short triggering pulse output
from the microcomputer driving the power amplifiers. The pulse was
output only at the beginning of each complete cycle of the 1.78
second data stream. Further details of this synchroaising pulse
output may be found in Appendix D.
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Line Current Waveforms

Laboratory recordings of the model waveforms were made using a

0.5 Ohm resistive shunt in each 1ine of the model. The voltage thus
developed was fed directly to the AC coupled input of a Gould digital
storage oscilloscope. The full specification of this instrument is
given in Reference [90].

Figure 2.15 details the recording method. A Bryants 25000 flat bed
X-Y plotter was used to present the results in a suitable A4 format.

Figure 2.16 shows the first five 50Hz cycles of the red, yellow and
5lua 1ine current waveforms with the data points output from the
microcomputer memory presented adjacent to the measurement of 1line
current for direct comparison.

The fine stepped effect on both waveforms is a characteristic of the
digital storage oscilloscope and plotter, and should not be confused
with the output of quantised data at 5kHz from the microcomputer.
The lTow pass filter described in Section 2.3.2 attenuates this 5kHz
component, and possible phase errors due to this filter are not
apparent in the results.

The magnitude of the 1line currents was determined by the setting of
the 'level adjust' potentiometers (Appendices D and E). In practice
the first peak of the yellow 1line current waveform was always
carefully set to equal 1.8 Amps.

Then = 1.8A x 0.5 Ohms = 0.9 Volts to oscilloscope

Voltage Waveforms

The laboratory model was normally made to cycle over 89 complete 50Hz
cycles of digitally stored data, this being the 1imit of that which
could be stored in the microcomputer memory.
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2.4.3

Presentation of results in the time domain in a suitable format
suffers in that:

(1) To show all 89 cycles loses much useful detail.
(11) Showing only one or two cycles may be criticised for being
unpresentative.

Figures 2.17(a),(b) show the 1line voltage Vg-Vp with the model
current off and at rated magnitude respectively. There is 1little
value in presenting the open circuit voltage in the fashion of Figure
2.17(a) again, now that it has been shown to be a steady sinusoid.
Figure 2.18 repeats Figure 2.17(b), with the open circuit voltage
level now only indicated by a straight 1line. The Tow frequency
fluctuations imposed on VBR are clearly evident from the varying
level of the voltage peaks.

Figures 2.19 and 2.20 show the corresponding variations for VR'VY
and VY'VB respectively.

The form of Figure 2.17 is repeated for the first 2.5 cycles only in
Figure 2.21. This shows clearly the voltage fluctuations due to the
arc furnace model within each cycle for VR'VY'

-y

Figures 2.22 and 2.23 give the corresponding varfations for Vy-Vg

and VB-VR respectively.

Figure 2.24 shows the phase relationship between line voltage and
current in the laboratory model for each of the three phases.

Power Spectra of Voltage Waveforms

The voltage waveforms presented in Section 2.4.2 clearly show
distortion from a sinusoidal form. A precise evaluation of the
distortion is difficult when the 50Hz fundamental {is present, and the
‘flicker voltage', Vf; may be obtained 1if this fundamental
frequency is removed.
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The relevance of Vf in these studies is described further in Part
3.1, and Section 8.4.3 studies the results from a digital model in
both the full form and the demodulated form. It is shown that
analysis of the power spectral density can give valuable information
about the continuous signal in the time domain. A large number of
power spectra are used for performance studies 1in Chapter V, and
Section 5.2.1 discusses further the procedures available for
obtaining a power spectrum, and explains the techniques chosen for
the laboratory.

The aim here is simply to present power spectra of the time domain
signals seen in 2.4.2 above, in order to demonstrate the laboratory
model's ability to reproduce distorted voltages which model those
occurring in the full size system.

Each spectrum gives a measure of the power of frequency components
which make up the continuous signal. The power components at
different frequencies are presented in decibels (dBs) relative to the
power in the fundamental component at 50Hz. Measurements were made
using a commercial spectrum ana]ysertlla] with output to an X-Y

flat-bed plotter.

Figure 2.25 shows the power spectrum to 250Hz of a laboratory signal
generator producing only a 50Hz sinusoid. The 3rd harmonic component
is visible at approximately -60dB relative to the fundamental, and
noise is present across the spectrum between -7£d4B and -80dB.

Figure 2.26 gives the equivalent power spectrum of the open circuit
laboratory supply line voltage. The 2nd, 3rd, 4th and 5th harmonic
components are clearly shown above the same noise Tlevels of
approximataly -75dB.

Figure 2.27 shows the power spectrum to 500Hz of the line voltage
distorted by operation of the arc furnace model at the rated leval of
current. Disturbances across the whole spectrum are evident between
-45d8 and -65dB, and the magnitude of the harmonic voltages is also
increased slightly by components in the current waveform of the
furnace model.
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Chapter III shows that modulation frequencies between 1Hz and 30Hz
are of primary interest for the investigation of tungsten filament
lamp flicker. The power from these modulating frequencies will 1lie
in the sidebands above and below the 50Hz ‘'carrier' signal. Thase
are shown more clearly in Figure 2.28 - the disturbance levels of
between -50dB to -70dB in the power spectrum will correspond to
voltage components between -25dB and -35dB relative to the 50Hz

voltage waveform.

Figures 2.27 and 2.28 may be compared with Figures 2.29 and 2.30
which show the corresponding poWer spectra of the 1line voltage
recordings made at 33kV. This comparison illustrates the success of
the modal in reproducing the voltage disturbances evident at the

Templeborough installation.
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3.1

3.1.1

3.1.2

FLICKER

The flickering of tungsten filament lamps due to distortion of the
supply voltage waveform is not a new phenomenon. A survey in
1956[1] associated the occurence of flicker with arc furnace
installations connected to the power supply system. Since that time
there have been significant advances in the understanding of how

60

varfous factors in a distorted supply voltage effect flicker

perception and annoyance[z'zol. Naturally, an understanding of the

causes of lamp flicker perception is useful when its reduction fis
being considered.

V. - A '"Flicker Voltage'

LY

Dixon and Kenda11[8] used the concept of a 'flicker voltage', Vf,
in their studies of annoyance factors for different combinations and
magnitudes of frequencies superimposed on the supply voltage
waveform. If the distorted waveform is considered as a 50Hz
‘carrier' frequency that is amplitude modulated by any combination of
other frequencies, then Vf represents the arithmetic sum of those
frequency components in the time domain. Figures 3.1(a),(b) show a
graphical representation of V. that is often used.

Vf can be obtained in practice using 50Hz notch filters with
passband and cut-off characteristics to suit the levels and
frequencies of modulation voltage that are to be studied. Digital
filtering techniques may also be employed where suitable processing
capability 1s available.

Frequency Dependence of Flicker

A distorted supply voltage waveform may easily be synthesised -
methods include repetitive load switching, on-line computation and
electronic modulation techniques[13]. Vf can then be simply
restricted to a single frequency that may be varied at will.
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3.1.3

The magnitude of Vf that gives an annoying level of lamp flicker at
a given frequency 1is highly subjective, it is also related to the
enviromment and activity of the subjects. Research has enabled a
weighting curve to be produced[sl’[7]’[14]’[16] (Fig. 3.2). This
curve represents the transfer function of lamp *+ eye + brain, with a
distorted voltage as the input and physiological response to lamp
flicker as the output. It is clear that flicker voltages with
frequencies in the range 2-20Hz will cause greatest complaint if the
level of Vf is constant.

