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sUr~MARY 

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 
i nvesti gati on of the supply vol tage di stortion was carried out, 
with the disturbances that cause complaint from other consumers at 
the lowest distortion level being identified as the visible 
flickering of tungsten filament lamps. t~odel 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 
three-phase currents to 
distortion. 

utilised digital recordings of 33kV 
reproduce measured supply voltage 

The 1 aboratory model system had a three-phase rating of 452VA, 
usi ng an AIM-65 a-bit mi crocomputer and commerci al 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 di started supply vol tage waveforms. The 
step-by-step solution of differential equations allowed a 
theoreti cal performance study of a six-pul se st.~ti c shunt 
compensator. 

Oi fferent thyri star-controll ed reactor (TCR) schemes were appl i ed 
to the laboratory arc furnace model, with fast phase angle control 
of conduction achieved with a voltage-integral algorithm using 
Intal 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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1.1 THE ARC FURNACE LOAD 

1.1.1 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 vo1tage[l,2,3J. Being rapidly fluctuating loads, 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 is 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 4or~VA, were 

debated as early as 1963 during the discussion period following an 
lEE symposium on transient, fluctuating and distorting 
10ads[2,3,4,5J. At that time, the sum of £300,000 was agreed 

reasonable to achieve suitaole 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 levels of supply voltage 
distortion. 

The UK Electricity Council issued guidelines in 1970 in the fonn of 
an Engineering Recommendation P7/2, 'Supply to Arc Furnaces·[6] 
that is now well known. The UK Association of Chief Engineers (of 

the supply industry) followed this document with their own detail ed 
report[7J, which explored the subject in greater depth. 

1.1.2 Supply Voltage Distortion 

The voltage distortion effect of, the arc furnace load has been the 

subject of discussion and research for over twenty years[3J. This 

type of distortion causes annoyance by the visible flickering of 
tungsten fil ament 1 amps. This occurs even at low 1 evels of vol tage 
distortion, due to the fourth power relationship between voltage and 
light output. 



In the UK, Dixon, Kendall and Thomas have published results of many 
studies[4,S,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 
appl ication, and further research into the nature of arc furnace 
voltage distortion followed[lO,11,12,13], with work towards the 
development of a flicker meter being carried out both in the 
UK[14,lS,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 workin~ group published a 
valuable review of arc furnace disturbances[19 and found common 
agreement for a flicker measuring method[20], resulting in the 
internationally standardised fl icker meter now used by the UK 
Electricity Supply Industry (ESI)[16]. 

3 



1.2 SHUNT REACTIVE COMPENSATION 

Shunt reactive compensation techniques are well established as a 
means of controlling power system voltages[21.22.23]. Mechanical 
switching of inductors 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 installed at arc 
furnace installations with some success[27.28.29.30]. 

1.2.1 Compensation for Arc Furnaces 

The UK Electricity Council published a document 'Compensators for Arc 
Furnaces,E31]. which with other review documentsE19.32.33.34.35] 

identified thyristor-switched reactive devices as having potential 
for flicker compensati on duti es. wi th the general reservati on that 
practical experience at that time was limited and their performance 
had 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 literature 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 
IEEE[36]. 

4 
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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 appl i cabl e to f1 i cker reducti on have been 
included in many publications[32,37,38,39,40,41,42], but evidence 
of the successful applicati on of thyri stor-controll ed equi pment for 
flicker reduction is not so widespread. Those schemes \'ihich show 
flicker improvement[43,44,45,46] use thyristor-controlled reactors 
as the variable VAR element, with fixed capacitors for filtering and 
power factor improvement. Me3surement methods used to demonstrate 
their efficacy compri se both power spectrum analysis and different 
'flickerrneter ' 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 digit31 approach, using 
minicomputers or microprocessors, offers the capability for greatest 
speed and accuracy of control. 
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1.3 DIGITAL COMPUTER CONTROL OF POWER EQUIPMENT 

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

1.3.1 Applications of Digital Control 

The many advantages of using computer control, for almost any scheme, 
are nO\'I well-known and widely accepted. Primary reasons for thei r 
wide application are: 

(i) Arithmetic processing power and accuracy 

( i 1) F1 ex i b i 1 i ty 

(fi 1) 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 last five years have seen the development 
of an extremely wi de range of low cost robust programmabl e logic 
controll ers for process control in an i ndustrfal envi ronment, and 
dedicated systems are easily designed for high speed control of 
specific equipment such as power equipment protection and 
control[47,48,49,50] and HVDC Converter Control [51,52,53,54]. 



1.3.2 Digital Control of Thyristor Switches 

Fibre-optic isolation techniques, effective electromagnetic screening 

and 'hardening' of sensitive equipment now allO\'If 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 

symetri c and asymetri c li ght-tri ggered 

turn-on, gate-assisted turn-off, and 
protection[55,56,57,58,59,60]. 

1.3.3 Microprocessor Control of a TCR Compensator 

thyri~tors, 

vol tage 

cantrall ed 

break-over 

A microprocessor cantrall er has not, to the author's knowl edge, yet 

been appl ied to a full-scale TCR compensator scheme. A control 

system is presented in this thesis, and the available technology 

demonstrated in other engineering schemes may be suitably applied to 

this system. 

7 
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1.4 r~ODELL I NG 

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. 

r~ore recently, the advent of the di 9i tal computer has all owed 
researchers to extend mathematical modelling to include the most 
complex of systems. 

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

1.4.1 Physical Modelling of Static Compensators 

Cooper and Yacamini presented a review of modelling methods at the 
1979 lEE 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. Dommel[68,69,70,71] has published widely on this 

subject, and he demonstrates how vari ous 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 SOlutions[69] and frequency 
dependence of components, especially lines, is accommodated using 
convolution between the frequency domain and the time domain[71]. 
The frequency dependence of parameters in di gi ta 1 model sis further 
discussed by Budner[72] and Marti[73], while Feero, Juves and 
Long[74] give a study of the mathematical mode" ing of power system 
components. 

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

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 
vol tage di sturbances, the use of measurements of real arc furnace 
currents will offer the most real istic 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. 

9 
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2.1 REQUIREMENTS FOR A PHYSICAL MODEL 

The aim of modell ing an arc furnace and its electrical supply is 

simply to reproduce in the laboratory 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 
compensati on may be sought. Synthesi zed currents may have some nl ue 
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 model 1 i ng actual currents as closely as possi bl e, to make 

the results most relevant. 

In its broadest terms, the Templeborough system to be modelled 
compri ses: 

(1) From the supply system: 

An 'infinite busbar', or supply having a source impedance 
which is 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. 

(ii) At the 'furnace busbar': 

A load, drawi ng non-sinusoi dal currents described by 

recordings made at this voltage. These are not the furnace 
line currents, but the currents drawn by the primary of the 

~3kV/500 V furnace transformer. 

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

A compl ex impedance represent; ng the 1 umped parameters of 
components between the 'infinite busbar' and the load. 
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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 
record; ngs of the currents at 33kV. will fa; thfully 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 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 Templ eborough 275kV/33kV 
substation. which supplied six arc furnaces having a collective 
nameplate rating of 360MVA. 

The aim of the exercise was to investigate the supply voltage 
'flicker ' fluctuations (see Chapter III) and harmonics produced by 
arc furnace operati on. The three-phase current "Na veforms were 
recorded simul taneously wi th the vol tage 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. 

2.2.1 The Templeborough Installation and its Supply 

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

The faul t 1 evel on the Sheffi el d 275kV ri ng was 8500MVA. the system 
reactance being: 

Xs = Base VA 
Fault Level 

= 1.l8p.c. on lOOMVA base 

The fault level at the 33kV 'furnace busbar ' is governed by the 
confi gurati on of SGT transformers connected to i t. r~easurements 

(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. 
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Brln.worth 1 • X-------------------- Plt.moor 1 

8500MVA 

Brln.worth 2 •• X' • Plt.moor 2 

SGT4 SGT1A SGT1B SGT2 SGT3 275kV 

33kV 

--~----~----------•• --------~~----x • 
FURNACE 3 FURNACE 4 

• X' • 

FURNACE 1 FURNACE 2 FURNACE 5 FURNACE 6 

~ 
Fig. 2.1 Templeborough arc furnace Installation - supplies from 275kV 
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_______ ...-_______ X= 1.2 % 

275kV 
8500 MVA 

33kV 
398 MVA 

FURNACE 1 

t 
IMPEDANCE. ON 

100 MVA BASE , 
R= 0.519 X=23.833% 

R = 0.02 X= 0.1 0/0 

x 

! 
FURNACE 2 

Fig. 2.2 : Simplified supply diagram for Templ~borough furnaces 1 & 2 



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

Ztot = (0 + j 1.2)p.c. 
+ (0.519 + j 23.833)p.c. 
+ (0. 02 + j 0.1) p. c • 

275kV supply 
SGT 4 
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 vol tages in 
the secondary circuits. 

Also not shown in Figures 2.1 and 2.2 is a v-v 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 i sol ated 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 level, Sc' of the furnace installation is shown 

in Appendix A to be 87.46MVA. The importance of this value relative 
to the faul t 1 evel at the poi nt of common coupl i ng is di scussed 
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 ·3 

digital recording and measuring (DREArn system which has been \'Iidely 
used in power system studies[81,82]. 

The equipment and its possible operating modes are described in great 

detail in CEGB internal documents and need not be repeated here. 
However, the principal features of the mode used at Temp1eborough are: 

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

(ii ) Each sample 

Quantisation 

signal. 

has 15 data bits p1 us one si gn bi t. 

noise is thus -gOdS re13tive to the full sCl1e 

(iii) 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, the length 
of which is limited 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. 

V-connected 33kV/llOV 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 conti nua'; 1y changi ng imba1 ance of the system 

voltages and a floating star point may then have given rise to 

meuurement of I phase I vol tages unrepresentati ve of the true system 

phase voltages. 

17 



To eliminate the possibility of studying misleading voltage 

measurements, the equivalent line voltages were calcul~ted for every 

set of data samples. These derived line voltages were then 

independent of any neutral reference, and woul d give a true 

measurement of the three phase system voltages. 

2.2.3 Selection of Data 

Study of the reproduction of large amounts of Templeborough data by 

chart recorder at CEGB headquarters reveal ed a parti cul arly 

interesting section. The record corresponded to one 56MVA ftlrnace 

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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2.3 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 fu1 fill those requi rements 
will now be presented. 

2.3.1 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 

Z = (0.0165 + j 0.0073) Ohms s 

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). 

2.3.2 Line Current Reproduction 

It was desired that 3 scale model of a particular arc furnace 
installation should be subjected to the same form of non-sinusoid.ll 
currents that the real installation suffered. This demanded a 
variable impedance capable of very fast response - in fact the 
frequency response had to be at 1 east wi thi n 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 feasibil ity 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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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 input. This method allowed many different 
sections of data to be applied to the variable load, including 
waveforms purely synthesized on the mainframe computer for test 
purposes. 

The resul ts of the feasibl ity study were encouraging[66], and an 

extension to three-phase operation was undertaken. 

The block diagrams illustrating the system used for the three-phase 
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. 

Phys i ca 1 smoothi ng wi th low-pass fil ter networks coul d not achi eve 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-spl ine 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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Fig . 2.6 : 800 microsecond quantlsatlon of a 50 Hz waveform 
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The microcomputer chosen for the feasibility study. 
used in the full 1 aboratory model. was the 
system[83.84.85]. The main features are: 

(n 
(i1) 

(i i i) 

R6502 8-bit processor driven at 4MHz 
64K bytes of addressable memory 
ROM resident 8K byte monitor program 
commands. including editor for simple 
manipulation 
ROM-resident 4K byte R6502 assembler 

29 

and subsequently 
Rockwell AIM-65 

for si n91 e-key 
data entry and 

(iv) 
(v) Single line display. thermal printer and full-size keyboard 

A Dram Pl us mul ti -purpose expansion board[86] provi ded 16K bytes of 
dynamic RAM and two R6522 Virtual Interface Adaptors (VIAs) each 
providing two independent 8 bit I/O ports. 