Flicker voltages with frequencies outside of this range cannot be
neglected if the relative magnitude of Vf is large at such

frequencies.

The flicker voltage, Vf, will rarely be a sinusoid at a. single
frequency. Any vc(t) can, however, be represented by its spectrum
of sinusoids in the frequency domain Vf(u)[91’92]. The annoyance
effect of non-sinusoidal wvc(t) can thus be evaluated using the

magnitudes of its individual frequency components.

Annoyance Levels

No mention has yet been made of the magnitude of Vf. Since Vf is
a measure of the distortion of a sinusoidal supply voltage vfund'
it 1s logical to relate Vg to Veinae The UK Electricity
Council's 1970 Recommendations[ use the ratio of RMS quantities,
but increasing use is being made of the definition

Ve(p.c.) = V¢ (peak to peak volts) x 100p.c.
Viund (peak volts)

which is used by the UIEF!S],
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In most cases Vf(t) is not a periodic function but is a stochastic
process - random within certain statistical bounds. In such cases an
observation lasting only a short time may not be representative of
the continuous signal, and the question of how to treat successive
observations becomes important. The accepted method in the UK for
analysis of flicker measurements 1is to generate a Cumulative
Probability Function (CPF)[14’163.

Figure 3.3 shows an example of a CPF - the ordinate 1s a percentage
probability that the abcissa (the measured quantity) corresponding to
a point on the curve will be equalled or exceeded. The percentage
probability is based purely on all observations within some time
period. Thus all of the observations exceed the lowest measured
value, and the probability that this lowest measured value will be
exceeded is 100p.c.,

ioEc Ploop.c. = Xmin

The UK Electricity Council's recommendationts] is that the RMS
ratio Vf(p.c.) be used as the measured quantity. The value of Vf
then corresponding to Pl.Op.c. is defined as Vfg’ the gauge-point
fluctuation voltage. Obviously for different 1levels of supply
voltage distortion Vfg will take a different value. The
recommendationts] is that the limits for Vfg be set at:

V. = 0.25p.c. for network voltages up to 132kv
0.20p.c. for networks above 132kv

-
w
|

Vfg

These values were chosen in view of tests[7] which showed how a
continuous level of fluctuation voltage related to subjective flicker

perception:
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Vf = 0.20p.c, -54.0dB Just perceptible, but not annoying
Vf = 0.25p.c, -52.0dB Obvious, but not annoying
Vf = 0.30p.c, -50.5dB Uncomfortable or intolerable
Vf > 0.30p.c, -50.5dB Intolerable
Later studies[14’16] have shown the importance of

frequency-weighting the measured value Vf, and of wusing more
figures from the CPF [(e.g. Po.lp.c.’ Pl.Op.c.’ P3.0p.c.'
P10 0p.c ) for a more accurate representation of the flicker
severity factor of a distorted supply voltage waveform.



3.2

3.2.1

THE ELECTRIC ARC FURNACE AS A FLICKER SOURCE

The non-sinusoidal nature and imbalance of three-phase currents drawn
by an arc furnace has already been illustrated, using a block of data
from the CEGB recordings, (Fig. 2.3). The severity of thesa current
fluctuations for a given furnace installation is not constant, but a
function of several factors:

(1) The point in the arc furnace melt-cycle.

(1) The type of material to be melted down, and its movement
within the furnace crucible.

(iii) The combined effects of electrode control apparatus and
human operator actions.

The consequent disturbances of the supply voltage waveform
experienced by other consumers will then depend on:

(iv) The point from which their electrical supply 1is derived
(the Point of Common Coupling).

(v) The impedances present between furnace installation,
consumer and the 'infinite busbar'.

Each of the above points are now examined in more detail.

The Arc Furnace Melt-Cycle

The melt-cycle is defined as the sequence of events normally followed
in order to produce usable molten steel from solid constituents. The
start of the cycle sees the first 'basket' of metal dropped into the
furnace crucible. The electrodes lower and arcs are struck between
them and the surface of the metal.
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As the electric arc bores down into the heap of metal, the electrodes
are lowered. When the electrode tips are below the top of the metal,
maximum voltage is applied via the on load tap changer. For this
'bore-down' stage the arcs are now long and maximum energy is
transferred to the scrap surrounding the arcs (Figure 3.4(a)). The
full power 'bore-down' is continued until much of the metal lies in a
molten pool. The arc 1s then extinguished and a second basket of
metal is added. The 'bore-down' process is repeated, then medium
power is used when there is little metal projecting from the molten
pool - this reduces wear on the refractory lining of the furnace,
which would otherwise be exposed to the full power output from the
arcs (Figure 3.4(b)).

when all of the metal has been liquified, a sample of the melt
indicates how the metal can be refined to give the quality of steel
required. Chemical additions are made and refining is carried out
with very low power input to the molten pool (Figure 3.4(c)).

Example times for the above processes for a 100 Tonne, 70MVA furnace
[121],
are :

First Basket Bore-down 30 mins
Second Basket Bore-down 25 mins
'Medium Power' melting 10 mins
Refining 20 mins

The most severe fluctuations in furnace current occur during the two
'bore-down' periods when large pieces of metal may fall in the
immediate region of each arc, which will be operating at full power.
Phase to phase short circuit and/or single phase open circuit
conditions lasting for several seconds may arise, and the
cycle-by-cycle current waveform is mainly non-repetitive, reflecting
varying arc length after the extinguishment and re-striking of the
arc around current-zero.
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3.2.2

3.2.3

Composition of Melt-Baskets

Each basket of metal to be melted may contain a mixture of the
following types of scrap metals:

Turnings - From industrial machining process.
'Fragmentised' medium duty steel structures.

)
( } Rod or Billets - probably produced at the same steelworks.
)
)

Slag scrap collected from previous melts.

'No. 1' scrap - an assortment of heavy and medium duty steel
previously cut to fit into crucible.

(vi) Plate iron.

(vii) ‘'Bales' - a clean scrap steel compressed into large blocks.

€ € e —be e

(
i
i
i
(

The composition of particular baskets is varied to suit the grade of
steel required, and to a lesser extent the relative quantities
avai]ab]e[121].

Turnings or 'swarf' will give the most consistent arc behaviour and
hence the smallest current variations. 'bales' of compressed steel
take longest to melt down and their movement in the crucible can
create severe fluctuations in arc current.

Operators and electrode control systems

Automatic electrode control systems are used on all but the smallest
of arc furnaces. Their primary function is to keep the arc current
near constant for a given electrode voltage. If the electrode
voltage 1is increased, a larger arc can be sustained and the power
input to the furnace is greater.

Short circuits in the furnace cause the electrodes to be withdrawn,
open circuits cause them to be lowered. The methods of control need
not be discussed here since there 1s much information in the

]1terature[93’94].



3.2.4

Operators in the furnace control room will manipulate furnace
transformer on-load tap changers and circuit breakers, and utilise
electrode controllers to progress through the melt cycle in a way
that they see fit. Thus additional variations will exist for
different melt-cycles.

Further information on almost every aspect of electric arc furnace
operations is given by Robiette[93].

Voltage Distortion due to an Arc Furnace Installation

A load drawing a non-sinusoidal current from a sinusoidal supply
e.m.f. will cause distortion of the voltage at its terminals provided
there 1s some impedance present in the current path.

Figure 3.5 shows a representation of a power system supplying an arc
furnace installation and other consumers. The ‘'point of common
coupling' (PCC) is defined[sl as the electrical point nearest to
the arc furnace installation to which other consumers are connected.

On a large power system, the reactive components of impedances
usually exceed the corresponding resistive components by a factor of
at least 20, thus if

Zg = Rg * jxs and Zg = R¢ + ij

then Zs = jXs and If = jXf

Where ZS and Zf represent the system and furnace impedances
respectively. The corresponding phasor diagram for I = Is = If
lagging VO by a phase angle & is shown in Figure 3.6. C(Clearly if
Vaf >> IXtot then the arithmetic difference, aV, between the
voltages v0 and vaf can be written:

avaf I sin @ Xtot

n

and AVPCC = I sin @ Xs
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Thus the voltage fluctuations at the point of common coupling are
primarily due to variations in the reactive component of I.

Arc furnaces operate at a power factor of 0.7-0.8 at full load [93]
i.e. Isin @ = 0.61. Thus the reactive component of I(t) is not
negligible. The measurements of i(t) (Figure 2.3) were shown to have
power spectral density components at levels between -25dB and -45d3
in the critical modulation band of 0-30Hz (Figure 2.12) - the effect
of these current fluctuations is further studied below.



3.3

3.3.1
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FLICKER LEVELS ON A PARTICULAR FURNACE SUPPLY AND ITS MODEL

A method for predicting the severity of perceived tungsten filament
lamp flicker from a knowledge of the arc furnace and supply system
details is contained in the UK Electricity Council Recommendations on
arc furnaces and their supp1y[6]. Firstly, this method will be
applied to the Templeborough power system used for the CEGB
measurements (see Section 2.1.1), and secondly to the Tlaboratory
model of that system. Impedances in each network may bes represented
in the form used in reference [6], and repeated in Figure 3.7.

The results may then be related to measured values of the flicker
voltage, Vf.

Study for the Templeborough Installation

The voltage depression caused at a point on the supply network to an
arc furnace installation is primarily dependent upon two quantities:

(i) The short-circuit power of the arc furnace,

and (ii) The fault level at the point of study.

A quantity Vt’ the  Short-Circuit Voltage Depression, s
defined[6] as:
V¢ = S¢ x 100p.c.
Sc

Where St and SC are the furnace short-circuit power and fault
level at the point of common coupling respectively. The precise
definition of these quantities and a discussion of typical values is
given in detail in Reference [6] and need not be repeated here.

The short-circuit power, St’ of the arc furnace can be either
measured directly or calculated- from other dataEs]. A general
method for performing this calculation given in Reference [6] is

followed in Appendix A. This gives:

Sy = 87.46MVA
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Fig. 3.7 : Electricity Council notation for arc furnace supply system
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Amplifiers representing furnace
and fumace transformers

Fig. 3.8 : One line diagram of the Idboratory arc furnace model supply



It will be useful to note the 33kV short circuit current here:

Isc = _ 87.46 x 10° = 1.53kA or 0.875p.u.

43 x (33 x 10%)

Sc’ the fault Tevel for the point of calculation of V

t is easily

found:

At 275kV S_ = 100 8500MVA, giving V, (275kV) = 1.03p.c.

XS
At 33KV S, = _ 100

] ]
xs ¥ Xb

21.87p.c.

400MVA, giving V, (33kv)

V. can now be predicted from V

fq t:

fg = ks Vt
where the ‘'severity factor', k, ‘is usually in the range 0.09 to
0.15 with a mean at 0.12081,

Thus for k. = 0.09, 0.12, 0.15
Ve (275kv) = 0.093p.c., 0.123p.c., 0.154p.c.
Vfg (33kV) - 1.97poCo’ 2.62poCo, 3.28p.c.

It will be noted that the theoretical value of Vfg at 275kV is well
balow the flicker perceptibility threshold of 0.20p.c. described in
Section 3.1.3. Tests conducted by the Electrical Research Association
(ERA)[GJ for the same system support this, in so far as there were
no complaints from consumers with the PCC at 275kV.
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3.3.2 Study for the Physical Model

If the Templeborough system has been modelled with sufficient
accuracy, then the model's values of Vfg will be identical to those
found 1in the preceeding section. It will be wuseful to give an
analysis for the physical model, so that the relevance of different
impedances may be appreciated.

In section 3.3.1 the furnace short-circuit current, Isc’ was shown

to be 0.875p.u. If the model's current base has been scaled
correctly, this will be equivalent to a current of:

—
[

= 0.875p.u. x Ibase
0.875p.u. x 2.659A
2.33A

sC

For VL = 1.0p.u. = 175v, the short-circuit power is therefore:

S

¢ = Y3 (175)(2.33) = 706VA

Figure 3.8 gives a one line representation of the model, with all
ohmic impedances referred to 175 volts. Point A corresponds to the
275kV point of common coupling whilst point B corresponds to the 33kV

busbar.
The model's bases will be repeated here for reference:

v =38.0 Ohms, I =2.659A, VA

ase=175v’ base

a0~
ase_803.9VA

Xbase b

b

XS' = 0.0056 Ohms = 0.0056 p.u.

38.0

0.00015 p.u. to the model's bases

Xb' = 0.069 + 9.55 Ohms = 9.619 p.u.
38.0

0.2531p.u. to the model's bases



Then the Fault Level at A is:

SCA = B805.9 = 5.37MVA
0.00015
and at B:
SCB‘= 805.9 = 3184VA

0.2531

These values are calculated using reactive impedance components only,
as for the full scale system. However, the X/R ratio for the system
is large - typically 20 or more, against the models' X/R ratio of
approximately 10. The error in Sc introduced by not taking account
of resistances is thus -0.5p.c. for the model compared to -0.1p.c.
for the real system. Although small, these errors should be borne in
mind.

To find the short circuit voltage depression, Vt, at A and B:

Vi = S, s
SC
Therefore, VtA = 706 = 0.013p.c.
6
5.37 10
vtB = 706 = 22.8p.C.
3184
and using Vfg = ksvt
for kS = 0.09, 0.12, 0.15
Vng - OOOOIZPQCO’ O-OOIGP.C., 0-0020p0C.

Vng 2.05p.c., 2.74p.c., 3.42p.c.
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Thus the short-circuit voltage depression at 3 accurataly represents
that in the real system at 33kV.

(The real system has Vt 1.05p.c. at 275kV

This is reasonable if the voltage fluctuations at the 33kV busbar are
to be studied - although in the case of Templeborough this was not
the PCC. The disturbance levels at point B (Figure 3.8) will be much
higher than those found to be 'just annoying' since the theoretical
Vfg is approximately 2.0p.c. compared with the 0.25p.c. 11mit[5].

If flicker compensation at this level can be achieved, then any
improvement factor will still hold true for voltage disturbances
further away from the flicker source.