Appendix D gives program listings and operating details for the 
AIM-65 microcomputer system used 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 wavefonn data storage 
in EPRDr1. 

Table 2.2 shows how this storage space could be used to give a range 
of 50Hz cycl es of recorded waveforms dependi ng 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 
is = -fiR + 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 3 fault occured in 
the signal conditioning circuit. This technique was reasonable 
because iR + iy + is = 0 at the arc furnace. with the melt pool 
acting as the star point of the load. 



Address Use Locations for 
Waveform Storage 

0000 
4 x 1 K byte -

OFFF On-board RAM 
1000 

4 x 1 K byte -
IFFF Dynamic Expansion RAM 
lOOO 

4 x 1 K byte -
2FFF Dynamic Expansion RAM 
JOOO 

4 x 1 K byte -
3FFF Dynamic Expansion RAM 
4000 

4 x 1 K byte -
4FFF Dynamic Expansion RAM 
5000 

2 x R6522 VIA -
SFFF 
bUUU 

1 x 4 K byte EPROM o - 4,095 
6FFF 
7000 

1 x 4 KEPROM 4,096 - 8,191 
7FFF 
HUUU 

1 x 4 K EPRor~ 8,192 - 12,287 
8FFF 
90UU 

1 x 4 KEPROM 12,288 - 16,383 
9FFF 
AUUU 

AIM-65 Pr1 nter, key- -
AFFF board, displ ay, I/O etc 
BOOO 

1 x 4 K byte EPROM 16,384 - 20,479 
BFFF 
COOO 

1 x 4 K byte EPROM 20,480 - 24,575 
CFFF 
uuuu 

1 x 4 K byte EPROM 24,576 - 28,671 
DFFF 
EOOO 

AIM-65 Monitor -
EFFF 
rUUU 

AIM-65 Monitor -
FFFF 

Table 2.1 Memory Map of the AIM-65 microcomputer system used for 
waveform reproduction 
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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 We 0.25 We 0.5 We We 

Phase _12 0 _29 0 _60 0 _135 0 

Table 2.3 Phase response of a -60 dB/decade low-pass active filter 
We = 723Hz 
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A third output channel from the microcomputer was allowed for in the 

memory considerations. This was used: 

(n To output the recorded i B for compari son with the i B 

derived as described above. 

(11 ) To output the recorded V R for phase and form compari son 

with the model IS YR. 

Spl ine interpolation \lIas 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 fi1 ter ci rcui t diagram is gi ven 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 is at 0.07~c' and the varying amplitude modulation 
components of the di started 50Hz signal may be phase-shifted by many 

degrees. Close inspection of the signal waveforms before and after 

fil teri ng showed that the effect of thi s phase del ay was extremely 

sl i ght. 

The continuous output from the signal conditioning circuits was fed 

to the inputs of three commercial power amplifiers. The maximum 

rating of the larc furnace model I was determined by the rating of 

these power amplifiers. Figure 2.9 shows the limits of VI output 
available[87J. 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 coupl ing at each ampl ifier output had a 100/40 Vol t 
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 li ne currents exactly matched the demand 
current output from the AIM-55 microprocessor via the signal 
conditioning circuits. Thus the impedances of the output coupling 
transformers could be neglected, and could be lumped with the 
amplifiers themselves as the furnace load 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. 

V h =40V rms lies well within the amplifiers continuous operation p ase 
curve, allowing: 

o ~ Iphase ~ 15A rms 

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

2.3.3 Impedance Scaling 

The dominant feature of the supply system for the Templeborough arc 
furnaces (Figure 2.1) is the 275/33kV Super Gri d Transformer (S:iT) , 
rated at 56MVA. Its short ci rcui t reactance and resi stance greatly 
exceed the lumped value for all other components between the infinite 
busbar and the furnace transformer. 

Since the y-~ 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-~ transformer in order that 
primary currents could be studied if the need arose. 

The per uni t val ues 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 ampl ifiers[87] would be well within 

their operating range. Setting base values of VL=175V and IL=3A 
gives 

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

= 909.3VA 

and Zbase (per phase) = (~baSe)2 
3-phase VA base 

= 33.67 Ohms 

These base val ues were used to specify equi pment 'IIi th 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 V-A transformer 
emphasized a maximum value for short-circuit resistance which waul d 
approximately equal the per unit val ue of resi stance 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.IJ.) but 

the much reduced X/R ratio for the model transformer will give Xsc 

considerably less than this. This difference between actual and 

desi red reactance caul d then be overcome wi th the add; ti on of an 

inductance with low series resistance in series with the model 
transformer. Fine adjustment of the value of the series reactance 

gave a suitable lumped parameter representation ~f the supply system. 

For the 200/175V V-A transformer: 

RSC = 0.124 Ohms per phase wrt 175V 

Xsc = 0.069 Ohms per phase wrt 175V at 50Hz 
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For each additional line choke: 

R = 0.80 Ohms series 

x = 9.36 Ohms at 50Hz series 

Thus the impedance of the line choke dominates, and the X/R ratio of 
the 1 umped parameters is 10.2. The magneti si ng current of the Y-ll 

transformer was found to be 0.8 Amps and non-sinusoidal at rated 
voltage. It is therefore important that the series line chokes are 
not inserted between the Y-ll transformer and the low impedance 
supply, since consi derabl e distortion of the vol tage wav,gform 
results. With the Y-ll transformer primary connected directly to the 
low 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 inductive reactance remains the 
domi nant component. The rati 0 of 1 umped inducti ve reactances was 
used to determine the exact base value for line current as follows: 

For the Templeborough System 

Lumped impedance 
to infinite busbar = SGT impedance + supply impedance 

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

= (0.00519 + jO.2483) p.u. 

To bases of 100MVA, 33kV, 1.749kA 



For the Analogue Model 

Lumped impedance 
to secondary of 
6.6kV transformer 

= Line choke + y-~ transformer + supply 
impedance 1 mpedance impedance 

= (0.8 +j9.36) + (0.124 + jO.069) 
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+ (0.0165 + jO.0073) Ohms wrt 175V 

= (0.9405 + j9.436) Ohms wrt 175V 

let j9.436 Ohms at 175V represent jO.2483 p.u. to bases of 100MVA and 

33kV. 

Therefore, Zbase for the model = X Ohms = j38.0 Ohms 
X p.u. 

Then VAbase = (!tbase)2 = (175V)2 = 805.90VA 

Zbase 38.0 

And Ibase = ~ase--- = 805.90 = 2.659 ~~ps 
{3 (VLbase) (3(17S.0) 

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

The magnitude of the input si gnal to the lmpli fi ers was adj usted 
until the first peak of the model yellow phase line current, Iy ' 

representing 1.1978 kA, was: 



1.1978kA x IbaseMODEL 

IbaseSYSTEM 

= 1.1978kA x 2.659A 
1.749kA 

= 1.81 Amps 

As shown in Figure 2.10. 
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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 recei vi ng end. This di agram gives the 1 umped 
supply impedance for the model, and demonstrates how react; ve 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 -20dS to -50dS, 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 11th harmonic 
frequenci es. 

Macedo[88] investigated the characteristics of supply impedances, 
hi gh1 i ghti ng the possi bi l1ty of resonant nodes at frequencf es up to 
19th harmonic. Components of current at such nodes wou1 d produce 
disproportionate voltage fluctuations and would need to be recognised 
in any study. Calculations[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 lamp flicker analysis. 
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2.3.4 Safety Sequence 

The particu1 ar arrangement of the 1 aboratory model .111owed 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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2.4 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 
di gi tal measurement techni ques enabl e 1 arge 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. 

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

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

(iii) 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 (f) and (if) 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 begi nni ng of each compl ete cycl e of the 1. 78 
second data stream. Further detail s of this synchro,,; si ng pul se 
output may be found in Appendix D. 
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2.4.1 Line Current Waveforms 

Laboratory recordings of the model waveforms were made using a 
0.5 Ohm resistive shunt in each line 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 detail s the recording method. A Bryants 25000 flat bed 
X-V 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 
~l ue 1 i ne current waveforms with the data poi nts output from the 
mi crocomputer memory presented adjacent to the measurement of 1 i ne 
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 
wi th the output of quanti sed data at 5kHz from the mi crocomputer. 
The low 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 line currents was determined by the setting of 
the 'level adjust' potentiometers (Appendices 0 and E). In practice 
the first peak of the yellow line current waveform was always 
carefully set to equal 1.8 Amps. 

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

2.4.2 Voltage Waveforms 

The laboratory model was normally ma~e to cycle over 89 complete 50Hz 
cycles of digitally stored data, this being the limit of that which 
could be stored in the microcomputer memory. 
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Fig. 2.16 : First 5 cycles of arc furnace model line current 



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

(i) To show all 89 cycles loses much useful detail. 

(ii) Showing only one or two cycles may be criticised for being 
unpresentative. 

Figures 2.17(a),(b) show the line voltage VS-VR with the model 
current off and at rated magni tude respecti vely. There is If ttl e 
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(1), with the open circuit voltage 
level now only indicated by d straight line. The low frequency 
fluctuations imposed on VSR 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-VS respectively. 
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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. 

Figures 2.22 and 2.23 give the corresponding variations for Vy-VS 

and VS-VR respectively. 

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

2.4.3 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 if 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 val uable information 
about the continuous signal in the tine domain. A large number of 
power spectra are used for performance studies in Chapter V. and 
Secti on 5.2.1 di scusses further the procedures avail abl e for 
obtaining a power spectrum, and explains the techniques chosen for 

the 1 aboratory. 

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 abili ty to reproduce distorted vol tages which model those 

occurring in the full size system. 

Each spectrum gi ves 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. 
using a commercial spectrum analYSer[118J 

flat-bed plotter. 

Measurements were made 
with output to an x-v 

Fi gure 2.25 shows the power spectrum to 250Hz of a 1 aboratory si 9nal 

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 -~5dB and -BOdB. 

Figure 2.26 gives the equivalent power spectrum of the open circuit 

1 aboratory supply 1 ine vol tage. The 2nd, 3rd, 4th and 5th harmoni c 

components are cl early shown above the same noi se 1 evel s of 

approximately -75dB. 

Fi gure 2.27 shows the power spectrum to 500Hz of the 1 ine vol tage 

distorted by operation of the arc furnace model at the rated level of 
current. Disturbances across the whole spectrum are evident between 
-45dB 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 II I shows that modul,lti on frequenci es between 1Hz and 30Hz 
are of primary interest for the investigation of tungsten filament 
lamp fl icker. The power from these modulating frequencies will lie 
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 line voltage 
recordings made at 33kV. This comparison illustrates the success of 
the model in reproducing the voltage disturbances evident at the 

Templeborough installation. 
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3.1 FLICKER 

The f1 i ckeri ng of tungsten fi 1 ament 
supply voltage waveform is not a 
1956[1] associ ated the occurence 

installations connected to the power 

lamps due to distortion of the 
new phenomenon. A survey in 

of flicker with arc furnace 
supply system. Si nce that time 

there have been significant advances in the understanding of how 
various factors in a distorted supply voltage effect flicker 
percepti on and annoyance[2-20]. Naturally, an understanding of the 

cau ses of 1 amp f11 cker percepti on is useful when its reducti on is 

being considered. 

3.1.1 If - A 'Flicker Voltage' 

Dixon and Kendall[8] used the concept of a 'flicker voltage', Vf , 

in their studies of annoyance factors for different combinations and 
magni tudes of frequenci es superimposed on the supply vol tage 
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.l(a),(b) show a 
graphical representation of Vf that is often used. 

V
f 

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 is available. 

3.1.2 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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Fig. 3.1 (a) : Amplitude modulated 50Hz supply waveform 

Vfr~ 
Fig. 3.1 (b) : Flicker voltage Vf from demodulation 
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The magnitude of Vf that gives an annoying level of lamp flicker at 

a given frequency is highly subjective, it is also related to the 
environment and activity of the subjects. Research has enabled a 
weighting curve to be produced[S],[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. 

Fli cker vol tages wi th frequencies outsi de of this range cannot l>e 
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 vf(t) can, however, be represented by its spectrum 
of sinusoids in the frequency domain vf (tJ)[91,92] The annoyance 

effect of non-sinusoidal vf(t) can thus be evaluated using the 

magnitudes of its individual frequency components. 