Figure 2.30 showed the power spectral density of the red-yellow line
voltage derived from the CEGB recordings at 33kV. The section of
data corresponds to those 90 cycles used by the physical model, and
it was presented in Section 2.4.3 to allow comparison of 33kV and
modelled 1ine voltage power spectra.

[92] would present the power spectrum of a

Communication theory
simple amplitude modulated carrier wave as sidebands symmetrical
about the carrier frequency. The total signal power PTOT is
related to the carrier power P, and the modulation index 'm' as:

ProT = Pc (1 + m2)
Z
with power gﬁg? in each sideband.

The arc furnace non-sinusoidal current's power spectra (Figure 2.12)
show reasonable symmetry about the 50Hz fundamental frequency. But
the corresponding power spectra for the distorted supply voltage
(Figure 2.28) show that the frequency components in the upper
sideband have slightly higher powers than the frequency components in
the lower sideband. Such an effect may be caused by a system
impedance that varies in the range 0-100Hz, with a shunt inductance
component becoming relevant at very low frequencies.
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FLICKER REDUCTION

Chapter 1 introduced a variety of methods for reducing the levels of
flicker at a PCC. Each method achieves a reduction in the flicker
voltage, Vf, as a proportion of the 50Hz fundamental. This
objective may be achieved either by reducing the impedance across
which Vf is generated, or by altering the components of the
currents that generate Vf. It is worthwhile to remember here that
Vf may be resolved into many frequency components, with those

centred around 8Hz having annoying effects at very low levels,

Once it has been decided to attempt flicker reduction by connection
of a device in parallel with a varying load, careful thought must be
given both to the characteristics of the load and to the requirements
for the shunt-connected compensator.

Shunt Reactive Compensation

The electrical supply to high power installation i{s generally of such
a rating that the Q factor of the equipment is greater than 20. It
can easily be shown (Section 3.3.2) that for sinusoidal conditions it
is the contribution of the reactive component of the current that
dominates in the voltage drop across an impedance Z = R + jX where
X/R 2= 20 (Figure 3.6).

It is for this reason that REACTIVE compensation has been accepted
and used for the control of voltage changes due to large fluctuating

Toads.

951 provides an excellent reference text on a wide variety

[43,44,45,46]

Miller[
of reactive compensation techniques. He and others
idantify the Thyristor Controlled Reactor (TCR) as being able to
offer the performance necessary for arc furnace voltage flicker

reduction.



Point on wave control of thyristor firing results in non-continuous
inductive currents in each TCR branch (Figure 3.9). Control of the
firing angle 'a' thus controls the compensator load on the power
system.

When the arc furnace demand is high, often approaching short circuit,
the shunt compensator demand is set low. The compensator demand is
then set high to compensate for a low furnace demand.

Ideally then, the changes in furnace demand will be {inversely matched
by the balancing TCR. The magnitude and phase of the current drawn
from the supply will then be constant. For the case where the
balancing is achieved by an inductive system, the current drawn from
the supply will remain constant at the maximum value drawn by the
furnace 1installation, 1{.e. short circuit. This will be at
extremely poor power factor (= 0.1), and may therefore require further
reactive compensation in the form of fixed capacitor banks at the

load.

Such capacitor banks simply shift the mean reactive power demand of
the dynamically balanced load nearer to zero, thus lowering tha
magnitude of current through the supply impedance and increasing the
load voltage. In practice the fixed capacitors will have values
calculated to create a tuned circuit with existing inductances, to
act as harmonic filters.

A circuit tuned to absorb harmonic current components is often
necessary, due to the non-continuous form of TCR branch conduction.

Fourier analysis of the TCR branch current waveform shown in Figure
3.9 enables the RMS value of thg nth harmonic current component to
be ca1cu1ated[95] as:

In =41, [sin(n*l)a + sin(n-1)a - cosa (sin na)
w 2(n+l) 2{n-1) n

WheY‘e I and ns= 3,5’7,9000noo

=V
0 YL
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REACTIVE ARC FURNACE
COMPENSATOR INSTALLATION

Fig.. 3_.9(a) : Shunt reactive compensation principle
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Fig. 3.9(c) : Low furnace demand and high compensator demand



3.4.2

Maximum amplitudes are then 5.05, 2.59, 1.05 percent for 5th, 7th and
11th harmonic currents respectively. The total harmonic content is a
maximum of approximately 5 percent, occuring at a = 20°.

Several stages of Y-connected capacitor banks may then be used, each
rated for a different harmonic frequency[37’96’97’g8]. Using a TCR
to balance the rapid variations in reactive power demand by the arc

furnace then has the advantages of:

-~

(a) Continuous control of compensating currents between zero and
maximum values.

(b) Fast variation in demand - changes in the conduction angle may
be made every 50Hz half cycle.

The Rating of a Reactive Compensator

Having understood the principle of shunt reactive compensation using
a TCR, we must decide the details of its construction - in particular
its rating. Any compensator equipment will be connected in parallel
with an arc furnace 1installation to achieve a given flicker
‘{improvement factor', IMP, defined as:

Sen F,(;ot'zw \/o”‘v\jf
IvP =[i- Compemscied 1 YA

UWW(t&nswﬁwp Flicheer 1‘/5 ((mf')f

Flicker severity is itself a function of both the system fault level
and the furnace installation short circuit power (Part 3.3), and the
TCR VAR rating is then proportional to:

(a) The required improvement factor.

(b) The arc furnace installation's short circuit MVA.

(c) The supply system fault level.
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Furthermore, compensator performance is inextricably 1linked to its
method of control. TCR rating may be calculated from theory exactly
in accordance with (a),(b),(c) above and yet be unable to give any
flicker improvement, solely due to its method of phase angle control.

It was decided to investigate the method of control of a three-phase
TCR rated adequately for full reactive power compensation.
Subsequent refinements in the phase angle control system could then
offer the substantial benefit of reduction in TCR rating for a given
improvement factor.

The Templeborough arc furnace installation has direct relevance to
this project, and will therefore be studied between the two extremes
of arc furnace operation: Open circuit to short circuit. If a TCR's
operating range extends to both of these conditions, then a control
system will have available the resources to match the most onerous
fluctuations of the arc furnace load.

Not all electrical parameters are known. We are able to give the
exact electrical representation of the furnace supply as far as the
furnace transformer, and it is known that the arc is equivalent to a
variable resistance[93’99’1°°], therefore the equivalent circuit of
Fig. 3.10(a) is missing only the unknown values of Ru and Xu.
Ry and Xk are the lumped known parameters of the furnace

installation's supply.

They were given in Section 3.2.1 as:

XS' = l.zp‘C.
Xbl = 23-833po¢0 Rbl = 0.519p.C.
X,' = 89.3p.c.

on 100MVA base, giving a furnace short-circuit level of 87.46MVA.
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1.2% 0.519% 23.933%

Fig. 3.10(a) : Templeborough supply one line diagram with

percentage impedances to 100MVA base

0.001 0.0404 0.0175 0.801%7 0.0755 3.003 0
(milliohms w.r.t. 580 Volts)

Fig. 3.10(b) : Templeborough supply one line diagram with

derived equivalent ohmic impedances



85

Only values of reactance are wused 1in the short-circuit level
ca1cu1ations[6], since resistive components are generally relatively
small and often unknown. An analysis 1including circuit resistive
components, however, will be of great benefit in understanding circuit
power factor and other parameters.

Knowing the furnace short-circuit level, St’ and letting the furnace
transformer secondary voltage be VLV’ then the arc current has a
range of tens of thousands of amps:

= 100MVA :

For V = VLv = 580V, and VA

base base

z o = 3.364mi11iohms

bas
We know that the X/R ratio of the supply transformer is approximately
45, therefore assume X/R = 40 for the complete supply system to the
furnace.

S, = 87.46MVA, and VLv = 580V gives:

t

I, = 87,060 Amps Z£.88.6° lagging

Therefore the total supply impedance will be:

3.846mil111ohms Z£.88.6°
0.094 + j3.845mi111ohms

z

tot

The values for XS', Xb' and Rb' are known and were given above.

Their corresponding ohmic values are:

Xs' = 0 0404milliohms
Xb' = 0.8017mi1liohms Rb‘ = 0.0175mil1liohms
then X = 3.003milliohms



Let R,' = X' = 0.00lmi11iohms
40
then Ru = 0.075mi11iohms

The equivalent circuit so derived is given as Fig. 3.10(b). This
one-1ine diagram shows per phase values, tnerefore:

VA -+/3 (580) I

Arc Power = 3 I2 Rarc
Supplied Power = Arc Power + 3 12 (Ru + Rb')
supplied VAR, = 3 12 (X' + X))

Power Factor = Z_ﬁ
Dz
The quantities are plotted against circuit current in Figure 3.11,

and the equivalent 'circle diagram' from the same results is shown in
Figure 3.12.

Figure 3.11 shows that maximum power transfer to the arc furnace
installation occurs at 61kA, 0.707p.f. and 61MVA. In practice this
point is not within the normal operating range[93]. The full load
working current for the 56MVA furnace 1is shown to be at a p.f. of

approximately 0.8.

Furnace reactive power swings are:

Open circuit to short circuit = 87MVAR, 1.6 x Furnace Rating
Normal operating range 35MVAR, 0.63 x Furnace Rating

A survey of published ratings of TCR type shunt compensators
installed for arc furnace voltage flicker reduction {is summariced in
Table 3.1. The range of compensator rating (C) to furnace rating
(F), C/F, varies between 1.1 and 0.37. Unfortunately these ratios
cannot be correlated with details of the system fault levels, nor
with any measured improvement factor, since such information is often
excluded from published work.
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FURNACE INSTALLATION REACTIVE COMPENSATOR

CRPACITY | RATING FIXED TCR
ITEM | DATE (TONNES) (MVA) MVA MVA MANUFACTURER| REF
1. |1973 50 30 - 18 h [43]
2. (1974 30 18 - 20 [43]
3. |1975 50 30 - 25 Nissin [43]
4, |1976 20 + 50 10 + 36 - 18 Y Electric [43]
5. |1976 20 + 20 12 + 12 - 9 Company [43]
6. |1976 20 + 15 + 15| 12 + 6,25 - 12 [43]

+ 6.25

7. | 1977 30 + 15 - - 23 J [43]
8. |[1978 60 +40 + 20| 25 + 25 + 12 36 30 Oy Mokia Ab | [44]
9. (1978 100 + 100 72 + 72 146 120 Mitsubishi £45]
10. ]1978 20 4,6 + 15 14,7 9.5 | EDF £4s5]
11. 1981 - 65 + 65 - 65 + 65 - {1041}

Table 3.1 : Summary of published details of installed TCR schemes

for arc furnace static shunt compensation
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3.4.3

Figure 3.11 shows that the reactive power swing over the normal
working range of the arc furnace is 0.63 x Furnace MVA rating, and
this MVA value was used for the intial TCR compensator study (Section
4.1.1).

Control of Static Shunt Reactive Compensators

The function of the control system, for a compensator incorporating
thyristor-switched reactors or capacitors, is simply to control
conduction in the compensator 1limbs by means of point on wave
switching. This principle has been used successfully for many years,
where closed-loop systems effect control of static compensators for
transmission line voltage support[37’38’39’101‘102].

The simplest closed-loop system will compare a rectified measured
system voltage with same d.c. reference signal. The derived error
signal 1is then used by a proportional control section to determine

TCR firing anglest102],

Other feedback parameters, such as currents and reactive power, may
be added and used by a more complex firing angle controller[53].
The controller may refer to a pre-set relationship between system
admittance and compensator susceptance to set the thyristor firing

[38'101]. Positive and negative sequence voltages are easily

angles
calculated from the three-phase system voltages, and have found use
in some systems, where phase imbalance is to be corrected by an
overall three-phase controller rather than by three individual

systems[38’39].

In any such closed loop control system, the control loop will take a
finite time to respond to system changes, and the delay may comprise:

(a) TD’ a pure time delay or 'transport delay' between a control
system's 'decision' and the required action.

(b) TC’ the time constant of the control system.
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In the context of voltage support for 1large systems, where
compensation may be for widely distributed loads, such time delays
rarely cause control difficulties. Indeed the response may be
heavily damped deliberately to avoid instability of the large system.

When dinvestigating the response of closed-1oop systems, classical
control theory[1°3] enables Laplace transforms to be used to great
benefit. In particular, the transfer function of the system will
show the response of the output, C, for any input, R.

For a time constant, Tg, C(t) exp[-t/T¢] R(t)

=K
Tc
the Laplace transform is C(s) = K R(s)
+SC
Where K is the open loop gain of the system.

Adding a pure time delay modifies the transfer function to:

C(t) = K expl-(t-Tp)/T¢]

R(t) T

with Laplace transform:
Cl(s) = K exp[-sTp]
R(s) 1 +si¢

This transfer function may then be used to represent TCR compensator
feedback control[4o’126]. If the input to the control system is an
uncompensated reference flicker signal R(t), and the response of the
system is the controlled output C(t), then the flicker improvement
factor, IMP, may be expressed as:

IMP = 1 - Compensated Flicker Voltage = 1 - C(t)
Uncompensated Fl1icker Voltage RTEY

The Laplace transform above then gives:

MP =1-0C(s) = 1- K exp[-sTp]
R(s) I +sT¢

in the frequency domain,
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The steady state gain and phase of the control system may be found by
substituting for s = ju in the transfer function, giving:

K exp[-juTD]

1 + j(JTc
= K ) (COSuTD - uTcsinuTD) - j(sinuTD + uTc51nuTD)
1 +to TC
[32,40] .
Ashmole shows how the compensator improvement factor varies

with frequency for different values of compensator time constant Te-

Tc and TD will vary according to the closed loop control scheme
used. The 'transport delay’, TD’ may be reduced practically to 5
milliseconds for most compensator schemes, but the time constant,
TC’ is generally longer. TC will be affected by filtering,

sampling or processing circuitry, and a value of TC = 20

milliseconds would be considered as fast compensator closed 1loop
control.

Given values of TC and TD’ the gain and phase of the control
system's transfer function may be calculated over a range of
operating frequencies. Results from such calculations are plotted in
polar form in Figure 3.13 with per unit gain and phase angle shown
for Tc = 5, 10, 20 milliseconds for fixed TD = 5 milliseconds.
Each characteristic shows that reasonable gain may be obtained with
phase delays of up to »/2 radians. Positive feedback is encountered
in the third quadrant.