3.1.3 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 is logical to relate Vg to Vfund • The UK Electricity 
Council's 1970 Recommendations[ ] use the ratio of RMS quantities, 

but increasing use is being made of the definition 

Vf(P.c.} = Vf (peak to keak volts) 
- Vfund (pea volts) 

which is used by the UIE[19]. 

x lOOp.c. 
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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 
observati on 1 asti ng 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 is to generate a Cumulative 
Probability Function (CPF)[l4,l6]. 

Figure 3.3 shows an example of a CPF - the ordinate is a percent3ge 
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 lOOp.c., 

i.e. P = Xmin lOOp.c. 

The UK Electricity Council's recommendation[6] is that the RMS 
ratio Vf(p.c.) be used as the measured quantity. The value of Vf 
then corresponding to P1.0p.c. is defined as Vfgt the gauge-point 
fluctuation voltage. Obviously for different levels of supply 
voltage distortion Vfg will take a different value. The 
recommendation[6] is that the limits for Vfg be set at: 

Vfg = O.25p.c. for network voltages up to 132kv 
Vfg = O.20p.c. for networks above 132kv 

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 = O.20p.c, -54.0dB Just perceptible, but not annoying 
Vf = O.25p.c, -52.0dB Obvious, but not annoying 
Vf = O.30p.c, -50.5dB Uncomfortable or intolerable 
Vf >O.30p.c, -SO.SdB Intolerable 
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Later studies[14,16] have shown the importance of 
frequency-wei ghti ng the measured val ue V f' and of us1 ng more 

figures from the CPF (e.g. PO•lp •c.' Pl •Op •c.' P3•Op •c.' 
P10.0p.c.) for a more accurate representation of the flicker 
severity factor of a distorted supply voltage waveform. 



3.2 THE ELECTRIC ARC FURNACE AS A FLICKER SOURCE 

The non-sinusoi dal nature and imbal ance 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 these current 
fluctuations for a given furnace installation is not constant, but ~ 

function of several factors: 

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

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

(if i) The combi ned effects of el ectrode 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 is 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. 

3.2.1 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 cycl e sees the fi rst '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 vol tage is appl1 ed vi d the on load tap changer. For thi s 
I bore-down I 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 
mol ten pool. The arc is then exti ngui shed and a second basket of 
metl1 is added. The 'bore-down ' process is repeated, then medium 
power is used when there is little metal projecting from the molten 
poo 1 - th is reduces wea r on the refractory 1 f n f ng of the fu rnace, 
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 re-Fined to give the qual fty 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)). 

Exampl e times for the above processes for a 100 Tonne, 70rWA !urndce 
are[121]: 

First Basket Bore-down 
Second Basket Bore-down 
'Medium Power l melting 
Refining 

30 mins 
25 mins 
10 mins 
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 

il1ll1ediate 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 
cyc1e-by-cycl e current waveform is mai n1y non-repetiti ve, refl ecti ng 
varying arc length after the extinguishment and re-striking of the 

arc around current-zero. 
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Fig. 3.4(a) : Arc furnace crucl Ie - bore down 

- - -
Fig. 3.4(b) : Arc furnace crucible - medium power 

-
Fig. 3.4 : Arc furnace crucible - refining 



3.2.2 Composition of Melt-Baskets 

Each basket of metal to be mel ted may contai n a mixture of the 
following types of scrap metals: 

(i) Turnings - From industrial machining process. 
(ii) I Fragmentised' medium duty steel structures. 

(iii) Rod or Billets - probably produced at the same steelworks. 
(iv) Slag scrap collected from previous melts. 
(v) 'No. 11 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. 

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

Turnings or 'swarf' will give the most consistent arc behaviour and 
hence the smallest current vari ations. I bal es I of compressed steel 
take 1 onges t to melt down and the i r movement in the c ruci b 1 e ca n 
create severe fluctuations in arc current. 

3.2.3 Operators and electrode control systems 

Automatic electrode control systems are used on all but the smallest 
of arc furnaces. Thei r primary functi on is to keep the arc current 
near constant for a given electrode voltage. If the electrode 
voltage is 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 is much information in the 
~iterature[93,94]. 
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Operators in the furnace control room will manipulate furnace 
transformer on-load tap changers and ci rcui t breakers, and uti 1i se 
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]. 

3.2.4 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 is 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 
coupl ing' (PCC) is defined[6] 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 

then Zs = jXs and Zf = jXf 

Where Zs and Zf represent the system and furnace impedances 
respectively. The corresponding phasor diagram for I = Is = If 
lagging Va by a phase angle g is shown in Figure 3.6. Clearly if 
Vaf » IXtot then the arithmetic difference, flV, between the 
voltages Va and Vaf can be written: 

llVaf = I sin ~ Xtot 

and llVPCC = 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 1 evel s between -25dB dnd -45dB 
in the critical modulation band of 0-30Hz (Figure 2.12) - the effect 
of these current fluctuations is further studied below. 
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. 3.3 FLICKER LEVELS ON A PARTICULAR FURNACE SUPPLY AND ITS MODEL 

A method for predi cti ng the seved ty of percei ved tungsten fil ament 
1 amp f1 icker from a know1 edge of the arc furnace and supply system 
details is contained in the UK Electricity Council Recommendations on 
arc furnaces and their supply[6]. Firstly, this ~ethod will be 
applied to the Templeborough power system used for the CEGB 
measurements (see Section 2.1.1), and secondly to the laboratory 
model of that system. Impeddnces in each network may be represented 
in the form used in reference [6], and repeated in Figure 3.7. 

The resu1 ts may then be rel ated to measured val ues of the fl i cker 

voltage, Vf • 

3.3.1 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, is 

defined[6] as: 

Vt = St x 100p.c. 
!c 

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 3nd a discussion of typical values is 
given in detail in Reference [6] and need not De repeated here. 

The short-circuit power, St' of the arc furnace can be either 
measured directly or calculated· from other data[6] A general 
method for performing this calculation given in Reference [6] is 
followed in Appendix A. This gives: 

it = 87.46MVA 
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PCC 

Fig. 3.7 Electricity Council notation for arc furnace supply system 
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It will be useful to note the 33kV short circuit current here: 

6 Isc = 87.46 x 10 = 1.53kA or 0.875p.u. 
{3 x (33 x 103) 

Sc' the fault level for the point of calculation of Vt is easily 
found: 

At 275kV Sc = 100 = 8500MVA, giving Vt (275kV) = 1.03p.c. 
X ' s 

At 33kV Sc = 100 = 400MVA, giving V
t 

(33kV) = 21.87p.c. 
X ' + X ' s b 

Vfg can now be predicted from Vt : 

'Nhere the 'severity factor', ks' is usually in the range 0.09 to 
0.15 with a mean at 0.12[6]. 

Thus for ks = 0.09, 
Vf9 (275kv) = 0.093p.c., 
Vfg (33kv) = 1.97p.c., 

0.12, 0.15 
0.123p.c., 0.154p.c. 
2.62p.c., 3.28p.c. 

It will be noted that the theoretical value of Vfg at 275kV is well 
b~low the flicker perceptibility threshold of 0.20p.c. described in 
Section 3.1.3. Tests conducted by the Electrical Research Association 
(ERA) [6] for the same system support thi s, in so hr as there ~~ere 
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 IS values of Vfg will be identical to those 
found in the preceeding section. It will be useful 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 IS current base has been scaled 
correctly, this will be equivalent to a current of: 

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

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

St = ~ (175)(2.33) = 706VA 

Figure 3.8 gives a one line representation of the model ,Hi th 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 IS bases will be repeated here for reference: 

X I = 0.0056 Ohms = 0.0056 p.u. 
s 

38.0 

= 0.00015 p.u. to the model's bases 

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

= O.2531p.u. to the model IS bases 
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Then the Fault Level at A is: 

and at B: 

SCA = 805.9 = S.37MVA 
0.00015 

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 :nore, against the models' X/R ratio of 
approximately 10. The error in Sc ; ntroduced by not taki ng account 
of resistances is thus -O.Sp.c. for the model compared to -O.lp.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: 

Vt = ~t ' 
Sc 

Therefore, VtA = 706 = 0.013p.c. 

for ks 
VfgA 
VfgB 

5.37 106 

VtB = 706 
3184 

= 0.09, 0.12, 
= 0.0012p.c., 0.0016p.c., 
= 2.0Sp.c., 2.74p.c., 

= 22.8p.c. 

0.15 
0.0020p.c. 
3.42p.c. 
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Thus the short-circuit vol tage depression at 3 accurately represents 
that in the real system at 33kV. 

(The real system has Vt = 1.0Sp.c. at 27SkV 
and Vt = 21.87p.c. at 33kV) 

This 1s reasonable if the voltage fluctuations at the 33kV busbar are 
to be studied - al though 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 Ijust annoying' since the theoretic,)l 
V
f9 

is approximately 2.0p.c. compared with the 0.25p.c. limit[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 ,It 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 line voltage power spectra. 

Communication theory[92] would present the power spectrum of a 
simple amplitude modulated carrier wave as sidebands symmetrical 
about the carrier frequency. The total signal power PTOT is 
related to the carrier power Pc and the modulation index Iml as: 

PTOT = Pc (1 + m2) 
"2" 

with power ~m2 in each sideband. 
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The arc furnace non-sinusoidal current I s power spectra (Figure 2.12) 
show reasonat>l e symm~try about the SOHz 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, wi th a shunt inductance 
component becoming relevant at very low frequencies. 
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3.4 FLICKER REDUCTION 

Chapter I introduced a variety of methods for reducing the levels of 
flicker at a PCC. Each method achieves a reduction in the flfcker 
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. 

3.4.1 Shunt Reactive Compensation 

The electrical supply to high power installation is generally of such 

a rati ng thdt the Q factor of the equi pment 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 ~ 20 (Figure 3.6). 

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

loads. 

Miller[95] provides an excellent reference text on a \'1ide variety 
of reactive compensation techniques. He and others[43,44,45,46] 

fd~ntify the Thyristor Controll ed Reactor nCR) 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 la l 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 cumpensator 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 bal anci ng TeR. The magni tude and phase of the current drawn 
from the supply will then be constant. For the case where the 
balanci,ng is achieved by an inductive system. the current drawn from 
the supply will remain constant at the maximum value drawn by the 
furnace installation, i.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 the 
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 enabl es the RMS val ue of the nth harmonic current component to 
be calculated[95] as: 

In = 4 10 [sin(n+l)a + sin(n-l)a - COSa (sinn nal] 
; 2(n+1) 2(n-l) 

Where 10 = V and n = 3.5.7.9 •••••• 
XL 
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Fig. 3.9(b) : High furnace demand and low compensator demand 
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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 V-connected capacitor banks may then be used, each 
rated for a different harmonic frequency[37,96,97,98J. Using a TCR 

to bal ance the rapi d variati ons in reactive power demand by the arc 
furnace then has the advantages of: 

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

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

3.4.2 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 
\~ith an arc furnace installation to achieve a given flicker 
'improvement factor', IMP, defined as: 

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 linked 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 refi nements in the phase !lngl e control system caul d then 
offer the substantial benefit of reduction in TCR rating for a given 

improvement factor. 

The Temp1 eborough arc furnace install ati on has di rect re1 evance 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 avail ab1 e the resources to match the most onerous 
fluctuations of the arc furnace load. 

Not all e1 ectrical parameters are known. We are abl e to 9i ve the 
exact el ectri cal representation of the furnace supply as far as the 
furnace transformer, and it is known that the arc is equivalent to a 
variabl e resistance[93, 99, 100], therefore the equi val ent ci rcui t of 

Fig. 3.10(a) is missing only the unknown values of Ru and Xu' 
Rk and Xk are the lumped known parameters of the furnace 

installation's supply. 

They were given in Section 3.2.1 as: 

Xs 
I 1. 2p.c. = 

X I 23.833p.c. Rb 
I O.519p.c. b = = 

Xa 
I 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. 3.1 O(a) : Templ.borough supply one line diagram with 

percentage Impedances to 100MVA base 

0.001 0.0404 0.0175 0.8011 0.0755 3.003 

(milliohms w.r.t. 580Volts) 

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

derived equivalent ohmic Impedances 
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Only values of reactance are used in the short-circuit level 
cal cul ati ons[6], si nce res i sti ve components are generally relati vely 
small and often unknown. An analysis including 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 vol tage be VLV ' then the arc current has a 
range of tens of thousands of amps: 

For Vbase = VLV = 580V, and VAbase = 100MVA 

Z = 3.364milliohms base 

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. 

St = 87.46MVA, and VLV = 580V gives: 

ISC = 87,060 Amps L88.6° lagging 

Therefore the total supply impedance will be: 

Ztot = 3.846milliohms ~88.6° 
= 0.094 + j3.845milliohms 

The values for XSI, Xb ' and Rbi are known and were given above. 

Their corresponding ohmic values are: 

then 

X I = 00404milliohms s 
X I = O.8017milliohms b 

Xu = 3.003milliohms 

Rbi = 0.0175mill1ohms 



Let 

then 

R I = X I = O.OOlmillfohms s -s 
40 

Ru = 0.075milliohms 
The equivalent circuit so derived is given as Fig. 3.10(b). This 
one-line diagram shows per phase values, therefore: 

VA ={3 (580) I 
2 

Arc Power = 3 I RARe 
Supplied Power = Arc Power + 3 12 (Ru + Rbi) 

Supplied VARs = 3 12 (Xb' + Xu) 

Power Factor = LR 

LZ 
The quanti ti es are plotted agai nst ci rcuit current in Fi gure 3.11, 
and the equiv'llent 'circle diagram' from the same results is shm'ln 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 is shown to be at a p.f. of 

approximately 0.8. 

Furnace reactive pm'ler swi ngs 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 TeR type shunt compensators 

installed for arc furnace voltage flicker reduction is summari~ed in 
Table 3 .• 1. The range of compensator rating (e) to furnace rating 

(F), elF, 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 
RATING FIXI:.D TCR 

ITEM DATE ~~~~~gr (MVA) MVA MVA MAllUFACTURER REF 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

1973 50 30 - 18 (43] 

1974 30 18 - 20 (43] 

1975 50 30 - 25 Ni ssi n [43] 

1976 20 + 50 10 + 36 - 18 Electric [43] 

1976 20 + 20 12 + 12 - 9 Company [43] 

1976 20 + 15 + 15 12 + 6.25 - 12 (43] I 
+ 6.25 

1977 30 + 15 - - 23 ," [43] 

1978 60 + 40 + 20 25 + 25 + 12 36 30 Oy tJok ia Ab (44] 

1978 100 + 100 72 + 72 146 120 Mitsubi sh i ~45] 

1978 20 4.6 + 15 14.7 9.5 EDF (4S] I 

1981 - 65 + 65 - 65 + 65 - [ 104L 
I 

i 
I 

I 

Table 3.1 : Summary of published details of Installed TeR schemes 
for arc furnace static shunt compensation 
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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). 

3.4.3 Control of Static Shunt Reactive Compensators 

The function of the control system, for a compensator i ncorporati ng 

thyristor-switched reactors or capacitors, is simply to control 
conduction in the compensator 1 imbs by means of poi nt on W,lve 
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,l02]. 

The simpl est cl osed-l oop system wi 11 compare a recti fi ed measured 
system voltage with same d.c. reference signal. The derived error 
signal is then used by a proportional control section to determine 
TCR firing angles[102] 

Other feedback parameters, such as currents and reactive power, may 
be added and used by a more compl ex fi ri ng angl e controll er[63]. 

The controll er may refer to a pre-set rel ati onshi p between system 
admi ttance and compensator susceptance to set the thyri stor fi ri ng 
angl es[38, 101]. Posi the and negati ve sequence vol tages are eas i 1y 

calculated from the three-phase system vol tages, and have found use 

in some systems, where phase imbal ance is to be corrected by an 
overall three-phase controll er rather than by three i ndhi dual 
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) TO' 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 vol tage support for 1 arge 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 investigating the response of closed-loop systems, classical 
control theory[103] 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, TC, C(t) = K exp[-t/TC] R(t) 
TC 

the Laplace transform is C(s) = K R(s) 
1 + sTc 

Where K is the open loop gain of the system. 

Adding a pure time delay modifies the transfer function to: 

C(t) = K exp[-(t-TO)/TC] 
lITtT TC 

with Laplace transform: 

C(S) = K exp[-sTO] 
1ITSf 1 + sTC 

This transfer function may then be used to represent TCR compensator 
feedback control[40,126]. 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 t:'e flicker improvement 
factor, mp, may be expressed as: 

IMP = 1 - Compensated Flicker VOlta£e 
Uncompensated Flicker Vol age 

The Laplace transform above then gives: 

IMP = 1 - C(s) = 1-
rrsr 

in the frequency domain. 

K exp[-sTO] 
I + sTC 

= 1 - C(t) 
1ITtT 
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The steady state gain and phase of the control system may be found by 
substituting for s = jw in the transfer function, giving: 

K exp[-jwTO] 

1 +jwTC 

Ashmole[32,40J shows how the compensator improvement factor varies 
with frequency for different values of compensator time constant TC. 

TC and TO will vary according to the closed loop control scheme 

used. The 'transport delay', TO' may be reduced practically to 5 
mill iseconds 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 loop 

control. 

Given values of Tc and To' 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 To = 5 milliseconds. 
Each characteristic shows that reasonable gain may be obtained with 

phase delays of up to w/2 radians. Positive feedback is encountered 

in the third quadrant. 

r~ost important for fl icker frequency compensation is effective 
attenuation in the 0-30Hz di sturbance frequency range. Fi gure 3.13 
shows clearly that true negative feedback is only obtained up to 15Hz 

for TC = 20 milliseconds, compared to 28Hz when TC = 5 
milliseconds. The corresponding frequencies at which positive 
feedback is encountered are 55Hz and 65Hz respecti vely. System ga in 
at the critical frequency of 8Hz for TC = 20 milliseconds is only 
65p.c. of that given by a system with TC = 5 milliseconds. 
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In prlctice, TC = 5.0 milliseconds would prove difficult to obtain, 
and amplification of higher frequencies of distortion are 
particularly undesirable given the 10\'1 threshold levels for flicker 
perception. It is possi:>le that closed loop control schemes wfll 
therefore give negative f1 icker improvement factors[32,40], 

particul arly when the i rregul ar nature of the arc furnace load is 

considered. 

The point at which the improvement 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. 

Hi ~h speed reactive compensator systems may be engi neered usi ng open 

loop rather than closed loop control. The accuracy ava 11 abl e wi th 
closed loop systems will be lost, but a 1 ass accurate hi gh speed 
system may be of more benefit for flicker compensation. 

Mi11er[95] describes one form of open loop (feed forward) 

compens-ltor control that requi res pre-programm; ng of TCR conducti on 
angle as a function of load admittance, and Cooper[41] gives an 

introduction to two open loop schemes using integral of voltage 

control for response within one 50Hz half cycle. 

It was the aim of thi s research project to i nvesti gate fast methods 

of control of TCR firing angle in the range 90
0 

~ a ~ 180
0 

from 
voltage zero, with a speed of response not graater than 10 

mi 11 i seconds. 

3.4.4 Performance of Installed TCR Compensators 

This section will summarise the published results of the appl1cation 

of TCR compensators for voltage f1 icker 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. 



Ref. from Table 3.1 
and Manufacturing 

1-

2. 

3. 

4. Nissin 
Electric 

S. Compa ny L43] 

15. 

7. 
~ 

8. Oy Nokia Ab.(44) 

9. Mitsubishi[21] 

10. EDF[46] 

Control Method 

TCR thyrf stor fi ri n9 
when a reference 
voltage i$ exceeded by 
a signll proportional 
to busbar volta~e plus 
furn~ce current. 90· 
phase 1 ag may be 
incorporated. 

Cl aimed TO = 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 
I'/i th a preset charact
eristic for each hal f 
cycle. 

Details not given. 

Resul ts 

Flicker supression 
factors between 0.22 
and 0.59 for different 
arc furnace installa
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 fl icker 
modulation frequencies. 
Cross-over frequency 
at 25Hz. 

Flicker 
Measurement Method 

Both 6VIO 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 
fl'Jctuations. 

Table 3.2 : Summary of published TeR 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 fl icker modul ati on frequencies, they use fast open loop 
control methods measuring both busbar vol tage and load current. 
Multiplication or addition of these parameters is then used for 
comparison with a pre-set characteristic or level [43,45]. 

This process is 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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4.1 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 inherent differences in performance from any full si ze 
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 all ow many 
different control methods to be studied for a given compensator 
arrangement. The arrangement of the reactances and thyri stor swi tch 
circuits is given below, with a brief study of the principles of 

variable phase inductive conduction. 

4.1.1 Modelling Requirements 

Full scale Thyristor Controlled Reactors (TCRs) presently have 
three-phase ratings up to 120MVA[45J, and current thyri stor 
technology allows direct connection of thyristor switch assemblies to 
33kV[44,45J. In such equipment series voltage sharing is 
necessary, and parallel current sharing with built-in redundancy is 
operat; ona lly desi rabl e. For modell i ng 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 rat; ng of the uncontroll ed three-phase shunt reactor shown in 

Figure 4.1 is simply: 

c = ~2 VAR 
Wlc 

Figure 4.2 shows how the compensator rating, C, varies with Lc for 
a 175V, 50Hz system. 1<1 so sllowli al e the eqt:lhaleMt I eeethe powel' 

,sw;rlgs of the are ftl .... aee ",see1. 
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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 rati n9, C, of 0.63 tilnes 
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 coil s 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 bet'lleen 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, 
Branch 2, 
Branch 3, 

Z1 = (0.70 + j333.01) 
Z2 = (0.69 + j333.32) 
Z3 = (0.70 + j324.84) 

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

The voltage across each branch is v = Vsinwt 

where VRMS = 175 vol ts and V = 175..[2 

di = v 
at r 

hence, for symmetrical current flow i = - V cOSwt 
wL 

1 • e. i = - I COSwt 

where IRMS = 175 and I = 175 ~ 
~ ~ 



If conduction is 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 a are: 

(a) 

(b) 

(c) 

(d) 

Decreasing IRMS • 

Decreasing peak current, I. 

Increasing harmonic components. 

Decreasing di at the beginning of the conduction period. 
at 

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 = (Iosinwt-Iosina) for a < wt < (~ - a) 

Whence, IRMS = (Iosfnwt-Iosina)2 dt for T = ~/w 

.?. [(.!. - a) (!. + 
2 

3si ~2a ] = sin a) -
~ 2 2 

Also, I = 10 (l-sfna) for 0 ~ a ~!. 
2 

And, df = VCOSa for 0 ~ a ~ lr/2 

dt L 

a 
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Figure 4.5 shows IRMS for a ~ a ~ 90· normalised with respect to 
1

0
• 

Figure 4.6 shows the variation of peak current I, normalised with 
respect to 1

0
, for 0 ~ a ~ 90·. 

Secti on 3.4.1 bri efly described the components of current occurri ng 
at harmonic frequencies when the current waveform is non-continuous, 
as shown in FIgure 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. Har:nonic 
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 poi nt of start of conducti on is of interest because 
thyristors are to be the devices controlling conduction. Their 
turn-on characteristics are not negl igible, and it must be 
established that anti-parallel connection of thyristors in each 
compensator brlnch all ows conti nuous control of the current in each 
branch. Figure 4.7 gives the notation used for references to the 
compensator ~-connected components. 

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

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

Figure 4.9 gives I for values of a near to the voltage zero crossing 
point for V2 : l75V and Lc = l.OH. 
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The thyri stors used in the early model s were r~ull ard BT 152-400 and 
intermittent firing late in the half cycle was eventually traced to 
the high values of: 

and 
iTL < 80 rnA 
i < 60 rnA [105] 

TH 

I = 80 rnA is only reached for a < 64° 

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

having: 

and 
iTL < 10 rnA 
i < 5 rnA [106] 

TH 

With the compensator branch inductance, Lc' of 1.0 Henry the 
confidence limit 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 
Hussayni [41] stud; ed practicabl e TCR control methods and 

highlighted the advantages of 'Integral of Voltage' control methods 

whilst commenting on the inadequacy of systems which restricted 

thyri stor fi ri ng to 60° ~ a ~ 90°. 