Most important for flicker frequency compensation 1is effective
attenuation in the 0-30Hz disturbance frequency range. Figure 3.13
shows clearly that true negative feedback is only obtained up to 15Hz
for T, = 20 milliseconds, compared to 28Hz when Te = 5
milliseconds. The corresponding frequencies at which positive
feedback 1s encountered are 55Hz and 65Hz respectively. System gain
at the critical frequency of 8Hz for T, = 20 milliseconds is only
65p.c. of that given by a system with Tc = 5 milliseconds.
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Fig. 3.13 : Polar plot for control system gain and phase
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In practice, Tc = 5.0 milliseconds would prove difficult to obtain,
and amplification of higher frequencies of distortion are
particularly undesirable given the low threshold levels for flicker
perception. It is possible that closed loop control schemes will
therefore give negative flicker improvement factors[32’40],
particularly when the irregular nature of the arc furnace load is

considered.

The point at which the fmprovement factor changes sign from positive
to negative will be called the cross-over frequency, and its position
in the frequency band is of prime importance in any compensation
performance study.

High speed reactive compensator systems may be engineered using open
loop rather than closed loop control. The accuracy available with
closed loop systems will be Tost, but a less accurata high speed
system may be of more benefit for flicker compensation.

Mi]lerEgs] describes one form of open 1loop (feed forward)
compensator control that requires pre-programming of TCR conduction
angle as a function of load admittance, and Cooper[41] gives an
introduction to two open 1loop schemes using integral of voltage

control for response within one 50Hz half cycle.

It was the aim of this research project to investigate fast methods
of control of TCR firing angle in the range 90° < 3 < 180° from
voltage zero, with a speed of response not greater than 10

milliseconds.

Performance of Installed TCR Compensators

This section will summarise the published results of the application
of TCR compensators for voltage flicker reduction. Any successful
schemes may then suggest useful areas for further study in the
laboratory. Table 3.1 (Section 3.4.2) gave published rating details
for a number of schemes, and a results summary is given in Table 3.2,
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Ref. from Table 3.1
and Manufacturing

Control Method

Results

Flicker
Measurement Method

1.}
2.
3.
4. »Nissin

5. Elﬁ}iﬁﬁ}fm
6.

)

8. Oy Nokia Ab.[44]

9. Mitsubishil2l]

10. eorl46]

TCR thyristor firing
when a reference
voltage {5 exceeded by
a signal proportional
to busbar voltage plus
furnace current., 90
phase lag may be
facorporated.

Clatmed TD = 5mSec.

Open loop; TCR
thyristor firing after
measurement of VAR
within each half cycle,
Claimed speed response
LT 10msecs.

Open loop; TCR
thyristor firing after
calculation of react-
ive component of load
current and comparison
with a preset charact-
eristic for each half
cycle.

Details not given.

Flicker supression
factors between 0.22
and 0.59 for different
arc furnace 1nstalla-
tions. Cross-over
frequency = 15Hz,

Power factor improve-
ment from 0.87 to
0.99.

Max. RMS voltage
fluctuations reduced
from 7 percent to

1 percent.

Frequency independent
'flicker' voltage imp-
rovement ratios up to
65 percent.

Frequency character-
istics show flicker
voltage attenuation

up to 20Hz.

Reduction in Q flicker

modulation frequencies.

Cross-over frequency
at 26Hz.

Both Avlg flicker-
meter and power
spectrum analysis of
voltage.

None

Custom 'flicker-
meter' equipment
and Power Spectrum
analysis of voltage.

Power spectrum
analysis of system
reactive power
fluctuations,

Table 3.2 : Summary of published TCR flicker compensation results

based on schemes listed in table 3.1
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There are schemes offering reasonable evidence of a reduction of the
power in flicker modulation frequencies, they use fast open 7loop
control methods measuring both busbar voltage and 1load current.
Multiplication or addition of these parameters 1is then used for
comparison with a pre-set characteristic or 1eve1[43’45].

This process 1is restricted to each half cycle, and thus speeds of
response between 5 milliseconds and 10 milliseconds are claimed.

The highest cross-over frequency evident is at approximately
20Hz[45] but none of the schemes studied use an internationally

recognised flicker meter to obtain an improvement factor.
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CHAPTER FOUR

A SIX-PULSE THYRISTOR-CONTROLLED REACTOR

THE LABORATORY MODEL THYRISTOR CONTROLLED

REACTOR

4.1.1 Modelling Requirements

4,1.2 Control Requirements

MICROPROCESSOR CONTROL

4.2.1 System Operations
4,2.2 Sampling
4.2.3 The Control Algorithm
4.,2.4 Control Variables
(i) Sample Loop Delay

(ii) Reference Sinusoid
(iii) Integration Limit

STEADY-STATE TUNING AND PERFORMANCE

4.3.1 Thyristor Firing and Conduction
Limits

4.3.2 Phase Balancing

4,3.3 Steady-State Reactive Compensation
Theory

(i) Open Circuit Voltage Control
(i1) Shunt Load TCR Compensation

USE OF THE TCR UNDER NON-SINUSOIDAL CONDITIONS
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THE LABORATORY MODEL THYRISTOR CONTROLLED REACTOR

Section 3.4.2 gave a VA rating for a shunt reactive compensator to
suit the laboratory arc furnace model. Such a small scale model will
have 1inherent differences 1in performance from any full size
compensator, and these differences should be understood.

The main advantage of a small scale model is flexibility at low cost,
and a major objective of this research project was to allow many
different control methods to be studied for a given compensator
arrangement. The arrangement of the reactances and thyristor switch
circuits is given below, with a brief study of the principles of
variable phase inductive conduction.

Modelling Requirements

Full scale Thyristor Controlled Reactors (TCRs) presently have
three-phase ratings up to 120MVA[45], and current thyristor
technology allows direct connection of thyristor switch assemblies to

33kV[44’45]. In such equipment series voltage sharing s
necessary, and parallel current sharing with built-in redundancy is
operationally desirable. For modelling purposes these switch
assemblies may be represented by a single low cost thyristor of a
suitable rating, that has the required turn-on and turn-off

characteristics.

The rating of the uncontrolled three-phase shunt reactor shown in
Figure 4.1 is simply:
C = 3v| 2 VAR
wle
Figure 4.2 shows how the compensator rating, C, varies with Lc for

a 175V, 50Hz system. -Atrso—shown—are—the—equivatent—reective—power
swings—of-the—are—furnace—modelr
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Fig. 4.1 : A fixed delta~-connected shunt reactive compensator
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Fig. 4.2 : Compensator 3-phase rating as a function of branch inductance
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The reactive power swings in the normal working range of the arc
furnace model can be met by a compensator rating, C, of 0.63 tinmes
the model furnace rating, F, of 452VA (Section 3.4.2).

A coil having 1.0 Henry of inductance gives a compensator rating, C,
of 286.5VA and then C/F = 0.63.