It 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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Impl ementi ng control schemes usi ng a di gi tal processor offered 
definite advantages: 

(i) Ease of changing the control algorithm. 

(iil Standard compensator hardware, including all signal 
conditioning circuits. 

(iii) The possibility of adaptive or 'intelligent' control. 

eiv) Simple inclusion of a data logging facility. 

Digital sampling of the analogue system variables introduces two 
possible major sources of error[107J, . 

(a) Quantisation noise. 

(b) Aliasing distortion. 

The former arises from the discretisation process employed by all 
anal ogue-to-di gita1 converters and occurs when the analogue quanti ty 
does not exact1 y correspond to one of the 'N' defi ned 1 eve 1 s wi thi n 
the span of the device. 

Aliasing distortion will arise when the sampling rate is too low, and 
higher frequency components in 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 
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The hi ghest frequency component abl e to be reconstructed from the 
CEGB recordings by the arc furnace model is then hal f the sampling 

frequency, FSW 

= 525Hz 

The spline interpolation process (Section 2.3.2 and Appendix C) will 

introduce higher spurious frequency components up to 

fl MAX = 4 FS~4 = 5000Hz 

but, these will be attenuated by the lm~-pass fil ters in the pO~/er 

amplifier input circuits. 

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

F ~ 1250Hz or ~t ~ 800 microseconds sc 

The control system shaul d perform a 1 real time 1 process, therefore 

the calculation of whether thyristor firing is required or not must 
be completed 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 th~ee processors woul d be controll ed from 
a central processor via interrup~s and a common bus structure. 

(Figure 4.10(b». 

Both arrangements offered advantages in processi ng speed over other 
microprocessors and minicomputers, and the Intel 8088 was used in the 
form of the SDK-88 microcomputer[108] 
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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 di gital converters fed from identical si gnal 
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 level 
development system in Liverpool University's Microprocessor 

Labo ra to ry • 

Local program control was used for faul t fi ndi ng 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 Vi deo Di spl ay Uni t (VDU) and keyboard was si ted adjacent to· the 
laboratory 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)[110]. The MUSDU supported file storage 

under the TNIX operating system and allowed high level language 
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' 
functiJns. such as text manipulation and program flow control apart 
from the compensator control al gori thm. The control al gori thm was 

written in Intel ASM-86 Assembler language for increased speed and 

simpler fault-finding. 
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4.2.2 Sampling 

Each of the three SDK-88s used the si gnal conditi oni ng ci rcuit shown 
in Fi gure 4.12 to feed the sampl e and hal d ci rcui t and anal ague 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 is initiated by an OUT OX 
instruction, where OX is the data register containing the ADC 
address. After time has been all owed for the sampl i ng process the 
digital word may be read to the accumulator, AL, using the IN OX 
instruction. 

Typical instruction times for the 8088 processor with 4.9MHz clock 
are 1 ess than 10 mi croseconds[108,109], therefore some del ay needed 
to be incorporated between the OUT OX and IN OX instructions to allow 
the 12 microseconds ADC conversion[111]. 

For the AOC located at address a F800 the assembler code required is 
then: 

MOV OX, ~ OF800H 
OUT OX, AX 
MOV Cl, it OFH 
SHR Cl, ~l 
XOR AH, AH 
IN Al, OX 

load address of ADC 
Initiate conversion 
Conversion -
delay 
Set accumulator word to zero 
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 [~] dB = -6N dB 
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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, i.e. -60 dB. For this 
laboratory model, the disturbance levels at the point of compensation 
were shown in Section~ to be in the range: 

~.,+.~. 

-80 dB ~ P(f) ~ -40 dB 
then -40 dB ~ 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 dB 
-<1 
S 

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

10 10910 ~ = 10 10910 ~ - 10 10910 K 
KS S 

= -6N - 10 log 10 K 

which is -78 dB for 8-bit sampling and 1024 blocks up to FN• 

The compensator sampling accuracy is thus ample for flicker 
correcti on, but if the sampl ed poi nts d re 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 

Secti on 4.1. 2 bri efly di scussed TCR control requi rements, and , 
introduced the method of usi n9 the integral of vol tage to determi ne 

thyristor firing angles. 

Vf , 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. 

Eval uating i(t)dt or v(t)dt for each hal f-cycle suffers in that 

sm31l 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(wt) = Rsinwt. The sensitivity of the 
process to given variations in v(t) may be lessened by making IV-RI 

larger. 

The undistorted voltage waveform v(wt) = Vsinwt may be disturbed by 
additional components vf(wt). Figures 4.15(a) and (b) indicate how 

the point in the half cycle at which a given integral sum 1s reached 

will vary for v f(wt) dt negati ve and positi ve respectively. Thi s 

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 vol tage at the poi nt of TCR connecti on will fall 

accordingly. It will remain depressed throughout the period of 

thyristor conduction as shown in Figure 4.16. 
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Fig. 4.15(a) : Integral of voltage difference - late firing 
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Fig. 4. 15Cb) : .~ of voltage difference - early firing 
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Fig. 4.16 : ~tage depression due to shunt TCR conduction 



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. 
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Thus it is intended to balance supply voltage variations with those 
impressed by the TeR. Thi sis of course the pri nci pl e of shunt 
compensation whereby the compensator inversely balances the varying 
load characteristics. 

[41] Cooper and Hussayni surmi sed that the use of .] reference si ne 
wave integration process may present difficulties in the 
synchronisation of the reference sinusoid vR(wt) to the distorted 

voltage 

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 
listing 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 
cumulative sum. When the sum exceeds a pre-set value, ~ short pulse 
is output to cause the thyri stor 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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OIFF = 5(1)- R(I) 

L5 = L5 + OIFF 

YES 

NO 

READ SAMPLE 
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FROM A.D. C. 
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T HYR ISTOR 
(POS.) 

READ SAMPLE 
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OIFF= R(I)-S(I) 

L5 = LS - 01 FF 

Fig. 4.17(a) : 6-pulse TCR compensator control algorithm flow chart 
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01 F F = R (1) - S( 1) 

LS= LS+ DIFF 

READ SAMPLE 
S (1) 

FIRE 
THYRISTOR 

(NEG.) 

READ SAMPLE 

S 

OIFF= S(1)-R(I) 

LS = LS- OIF F 

Fig. 4.17(b) : 6-pulse TCR compensator control algorithm flow chart (cont'd) 
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This procedure therefore performs the discrete equivalent of the 
continuous integral a/w f y' (utldt 

o 

where a 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 SDK-88s. Small differences 
between the three SDK-88 systems necessitated that changes be made 
once the code was in the processors RAM. 

All vari abl es in the program coul d be changed vi a the termi nal and 
SDK-88 Monitor routine, those requiring attention are considered 
below, together with reasoning for their values. 

4.2.4 Control Variables 

The variables in the control program that require consideration are: 

(i) The sample loop delay, D. 

(ii) The reference sine wave, vR(wt). 

(iii) The integration limit, LIMIT 

and these are now considered in turn. 

(i) Sample Loop Delay, D 

It was found that free running of the program, with no 
additional delays inserted, gave consecutive ADC read pulses 
a',Jproximately every 65 microseconds. This time, fit, varied 
slightly between the three SDK-S8 systems: 

System 1, fit approximately 63 ~seconds 
System 2, fit approximately 66 ~seconds 
System 3, ~t approximately 64 ~seconds 



Although small, these differences would mean that 1 particular 
integration limit would be reached at different times in 
different processors. 

For example, 7.5 milliseconds would contain 119, 113, 117 
samples by 1,2,3 respectively, giving approximately 0.4 

milliseconds difference between the firing times in two 
different branches of the TCR. 

In order to balance the three systems as best as possible, .1 

software 'sample loop delay', 0, was inserted in the program 
using the software: 

MOV el,'D ' 
SHR Cl, Cl 

(See Appendix F for full program listing.) 

6t was fixed close to 74.0 mi croseconds usi n9 the foll oWl n9 
values of 0: 

System 1, posi the hal f cycle, 0=9 @09 6t = 74.4 Ilsecs 
negative half cycle, D = 8 @08 6t = 74.2 Il secs 

System 2, positive hal f cycl e, 0 = 6 @06 6t = 74.1 I.lsecs 
negative half cycle, 0 = 4 @04 6t = 74.6 I.lsecs 

System 3, positive half cycle, 0 = 8 @O8 6t = 74.1 I.lsecs 
negative half cycle, 0 = 6 @06 6t = 74.6 1.1 sees 

The final location of bytes representing 101 in RAM were 14 
and 116 bytes respectively from the start of the I fireAsub' 
object code program block. 
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(ii) The Reference Sine Wave, vR(wt) 

The signal conditioning circuits and ADCs were carefully 
adjusted so that t252 volts for the model supply line voltage, 
vL' would just be within the range of the a-bit ADCs. This 
± 262 volt range allowed the nominal supply line voltage to 
rise by 5p.c. and just be within the extreme range of the ADC. 

Fi gure 4.18 shows how use of the ADC in its uni pol ar mode 
results in: 

VL = -262 Volts is sampled as @ OOor@Ol 

VL = 0 Volts is sampled as @ 7F or@ 80 

VL = +262 Vol ts is sampl ed as @ FE or @ FF 

Ajustment enabled the underlined values to be repeatedly 
obtained with a test 262v dc supply. 

Thus the least significant bit (LSB) of the data byte 
represents 2.063 volts of the mod~l supply vL• 

The nominal model line voltage of VRt~S = 175 volts will then 
give an equivalent sampled sine wave of: 

Vs = 127 + 120 sfnwt 

Similarly Vs = 127 + 116 sfnwt 
and Vs = 127 + 113 sfnwt 

for VRMS = 179 Volts 

for VRMS = 165 Volts 

Full conduction of the TCR with 1.0 Henry inductances in each 
branch would produce the equivalent circuit shown in Figure 
4.19, and the model busbar voltage will fall to 
VRMS = 160.44 Volts. 
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Fig. 4.18 : ADC range and span 
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175 V Vi 

--

FOR L C~ = 1.0 HENRY, 
, 

V = 16 0.4 VOL T S 

Fig. 4.19 : RMS ~tage depntssion for full compensator conduction 
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This would be represented by an equivalent sampled sine wave 
of: 

Vs = 127 + 110 sinwt 

Making the reference sinusoid equal to this ensured that most 
sampled points would be greater than or equal to th~ 

1 reference 1 values: 

ie ~ = 127 + 110 sinut 

With the knowledge that the sampling interval. fit. is 
approximately 74.0 microseconds. it would be a simple matter 
to cal cul ate val ues for vR to correspond to each of the 

sampled data points vs. Close examination of the ADC sample 
circuitry. however. revealed that the first sample was being 
made 100 microseconds after voltage zero, instead of 74 
microseconds. This occured because of a 25 microsecond delay 
introduced by the secti on of the program that detected the 
voltage-zero crossing. 

A nominal supply frequency of 50Hz allows 133 reference points 
to be calculated for each half cycle. 

The points for the positive half-cycle vR were stored in a 

look-up table beginning at the memory location labelled 
1 si ne 11. 

of vR• 

operati on 

Similarly. 'sine21 located the negative half-cycle 

All were individually calculated for unipolar 

to eliminate the maximum amount of real ti,ne 

processing. 



iii) Integration limit, LIMIT 

Section 4.2.3 described how a digital integration process 
decided the TeR firing angle in each half-cycle of the supply 
vol tage waveform, v = Vsi nut, for an equi val ent reference 
sinusoid vR = Rsinwt. 

The continuous integral to be evaluated would be: 

E = 

= 

a 
w 

~(YSlnut - Rslnut)dt 

(V - R) [1 - cosa] 
w 

Where E = The summated error of v - vR. 
a = The phase angle, after the voltage 

zero-crossing, at which E is reached. 
V = The sinusoidal peak value of v. 
R = The sinusoidal peak value of vR. 