The coils used in the compensator branches were specially wound in
copper strip to give an X/R ratio high with respect to their
operating VA. An adjustable air gap between C-cores was designed to
avoid saturation of the laminated iron cores, and facilitate changing
of inductance values using an adjustable clamping system.

The impedances in the compensator branches were then:

Branch 1, Z1 = (0.70 + j333.01)
8ranch 2, ZZ = (0.69 + j333.32)
Branch 3, Z3 = (0.70 + j324.84)

The high X/R ratio of 475 minimises any resistive losses in the
compensator, and the current waveform will follow that predicted by
the theory for pure inductances.

The voltage across each branch is v = Vsinut

where VRMS = 175 volts and V = 175-4 2

di = v
d T
hence, for symmetrical current flow ) - V_cosut
wl
i.e. i=-1cosut

where Igys = 175 and I = 175 1/2
“ul s



If conduction 1is delayed by some angle 'a' from the point of
uncontrolled current zero <crossing, which corresponds to the
symmetrical voltage peak, then the current waveform becomes
non-sinusoidal as shown in Figure 4.3. (The voltage waveform shown
is for reference only, and all amplitudes are normalised with respect
to a sinusoidal peak value of 1.0).

The effects of such a conduction pattern with increasing o are:
(a)  Decreasing Ipye.

(b) Decreasing peak current, I.

(¢) Increasing harmonic components.

(d) Decreasing %i at the beginning of the conduction period.
t

The equation of the current waveform can be found by considering one
half cycle (Figure 4.4). The constant term Iosina needs to be
subtracted during conduction from the sinusoidal value.

Hence, i

Whence, Ipys = \/%f(losinut-losina)z dt for T = =/u
]

ngﬁ;[(g_- a) (1 + sinza) - 3sin2a]
nbl 2 2 4

Also, I = I, (l-sina) for 0 < o

(Iosinut-losina) for a<ut < (r - a)

"

X
2

And, di Vcosa for 0 € a K /2
dt L

101



102

jua1Ind aAndNpul JO 01U dj6ue aseyd woiy Bunnsai suiadjjed uononpuo) : £ 614

L —

-~




03
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& T+ < wt <2mw-o

Fig. 4.4 : Firing angle ‘o’
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Figure 4.5 shows Inyc for 0 < a < 90° normalised with respect to
I L d
0

Figure 4.6 shows the variation of peak current I, normalised with
respect to I, for 0 < o K 90°.

Section 3.4.1 briefly described the components of current occurring
at harmonic frequencies when the current waveform 1s non-continuous,
as shown in Flgure 4.4, Such harmonic components will, of course, be
generated by a laboratory TCR model. It was decided initially not to
apply shunt-connected capacitors to the laboratory model. Harmonic
current generation would then be studied as a separate exercise, and
suitable capacitors connected at a later stage for the dual purpose
of harmonic filtering and power factor correction.

di/dt at the point of start of conduction is of interest because
thyristors are to be the devices controlling conduction. Their
turn-on characteristics are not negligible, and it must be
established that anti-parallel connection of thyristors in each
compensator branch allows continuous control of the current in each
branch. Figure 4.7 gives the notation used for references to the
compensator a-connected components.

For symmetrical conduction about the voltage zero point it s
necessary for the branch current to have reached the thyristor
latching current, 1TL before the voltage zero.

Conduction will then continue until the current falls below the
thyristor holding current, i, (Figure 4.8). Thus the 1line
voltage, the branch inductance and the thyristor characteristics
possibly present restrictions on the maximum value of o« that may be
used in practic..

Figure 4.9 gives I for values of a near to the voltage zero crossing
point for V, = 175V and LC = 1.0H.
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The thyristors used in the early models were Mullard BT 152-400 and
intermittent firing late in the half cycle was eventually traced to
the high values of:

iy, < 80 mA
n [105]
and 1TH < 60 mA

I = 80 mA is only reached for a < 64°

The thyristor used in all later studies was the Mullard BTX 18-500
having:

i < 10mA

[106]
and 1TH < 5mA

With the compensator branch inductance, Lc’ of 1.0 Henry the
confidence 1imit for firing is a« = 82.52°. In practice intermittent

firing was found to occur at approximately a = 86°.

4.1.2 Control Requirements

Section 3.4.3 identified the general control requirements for
different types of shunt reactive compensator. The particular system
for controlling a 6-pulse TCR was required to have an equivalent
delay in control response of less than 10 milliseconds. Cooper and
Hussayn1[41] studied practicable TCR control methods and
highlighted the advantages of 'Integral of Voltage' control methods
whilst commenting on the i{nadequacy of systems which restricted
thyristor firing to 60° < o < 90°.

1t was decided at an early stage that an investigation of integral of
voltage control should be included in this research project, with the
possibility of studying TCR response times shorter than those
achieved elsewhere.
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Implementing control schemes wusing a digital processor offered
definite advantages:

(1) Ease of changing the control algorithm.

(1) Standard compensator hardware, including all signal
conditioning circuits.

(i1i) The possibility of adaptive or 'intelligent' control.
(iv) Simple inclusion of a data logging facility.

Digital sampling of the analogue system variables introduces two

possible major sources of error[1°7]:'
(a) Quantisation noise.
(b) Aliasing distortion.

The former arises from the discretisation process employed by all
analogue-to-digital converters and occurs when the analogue quantity
does not exactly correspond to one of the 'N' defined levels within
the span of the device.

Aliasing distortion will arise when the sampling rate is too low, and
higher frequency components 1in the sampled signal corrupt the
information that can reliably be recovered from the sampling process.

The Nyquist Frequency, FN; is the sampling frequency necessary to
recover all of the information in a continuous signal with frequency

components below the frequency fMAX’

Where FN = 2 fMAx
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The highest frequency component able to be reconstructed from the
CEGB recordings by the arc furnace model 1is then half the sampling
frequency, FSM’

f = F /2 =1 [ 1 ] = 525Hz
MAX SM = |l
2 L8oo 107

The spline interpolation process (Section 2.3.2 and Appendix C) will
introduce higher spurious frequency components up to

f X =4F M = 5000Hz

'MA s

but these will be attenuated by the low-pass filters in the power
amplifier input circuits.

The TCR data sampling frequency, Fsc’ should then be:

Fee > 1250Hz or At < 800 microseconds

The control system should perform a ‘'real time' process, therefore
the calculation of whether thyristor firing is required or not must
be completad within this time period, before the next sample. It
follows that if one processor is controlling all three of the
compensator branches, it is required to perform three times as many
calculations as each of three separate processors each dedicated to
the operation of one branch.

The structure of the Intel 8088 processor made it suitable for its
application as an independent controller for each compensator branch
(Figure 4.10(a)) and for the later development of a supervisory
system whereby each of the three processors would be controlled from
a central processor via intérrupts and a common bus structure.
(Figure 4.10(b)).

Both arrangements offered advantages in processing speed over other
microprocessors and minicomputers, and the Intel 8088 was used in the
form of the SDK-88 microcomputer[losl,
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4.2 MICROPROCESSOR CONTROL

Three separate SDK-88 microcomputer systems were installed in the
laboratory for the control of the 6-pulse TCR. Each system contained
rack-mounted analogue to digital converters fed from identical signal
conditioning circuits, for measurement of the three-phase system
parameters.