The discretised equivalent of this continuous integral may be 
written: 

~At S • (Y' : R') [1 - cosa] 

Where ~t = The sampling interval 

and 

or 

S = A single digita~ sample of the difference 
(v - vR) 

VI = The equivalent digital value of V 
RI = The equivalent digital value of R 

Ls 1$ the LIMIT value set in RAM to fix the firing 
angle a w.r.t. voltage zero crossing 
a w.r.t. voltage peak 

The units of Sand LS are simply Volts, although scaling of 
the digital sample values are required to obtain Volts since: 

1 bit = 2.063Volts (Figure 4.18) 
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Then the relationship between E and ~S or LIMIT is: 

i . e. 

E = 

= 
= 

= 

s x 2.063 x tot 

S x 2.063 x 74.0 10-6 

S x 152.7 10-6 

LIMIT x 152.7 10-6 Volt Seconds 

LIMIT = E Volt Seconds 
152.7 10-6 

Let vIR = 127 + 110 sinwt 

Then for the digital value 127 = a Volts, 

VR = 226.9 sinwt Volts 

i.e. R = 226.9 Volts 

If v is typically 175V RMS, then 

v = 247.5 

thus for a = v radians, 

EMAX = [V - R] x 2 
w 

= 0.131 

and LIMITMAX = 858 dec. = 350 hex. 
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This is the maximum value of integration limit to be expected 
for R = 226.9 Vol ts, and it has been cal cul ated assumf ng a 
perfectly sinusoidal supply voltage waveform. 
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For a = Tf/2 radians, LIMIT will be 429 dec. = lAE hex. These 
values are clearly dependent upon the choice of reference 
sinusoid and the distortion of the supply voltage waveform. A 
theoreticll approach will be able to show how combinations of 
vR and LIMIT wi 11 i nfl uence the compens.Hor performance. 
This is explored further in Section 4.3.3 in the study of 

steady stlte reactive compensation. 

The compensator performance for different combinations of the control 
vari dbl es above was studi ed. A I steady-state I analysi s is given i 1'1 

Section 4.3.3, and Chapter V presents the results of experiments 
using the three-phase compensator with the laboratory arc furnace 

model. 
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4.3 STEADY STATE TUNING AND PERFORMANCE 

Hav; ng estab1 i shed the control vari ab1 es that wou1 d affect the TCR 
compensator performance, studies were made \~i til an un-modu1 ated 50Hz 
supply voltage. Varying the RMS v31ue of the voltage f1lustrated the 
range of voltage control that the TCR compensator could effect. 

These early experiments, with the three-phase TCR arrangement drawing 
current from the supply for the first time, high1 ighted the need for 
careful I tun; ng' of the three compensator phases. The more importdnt 
aspects are now presented. 

4.3.1 Thyristor Firing and Conduction Limits 

Thyristor turn-on was initiated with a logic '1' applied to the 
re1 evant bi t of the 8-bi t output port at address ~ OFOOOH. Thi s 
signal was latched for 100 microseconds and logically ANDed with a 
21kHz square wave to produce a 100 microsecond 21kHz burst for 
application to the thyristor gate through a transistor and isolating 
pulse transformer. Figure 4.20 gives the firing circuit for each 
i nverse-paral1 e1 pair of thyristors sw; tched from the mi croprocessor 
output port A. The 5V d.c. supply to the transistor ci rcuits \'1as 
separate from the SV d.c. logic supply, and was only energised when 
firing was required. 

The 1 atchi ng ci rcui t meant that the processor was only commi tted for 
a very short time at each pu1 sa output, ti mi ng and pul Sd turn-off 
being executed in hardware rather than software. 

The 8088 microprocessor '51' register was used to h01 d the 

incremented address for each successi ve reference si nusoi d samp1 e, 
and could thus be used to calculate the number of samples taken after 
vol tage-zero crossing. Each pre-programmed reference si nusoi d t 
'sine1' and 'sine2' are given in Appendix F. 
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Figure 4.3 shows how the start of conduction for each thyristor must 
be 0° ~ a ~ 90°, where a = 0° is 90° after tile rel evant voltage 
zero-crossing. 

This range corresponds to: 

sinel ~ 51 ~ sine1 + @ 42 
sine2 ~ 51 ~ sine2 + @ 42 

for the positive l/2-cycle 
for the negative l/2-cycle 

The program flow chart (Figure 4.l7) shows that even if the integrll 
limit is reached, the thyristor firing pulse is not allowed until 
SI = @ l09A or @ ll1F for posi the and negati ve hal f-cycl es 
respectively. 

The control system was also prevented from initiating thyristor 
firing pulses at the very end of each half cycle of the voltage 
waveform. This ensured that the program flow proceeded to the 
secti on where rapi d sampl i ng detects a vol taga zero-crossi ng 
necessary before the integration process in the following half-cycle 
may proceed. The progra~ flow chart (Figure 4.l7) shows that 
integration is abandoned if the sampled voltage falls below 14 
volts. This is reasonable since thyristor conduction is only 
prevented beyond a = 87°, where compensation effects are a minimum. 

4.3.2 Phase Balancing 

Small differences in offset and gain in the sampling circuitry for 
each branch of the compensator, coupled with the slight variance in 
the sampling rate, resulted in a slightly different firing angle a 

when identical values of LIMIT were set. 

The inte!"rltion sum LIMIT was then adjusted for the positive and 
negative half-cycle firing pulse of each compens.ltor branch to 
achieve totally balanced operation under given conditions. 
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This required values of LIMIT which varied from each other by up to 
% lOp.c., the exact values are given with corresponding theory and 
results in Section 4.3.3 and Chapter 5. 

4.3.3 Steady State Reactive Compensation Theory 

Theory will predict the interaction between LI~lIT and the reference 
sinusoid vR for reactive compensation under sinusoidal conditions. 
Part 5.1 then presents comparable results obtained in the laboratory, 
and a choice of control variables m-ly be made before proceeding with 
laboratory studies for non-sinusoidal conditions. 

Fi gure 4.21 shows the one 1 i ne di agram and vol tage waveform for ~ 

three-phase TCR compensator connected to the i nfi nHe busb~r through 
an inductance LS. The single phase equivalent of the delta 
connected compensator inductance LCA is LCY = LCA /3. 

When the TCR is OFF, v2 = VI 

When the TCR is ON, v2 = KV 1 

Where K = J:ty 
LS + LCY 

Thyristor conduction occurs for a ~ wt ~ a, a = ~-a radians 
I 

The resulting RMS value of the waveform is then: 

VRMS = 

= - 11' - sin2a] 

••••••• Equation I 
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Fig. 4.21 : One line diagram for 'open circuit" TCR compensation equations 
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The continuous integral sum, from the ·voltage zero crossing to firing 
angle a, is: 

a a 

E = a ~KVl - Rlsinwt dt + .~Vl 
= K~1-~-cosa[KV1+~-2Vl] 

a = cos-1 [ I..IE + R - KV1] radians 
R - Vl(2-K) 

- R)sinwt dt 

Volt Seconds 

••••••• Equation II 

For a given value of LIMIT (and hence E), the v11ues of Vl' K and R 
may be set as required, and a from Equation II substituted into 
Equation I to give VRMS • 

V
1 

is nominally 247.5 Volts corresponding to 175 Volts RMS. 
R = 110 x 2.063 = 226.9 Volts 

Ls = 30.4millihenries 

For LC~ = 1.0H ; Ley = 0.333H and K = 0.916 

The variation of a versus LIMIT for K = 0.916 1s shown in Figure 4.22. 

Three steady-state values of the firing angle a were chosen for 
experiments with the laboratory TCR. These are shown in Figure 4.22, 
a1 = 100°, a2 = 135° and a3: 170°. They represent only a 
lower mi d and upper setti ng for 90° ~ a ~ 180°. with the greatest 
range of VAR control occurring from a1 : 100°. However, including 
three values of the integration limit will highlight its effects in 
the control scheme. 

Figure 4.22 gives: 

LIMIT1 = 150 dec. for a1 
LIMIT2 = 610 dec. for a2 
LIMIT3 = 843 dec. for a3 
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LIMIT= 1 [KV-R +coso[R-V(2-KIJ] 
152.7 10-4 w W 

K=0.916 , V=17S!2v , R=226.9v . 
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Fig. 4.22 : Theoretical variation of LIMIT versus' a' 
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Fig. 4.23 : Theoretical variation of RMS voltage versus 'a ~ 
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For a fi xed val ue of VI' VR1."S can be plotted as a functi on of a 
only. This is shown in Figure 4.23. 

Once the parameters 0, vR and LIMIT have been set for a constdnt 
supply voltage peak V!, it is sensible to undertake d study of the 
effects of varying V1 for a set combination of control variables. 
This will all 0\'# the compensator performance to be evaluated as a 
function of the control parameters. 

A simple investi~ation of the TCR compens.\tor's ability to control 
the voltage at its point of connection may be carried out using the 
circuit representation of Figure 4.24. This will give results for 
open-circuit vol tage control. Shunt load TCR compensation may then 

be studied using the circuit representation of Figure 4.25. 

(i) Open Circuit Voltage Control 

Open-circuit voltage control describes the function of the TCR 
compensator when there is no other load connected in parallel to the 
point of TCR connection (Figure 4.24). 

With a fixed reference sinusoid, vR' VI may be varied over a set 
range. V2RMS may then be calculated using equations I and II, 
provided that a suitable value for LIMIT is set. Figure 4.26 shows 
the effect of using LIMITl, LIMIT2 and LIMIT3 above for fixed 

R = 226.9 Volts. 

The flatter portions of each curve indicate the full range of TCR 

control, with a progressing from 180
0 

to 90
0 

as Vl increases. 
Figure 4.25 shows clearly that the lower value of integration limit 
'lIi11 give the flattest voltage control region. The linear portions 

above the rdnge of control have gradi ent K = 0.916 si nce here V 2 = 
KV

l
• The linear portions below the rdnge of voltage control are of 

gradient 1 since V2 = V1 before conduction in the TCR. 
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Fig. 4.24 : Experimental circuit for steady state 'open circuit' compensation 
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Fig. 4.25 : Experimental circuit for steady state shunt load compensation 
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Fig. 4.26: TheOretical 'open circuit' TeR voltage control Characteristics for varying LIMIT 
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Having established that LIMITl is most likely to give the best TCR 
performance, we may investigate the effect of varying the value of 
the reference sinusoid vR(wt) = Rsinwt. whilst keeping LIr~IT 

constant at LIMIT1. 

Fi gure 4.27 shows how the cal cul ated 1 evel of the fl at, controll ed 
region, of V2RMS is proportional to the magnitude of the reference 
sinusoid, typically within one percent of R/~ Volts. and that 
voltage fluctuations up to the operating level of 175 Volts are best 
controlled with a value of R = 226.9 Volts. 

Figure 4.28 shows how the calculated characteristics are changed by 
higher ratings of shunt TCR compensators, using values of K = 0.915, 
K = 0.861, K = 0.731, representing TCR three-phase ratings of 
L = 1.01, 0.57 and 0.25 Henries respectively. The flat control 
c 

region is extended for increased TCR rating. 

(ii) Shunt Load TCR Compensation 

With a variable load shunt-connected with the TCR compensator (Figure 
4.25), the v,ilue of v2 becomes: 

While the TCR is not conducting: v2 = K1 v1 

where: 

While the TCR is conducting: 

where: 

K1 = LI 
LL + Ls 

v2 = K2V1 

K2 = ley 
lcy + lS + L~Sl~C-y7~L--L 

as illustrated in Figure 4.29. 

The equations for firing angle a and V2RMS are now: 

V2Rr1S = (~.Yl)2 [v-a + Si 223] + (~~)2 [2a-1T-sin2a] 

••••••• Equation III 

••••••• Equation IV 
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Fig. 4.27 : Theoretical 'open circuit' TeR voltage control characteristic for varying Vref 



144 

._.-. - .. -LIMIT = 1S 0 .-.--.. - R =.2 27.v- ~.--- - _ .. -. 

~(Vo lt~) .. _ .. - . 

210 

200 

- - _ .. - . __ .. _-' -- .. ,- . .. '--

190 

180 ...... . --

··170 .- :'-- _._ ... -_ . .. K= 0.131 

:)90 .-:...-. :-~~ ~- -~--- --~-- ... :----: .. --.~~--~-.. ~ ... - :-~.-~~:-:-. ---~~.-- ._- . -.:--.. :: ... __ ._.: .-.. -.~ ..... ~~~.-~; . -,--~~-~;..~.~ ... 
. :..:.:_ ~:..:... :_:--:. ___ : __ ~:. __ :_t.....: . __ • __ __ _ .. -.. -- ... _ _ ~ ____ . ~ __ .. :~"':'-~_::_::. :. •.. ;. _.:...._. ____ " ... ___ ... ___ .: . . . . ____ :.._. :_.:. :.. . ___ ::~ __ :_:..... .. 

} -: . : :: : : . . . . . ... . . .. \ -:.... . . :. ... - ~ - :. : -:.. . 
'7-:':'::'-:" ":.,-:,, .. -:-. - .-:.-.- - - -:-~ .. ------ .--. - -_- :::-- -:-:-.---~ .- :-~-:-~ ~~. -.: ~~.----.-~-- ' .. ~-.-.-. -: -- -..:-;" .-:-....... --:- ~ .. ...:.::--:;-=- -:~: - ~~.:..: --:.:. ~. -~. -' 
... '('.: ' . . . -. .. . ft}SO' :: .;-~:;. . . --.. -.. ~--. : .. :c __ .. :.~ ~ : ~~-·: ·~f·:~·:.:·: .. t;:-:-·::: ~: ----.; .. :: :::'-:'" - "':'':-~'-- :~ ~ .. ~--,- ~.~.~.~~ __ 

:~ :~~ ~160-~~· ~- flO .. 180 --- 190 ~· -·~·- 200'· ~ .. 210 :.: 220 ·· .. 230! ... 

,~~~;:~~~:~-_~ :~~~~,~,C;~:~;~~ ~~~.'::. -~~.'.-:~-~~~~:;~~-~~:' ''-~-: : --:'~ ~:"". '" ..... ~-.~:- :.': - ~ .. :-~ ~yol t s) -' ~~.~ '. ' .' · ---~C~~-~:·~ -~~~~.:~~ 
, . ' r '" _, . • 

,': : .. : .... : .. :.' : ___ ;...:.. •• :. ___ !.. __ .:. ... __ ••. _ ... ' . '._ . r __ . _. '. __ -- - .. . _. - _ .. _._- ... . _-_ .... . __ .. .. , . _ ... _. __ ........... __ . __ .. -. _-._ . . _ .. . . . .. 
. . :. 

, " f 

Rg. 4.28 : Theoretical 'open circuit' TCR voltage control characteristics for varying TCR rating 
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Vi may now remain fixed at 175V RMS, and v2 will vary as a 
functi on of the load current, i L' Varyi ng i LRMS over the range 0 
to 2.5 Amps will cause uncompensated linear voltage depression from 0 

to -14p.c. 
Figure 4.30 shows the calculated effect of varying LIIHT with fixed 

reference sinusoid vR = Rsinwt. It can again be seen that the 
compensati on span cal cul ated for LIMITl is fl dtter than that for 
higher integration limits. 

The calculated effects of varying VREF for fixed LIMIT = LIMITl are 
shown in Figure 4.31, and the curves for fixed LIMIT and VREF are 
shown in Fi gure 4.32 for three val ues of TCR compensator branch 

i nducta nce. 

These theoretical results suggest the optimum values for control 
algorithm parameters 

(a) Set the integration limit to be as low as possible for a 

given TCR compensator rating. 

then (b) Adjust the peak reference sinusoid value, R, to be such 
that firing angle control is obtained over the full range 
from 90

0 

~ a ~ 180
0 

as near as possible 'to the 

operating voltage. 

The compl ementary resul ts from 1 aboratory experiments are presented 

in Chapter V. 
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Rg. 4.30: Theoretical aIu1t load compensation TeR YOItage control characteristics 

for varying UMIT 
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Rg. 4.31 : TheoreUcal-sIuIt load compenaaUon TCR voltage control characteristics 

for varying Vref 
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4.4 USE OF THE ~CR UNDER NON-SINUSOIDAL CONDITIONS 

~~hen the principles behind the control and operation of the 
laboratory TCR compensator were understood, it was connected to the 
arc furnace model (Part 2.3) as shown in Figure 4.33; 

With the arc furnace model's feedback gain set to zero, no 'furnace' 
current was drawn from the laboratory supply, and the TCR compensator 
currents caused all of the observed line voltage distortion (Section 
4.3.3). Values of the integration sum LIMIT1 at which firing 
occurred, was carefully set to give a firing angle of al : 100°. 
The gain in the arc furnace model feedback circuit was then increased 
to its normal operating level. Peaks in furnace current caused a to 
increase proportionally, up to the maximum of 180°. 

The values of the integration sum LIMIT used in the model TCR 
compensator control system are tabulated in Chapter V, with a range 
of resul ts showi ng the compensator performance as a functi on of the 
control parameters. 
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CHAPTER FIVE 

SIX PULSE TCR RESULTS 

A 'steady state' performance analysis was carried out in Section 4.3.3 to 
show the theoretical voltage regulation characteristics of the TCR under 
sinusoidal conditions. The corresponding laboratory measurements were in 
agreement wi th theory. and the TCR was then used wi th the 1 aboratory arc 

furnace model. 

The method of spectral analysis was used to judge the performance of the 

laboratory models and the TeR control. A reduction in the power spectral 
density components of modulating frequencies up to 30Hz was achieved. 

The TeR rating was then increased. and a further set of results taken for 
comparison with those from the original TCR rating. 

Finally. measurements were taken with the CEGB/Electricity Council 
I flickermeter ' [14.16] to allow the d1 sturbance 1 evel s on the 1 aboratory 

model to be related to those elsewhere. 
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5.1 STEADY STATE TCR COMPENSATOR PERFORMANCE 

The two circuit configurations studied computationally in Section 
4.3.3 are sho';/n in Figures 4.22 and 4.23. Both studies were repeated 
using laboratory equipment and the TeR. 

5.1.1 Open Circuit Voltage Characteristics 

Figure 5.1 shows the voltage characteristics for the TeR compensator 
only connected to the supply having an equiv.l1ent source inductance 
of Ls = 30.4 millihenries. VI and V2 are the voltages at the 
source and at the compensator respectively. 

Vl was varied using a three-phase variable transformer with a 
maximum output line voltage of 240V for 200V input. V2 is not 
equal to V1 before TCR conduction because the source impedance is 
that of the 200/175V Y-6 transformer. Any measured gradients shoul d 
therefore be multiplied by the factor 200/175 = 1.143 to take account 
of this. 

The corrected gradient of the linear region before TCR conduction is 
1.006, after full conduction it is 0.869. The theoretical v.l1ues are 
1.000 and 0.915 respectively. 

The effect of varying the integration limit can be seen clearly - a 
fl atter 
lim; ts. 
5.1. 

but shorter control region results from the lower integration 
The hexadecimal and decimal LIMIT values are given in Table 

The tests were repeated for a hi gher 
corresponding to a value of e/F = 1.13. 

Henries giving K = 0.860. 

TeR rati ng of 512VA 

This uses Lc = 0.56 

Figure 5.2 gives the open circuit voltage characteristics for the 
higher rating TeR for three values of LIMIT giving steady state 
firing angles of a = 110°, 135° and 170° respectively. The corrected 
gradient of the linear region before TCR conduction is 0.976, with 
0.853 after full conduction. 
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Fig. 5.1 : Measured open circuit TeR voltage characteristic 

for K :0.916 and varying LIMIT 

240 



Compensator POSLIM NEGLIM 
Branch (Hexadecimal) 

LIMIT 1 a :: 100 0 Branch 1 0018 0020 
Branch 2 0040 0040 
Branch 3 0040 0040 

LIMIT 2 a :: 135 0 Branch 1 01AO 0250 
Branch 2 0220 0230 
Branch 3 01FO 0280 

LIMIT 3 a :: 170
0 Branch 1 0300 0570 

Branch 2 0440 04CO 
Branch 3 0380 0480 

Table 5.1 Integration limits set for 6-pulse TCR compensator 
performance studies 
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The corresponding theoretical values are 1.000 and 0.860, and the 
results show that increasing the TCR rating affects the control 
region of the curves such that: 

(a) Where the gradient is not zero it is decreased. 

(b) Where the gradient is zero, the span of the flat region is 
increased. 

5.1.2 Shunt Load Compensation 

A variable three-phase inductance was connected in parallel with the 

TCR compens·3.tor. Varyi ng thi s load current between zero and 

approximately 1.4 Amps would act to vary V2 linearly in the range 

161 ~ V2 ~ 175 Volts 

if there \t/ere no TCR compensator acting. The results of connecting 

the compensator are shown in Figure 5.3. Characteristics are again 

plotted for each of three values of LIMIT. At 12 = 0, the TCR 
firing angle a is at a minimum which is set by the v·llue of LIMIT. 

i.e. For 12 = 0 and LIMIT = LIMIT1, a = a1 = 100
0 

For I2 = 0 and LIMIT = LIMIT2, a = a2 = 135
0 

For I2 = 0 and LIMIT = LIMIT3, a = a3 = 170
0 

As 12 is increased, V2 is depressed and a increases, thus ICor~p 

inversely balances I2• 

Figure 5.3 shows once again that the smaller value of LIMIT is of 

maximum benefit for voltage control. The shape of the characteristic 

in the control region is approximately 3.5V/-l.0A = -3.5V/A, although 
the characteristic is far from linear. 
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Fig. 5.3 : Measured shunt compensation TCR characteristics 

for K:; 0.916 and varying LIMIT 
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The tests were repeated with the higher rating compensator used in 
the previous section. The results are given in Figure 5.4. and the 
main effect of increasing the TCR rating is to decrease the slope of 
each characteristic in the control region. 

The curve for LIMIT = LIMIT1 has an approximate gradient of 
2.8V/-1.3A = -2.2V/A. The characteristic withi" the control region 
is again far from linear. It was observed that even after careful 
'tuning' of each compensator branch~ firing angles would vary between 
each branch by up to t 10 degrees. This imbalance between the three 
TCR control systems may contribute to the non-linearities observed in 
the ideally 'flat' controlled region of the characteristics. 
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5.2 ANALYSIS OF VOLTAGE DISTORTION 

Chapter III used the concept of a 'flicker voltage ' , Vf , when 
discussing the distortion of the 50Hz supply voltage waveform. 
Section 3.1.2 in particular showed how the annoyance effect of Vf 
was frequency dependent. 

The laboratory arc furnace model has been shown to reproduce 
successfully the \r4i de range of frequency components impressed upon 
the 50Hz supply waveform at the levels encountered at a real 
installation (2.4.3). 

The 1 aboratory TCR compens.ltor aims to reduce the annoyance effect of 
the arc furnace model load currents by shunt compensation, thus 
reducing the magnitude of components of Vf • It is then essential 
that the reslJl ts of TCR compensator operation are clear, and that a 
reliable method for evaluating annoyance levels can be used to 
denonstrate some improvement factor. 

These final points are now discussed in turn. 

5.2.1 The Use of Spectral Analysis 

The technique of spectral analysis enables the power components of a 
wide range of frequencies to be eval uated simul taneously. This 1 s 
particularly useful in the study of the 'flicker voltage ' , Vf , 
where the magnitudes of a range of frequency components of the real 
time signal are of interest. 

Methods of obtaining a power 
recurvisve and non-recursive 

spectrum include direct estimation, 
digital filtering[1l2], mean-lagged 

[113] products ,complex demodulat;on and the discreta Fourier 
transform. Direct estimation involves the use of special purpose 
analogue devices such as harmonic analysers, wave analysers and 
filter banks. Early generations of computers made possible the use of 
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digital filtering techniques and complex demodulation algorithms. 
The 1 arger workspace capacity of 1 ater computers made the di screte 
Fourier tr~nsform (OFT) practicable, enabling the Fourier series 
coefficients to be calculated at discrete frequencies[114]. The 

fast Fourier transform (FFT) is simply an efficient method of 
computing the OFT of time series data[115,116]. 