Control programs could be written locally using a ROM-resident
monitor and keyboard routine, or remotely using a high Tlevel
development system in  Liverpool University's Microprocessor

Laboratory.

Local program control was used for fault finding and the study of
program operation. Variables within the program machine code could
be adjusted for the control of the individual compensator branches.

4,2.1 System Operation

A Video Display Unit (VDU) and keyboard was sited adjacent to -the
Jaboratory equipment allowing individual control of each SDK-88 via
the ROM-resident monitor routine. This could also be connected to
act as a remote terminal of a Tektronix 8650 Multi-User System
Development Unit (MUSDU)[IIO]. The MUSDU supported file storage
under the TNIX operating system and allowed high level Tlanguage
programs to be compiled and linked with assembler language programs.
The final machine code could be stored in a file, ready to be
downloaded from the MUSDU to the SDK-88 RAM at any time.

Figure 4.11 illustrates the system operating principles. In practice
the high-level PASCAL programming language was used for 'supervisory'
functions, such as text manipulation and program flow control apart
from the compensator control algorithm. The control algorithm was
written in Intel ASM-86 Assembler language for increased speed and
simpler fault-finding.
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4,2.2 Samg]ing

Each of the three SDK-88s used the signal conditioning circuit shown
in Figure 4.12 to feed the sample and hold circuit and analogue to
digital converter (ADC) shown in Figure 4.13. The logic timing
diagram in Figure 4.14 illustrates the sequence of events required to
get data on to the Intel 8088 data bus.

From the program environment, a data sample 1s initiated by an OUT DX
instruction, where DX 1is the data register containing the ADC
address. After time has been allowed for the sampling process the
digital word may be read to the accumulator, AL, using the IN DX

instruction.

Typical 1instruction times for the 8088 processor with 4,9MHz clock
are less than 10 microseconds[los’logl, therefore some delay needed
to be incorporated between the OUT DX and IN DX instructions to allow

the 12 microseconds ADC conversiontlll].

For the ADC located at address a F800 the assembler code required is

then:

MOV DX, @ OF800H ; Load address of ADC

OuUT DX, AX H Initiate conversion

MoV CL, (? OFH ; Conversion -

SHR CL, CL ’ delay

XOR AH, AH : Set accumulator word to zero

IN AL, DX H Input sample to accumulator low

byte

The time between successive samples will be dictated by the amount of
code required by the control algorithm. N-bit sampling of the model
supply voltage gives 2N possible quantisation levels, and therefore
a maximum signal to noise ratio of:

20 10910 [_%ri dB = -6N dB
2
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Eight-bit sampling then gives a maximum accuracy of -48 dB in the
time domain, and quantisation noise, Nq, is spread evenly over the
frequency span up to the Nyquist frequency FN.

Disturbances of supply causing tungsten filament lamp flicker are
perceptible at -54 dB and are intolerable above -50 dB (Section
3.1.3). If only such low disturbance levels were present, it would
be necessary for any compensator to sample the supply voltage
waveform to at least 10-bit accuracy, 1.e. -60 dB. For this
laboratory model, the disturbance levels at the point of compensation
were shown in Section 3«8 to be in the range:
2.3

-80 d8 < P(f) < -40 dB

then -40 B < V(f) < -20 dB

The presentation of Power Spectral Density in K blocks of frequency
span FN/K will therefore include quantisation noise energy Nq/K
in each block.

For the signal S, we know

N = -6N
N ds
S

So within af = FN/K the signal to noise ratio is

10 10910 yq = 10 10910 Eq - 10 10910 K
KS S

which 1s -78 dB3 for 8-bit sampling and 1024 blocks up to FN.
The compensator sampling accuracy 1s thus ample for flicker
correction, but if the sampled points are used for any performance
study in the frequency domain then consideration must be given to
power spectrum block sizing.
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4.2.3 The Control Algorithm

Section 4.1.2 briefly discussed TCR control requirements, and
introduced the method of using the integral of voltage to determine

thyristor firing angles.

Ves the 'flicker voltage', is evident as the modulation envelope of -
the 50Hz supply voltage waveform (Figures 2.3, 3.1). The severity of
this modulation may be reduced by attempting to minimise variations
of the RMS value of each half-cycle of supply voltage.

Evaluating vz(t)dt or v(t)dt for each half-cycle suffers in that
small departures in v(t) from the sinusoidal will produce only small
percentage changes in the integral sum. An algorithm that initiates
thyristor firing when a given integral sum {is reached would thus lack
sensitivity to small voltage variations if the full integral were to
be employed.

A method of increasing the sensitivity to small voltage variations is
to perform the integration process with respect to a reference
sinusoid. Figure 4.15 illustrates how the integral sum may be formed
using a reference sinusoid vR(ut) = Rsinut. The sensitivity of the
process to given variations in v(t) may be lessened by making |V-R|

larger.

The undistorted voltage waveform v(wt) = Vsinut may be disturbed by
additional components Vf(ut). Figures 4.15(a) and (b) indicate how
the point in the half cycle at which a given integral sum is reached
will vary for vf(ut)dt negative and positive respectively. This
variation may be used by a control algorithm to determine a firing
angle a for thyristors in a TCR.

Turning on the TCR applies a sudden additional load to the supply
system and the voltage at the point of TCR connection will fall
accordingly. It will remain depressed throughout the period of
thyristor conduction as shown in Figure 4.16.
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The principle of the control algorithm is now established:

A voltage waveform that is overall greater than some
nominal reference within one half cycle will cause
earlier switching of the TCR compensator. This will
depress the voltage for the remainder of the half cycle.

Conversely, a voltage waveform lower than nominal will
cause later switching of the TCR, causing less depression
of the voltage waveform within the half cycle.

Thus it is intended to balance supply voltage variations with those
impressed by the TCR. This 1is of course the principle of shunt
compensation whereby the compensator inversely balances the varying
load characteristics.

Cooper and Hussayni[41] surmised that the use of a1 reference sine
wave integration process may present difficulties in the
synchronisation of the reference sinusoid wvp(ut) to the distorted

voltage
vi(ut) = viut) *+ ve(t)

The relative size of the reference sinusoid is also of obvious
importance, and is related to the process by which a thyristor firing
angle is decided. Fortunately, where this process is determined by a
computer program, numerical techniques may be used to investigate and
experiment with the control method. Figure 4.17(a) and (b) give the
full flow chart for the control algorithm. The full program compiler
1isting is given in Appendix F.

The integration procedure begins after each zero-crossing of the
supply voltage waveform, each digital sample is added to give a
cumuylative sum. When the sum exceeds a pre-set value, a short pulse
is output to cause the thyristor that is correctly biassed to turn
on. Thyristor turn-off follows naturally at the next current zero,
approximately 180-2a degrees later.
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Fig. 4.17(a) : 6-pulse TCR compensator control algorithm flow chart
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This procedure therefore performs the discrete equivalent of the
continuous integral 3/w

v'(wt)dt
0
where 3 is measured from the preceding voltage zero-crossing.

The machine code was stored in a file on the Tectronix 8560 MUSDU and
downloaded in turn to each of the three SOK-88s. Small differences
between the three SDK-88 systems necessitated that changes be made
once the code was in the processors RAM.

A1l variables in