A suite of FORTRAN programs, for the calculation of 3 Fourier power 
spectrum, was made avail abl e to the author by the Speech Research 
Group of Liverpool University. Although primarily intended for use 
in the 20-20,000Hz frequency band, the method of operation allowed 
them to be modified for use around 50Hz. Appendix G describes the 
method and gives program listings where necessary. The necessary 

workspace was 'only available on Liverpool University's mainframe IBr4 

4341 computer; data acqui si tion and transfer was therefore necessary 
before computational analysis could be carried out (see 5.2.2). 

BOgert[117J identifies two important requirements for the use of 

computational techni ques for power spectrum analysi s as a 1 aboratory 
tool. The first is a set of subroutines to enable parameters to be 
varied at will. The second is adequate display of the output. 

Although the mainframe computer more than satisfied ::'oth of these 

requi rements, it was found that a commercial power spectrum 
analyser[118J offered the advantage of an immediate and variable 

display from an automatic data acquisition process. The digital 

technology employed in the instrument gave 157 blocks of data in the 

frequency domai n for storage and di spl ay. The band\a1i dth therefore 

varied as the frequency span was altered. The bandwidt~ here is the 
frequency band that contri butes to a si ngl e poi nt of the di screte 

power spectrum. 

Increasing the bandwidth. contributing to each point requires a 

correspondi ng1y 1 arger block of time series data for analysis. Wi th 
a fixed sampling frequency the time span for which each power 
spectrum was calculated would vary between 10 milliseconds and 250 

seconds. 
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The data repeti tion rate for the arc furnace model was 1. 78 seconds, 
giving a high probability that individual blocks of time series data 
would differ, with corresponding differences in the power spectrum. 

Welch[119] describes an averaging process that may be used for 

successive power spectra. The Hewlett Packard spectrum analyser 
allowed such averages to be performed - the di spl ayed power spectrum 
then being the average of 2N samples. Using the It"t1S value of eight 
successive spectral analyses ensured that the variations within the 
1.78 seconds of repeated data would not cause confusing discrepancies 
in the presentation of the power spectrum. 

The Hewl ett Packard spectrum analyser i ncl uded the fac1l1 ty for the 

output of stored digital data to an X-V plotter, and the resul ts 
presented in Section 5.3 were produced by this method. 

5.2.2 Data Logging 

For analysis of data from the laboratory, it was necessary to 
transfer recordings from the laboratory equipment to the University's 
mainframe computer. Here 1 arge amounts of data coul d be stored, 
retrieved and analysed at will. The spectral analysis package 
described in Section 5.2.1 was set to operate on 2048 (=211 ) time 

series data points from the CEGB recordings. To allow a common 

analysis routine to be used for computational and laboratory data the 

time between sampl es for all time serf es data for input was set at 
800 microseconds - corresponding to the sampling interval used for 

the CEGB measurements. 

This sampl ing rate gi ves a Nyquist limi t frequency of 625Hz, whi ch 

more than covers the flicker frequency band. Harmonic frequencies up 
to th~ eleventh harmonic of 50Hz will also be recorded accurately. A 
further SDK-S8 microprocessor system was used to undertake all data 

logging from the laboratory equipment. 
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Such a system was used because it coul d easily be incorporated into 
the system establ ished for programming the TCR control SDK-88s from 
the Departmental Microprocessor Laboratory's development system. The 
8088 processor posessed a 16-bit data highway, allowing high accuracy 
data handling, and the 20-bit address bus could give access to up to 

1M 16-bit words. 

Twelve-bit analogue to digital converters CADCs) were used, giving a 
quantisation noise threshold of -72dB in the time domain. This would 
enable high-accuracy studies of recorded data to be carried out on 
the mainframe computer. The program listings for the sampling 
program is given in Appendix H. 

The sampl ing process was initiated by a 10 microsecond pul se output 

from the AIM-65 system (Appendix D) in synchronism with the first 
point in the 1.78 second data cycle. The sampling SDK-88 detected 
this pulse on 8-bit ADC addressed at F800, and then executed a 
3-channel, 800 microsecond sampling loop 2225 times. 

The stored data caul d then be uploaded from the SDK-88 memory to a 

data file on the Tektronix 8650 MUSDU, for transfer by IBM 3470 
format floppy disc to the IBM mainframe computer. 

The 12-bit ADCs proved to be more susceptable to temperature effects 

than were the 8-bit ADCs used for the TCR control scheme. 
Re-calibrating the sampling circuitry proved to be time consuming and 
tedious. The problem was solved by preceeding the sampling program 

by a short block which interactively sampled each ADC three times for 

each of three externally applied voltages: Positive Full Scale 

Deflection (FSD), ZERO and Negative FSD. Thus each block of data 

would always be accompanied by digital samples of known reference 
voltages enabling absolute sampled vall.es to be ca~cu1ated 

computati onally. 

The 12-bit ADC and sampl ing circuitry are shown in Appendix H after 
the sampling program. 
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5.3 TCR PERFORMANCE WITH THE ARC FURNACE MODEL 

The TCR compensator was connected in parallel with the llboratory arc 
furnace model at the point sho\'1n as 'B' in Figure 3.8. 
Disturbances of the line voltage waveform at the point of coupling 
produced varyi ng fi ri ng ang1 es in each branch of the TCR. The effect 

of the TCR compensator operation may be studied ~oth in the frequency 
domain and in the time domain. 

The values of integration limit, LIr~IT, set for different sets of 
results were given in Table 5.1. 

5.3.1 Frequency Domain Study of Compensator Action 

Section 5.2 shol;/ed the advantages of using spectral analysis 

techniques for the examination of distorted waveforms where a range 
of frequency components are of interest. 

Figures 2.26, 2.27 and 2.28 gave the power spectral density of the 
supply voltage with and without the arc furnace model operating. The 
power levels of frequencies modul~ting the 50Hz 'carrier' are 
obtained by the summation of the components in the upper and lower 
sidebands. The arithmetic sum of the power in all modulating 

frequencies is then the power component of the 'flicker voltage' 

V f. The frequency components of V f that are of primary interest 

are those in the range a-30Hz. These then occur in the abso1ut~ 
frequency range 50Hz t 30Hz, i.e. 20Hz ~ f ~ 80Hz. For some flicker 

improvement factor to be obtained, it was necessary that the TCR 

compensator reduce the 1 evel of di stur:'ances wi thi n this pa rti cul ar 

frequency band. 

The results show the power spectra of the distorted voltage waveforms 

in dB. A change in level of 6dB at a particular frequency represents 

a change in voltage ratios by a factor of two. -6dB is therafore one 

ha 1 f of the rel ati ve vol tage 1 evel, and t6dB is doub1 e the rel ~ti ve 
voltage level, at the chosen frequency. 
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All plots of pO\,ler spectra showing- TeR compensator action are shown 
wi th the uncompensated di storted vol tage plotted on the same axes. 
The compensated power spectrum is shown as a fine line, to be 
compared with the heavier line plotted to show the uncor.Jpensated 

spectrum. 

The areas 'where d reduction in pO'l'ler was achieved by the TeR 
compensator are shaded so that the regions of attenuation may be more 

easily compared with any regions of -3mpl ification. This form of 

presentation al so highl ights the 'cross-over' frequency bet\'Ieen 
amplification and attenuation. 

Figure 5.5 gives a comparison of the line voltage power spectral 

density with and without the operation of the TeR compensltor. .All 

results presented in this form give the uncompensated line voltage 
power spectrum as a heavy line, and the compensated line voltage as 

the lighter line. 

If the plots are studied in isolation from each other, differences 
between them are not immediately clear. Presenting dual plots on the 
same axes allows comparisons to be made, and the effects of changing 
TeR compensator control parameters are now studied. 

(i) LIMIT = LIMIT1, R = 226.9, K = 0.915 

Figure 5.5 shows the power spectrum of the line voltage 

VR-Vy-

A reduction in the power of components in the absolute 

frequency range 20Hz-90Hz is evi dent, but the deta i 1 s of such 

improvement lack clarity. 

Figure 5.5 shows only the lower sideband of Figure S.S. The 

power in modulation frequencies 0-30Hz (absolute frequencies 

50-20Hz) is reduced by the compensator by between a and -6dB. 
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The I cross-over frequency I 'Nhere the compens.ltor acts to 
increase rather than attenuate is at a modulation frequency of 
approximately 35Hz (15Hz and 85Hz absolute). What can be seen 
from the upper side~and in Figure 5.5 would suggest a simillr 
if not better performance. The hi gher frequency effects are 
shown in Figure 5.7 with the VRy lille voltage pO\'1er spectrum 

to 500Hz. 

The changes in harmonic power amplitudes due to the TCR 
compensator are: 

3rd Har~onic +4dB 
5th Harmonic -4dB 
7th Harmonic +2.SdB 

(ii) LIMIT = LIMIT2, R = 226.9 Volts, K = 0.916 

The reduction in the power of frequency components in t~e 

0-30Hz modulation band was far less for this value of LIMIT 
corresponding to a steady state a : 135 0

• 

Figure 5.8 shows the lower 50Hz modulation side~and in detail -
the sharper appearance is due to the use of a 300mHz bandwidth, 
giving higher resolution in the frequency dom,lin. Any 
improvement due to the TCR compensator operation is always less 
than 4dB. 

The correspondi ng power spectrum to 500Hz is shown in Fi gure 
5.9. This shm'ls a marked increase in the power of frequency 
components in the 200Hz-500Hz band for TCR operation. 

The effects on harmonic amplitudes of TCR operation ar~: 

3rd Harmonic OdB 
5th Harmonic +3dB 
7th Harmonic +3dB 
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(iii) LIMIT = LIMIT3, R = 226.9 Volts, K = 0.916 

Steady-state sinusoidal tests (5.1) indicate that this value of 
LIr~IT, giving a steady-state a :: 170 0

, will offer poor shunt 
reactive compensation. 

Thi sis borne out by the ,"esul ts for operati on with the arc 
furnace model, presented in Figures 5.10 and 5.11. 

(iv) LIMIT = LIMIT1, R = 226.9 Volts, K = 0.860 

Thi s increased rati n9 of the TCR compensator corresponds to 
that used for the later 'steady state sinusoidal' tests in 
Sections 5.1.1 and 5.1.2. The three phase rating is 512 VAR 
corresponding to a elF value of 1.11 (see Section 5.1.1). 

Figure 5.12 shows the line voltage spectrum to 100Hz. 
Compensator action is particularly marked in the upper 
modulation sideband, and the cross-over frequency is 
approximately 20Hz. Figure 5.13 shows that increasing the 
compensator rating has increased the amplification of 
frequencies above 100Hz - there are particularly noticeable 
pea'ks in the power spectrum at 100Hz and 200Hz, where the 
amplification is approximately 10dB. 

Figures 5.14 and 5.15 indicate some improvement in the 
attenuation of modulation frequencies up to approximately 25Hz 
(i.e. 25 ~ f ~ 75Hz absolute), but with greater amplification 
of modulating frequencies between 40 and 50Hz relative to the 
50Hz ,carrier. 

(v) LIMIT = LIMIT2, R = 226.9 Volts, K = 0.860 

Increasing the integration limit from LIMITl to LIMIT2 (see 
Table 5.2) can be seen from Figures 5.16 and 5.17 to give a 
large increase in the amplification of modulation frequencies 
between 40Hz and 50Hz relative to the 50Hz carrier. 
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The cross-over frequency is unchanged at approximately 25Hz. 
The 'flicker band ' attenuation is lessened but it is still 
noticeably better than that obtained with K : 0.915 (Figure 5.8). 

The power spectrum to 500Hz in Figure 5.18 highlights th~ 

ampl ification at 100Hz and 200Hz ~bsolute, and shows general 
broadband ampl ification simil ar to that found for K : 0.916 
(Figure 5.9). 

(vi) LIMIT: LIMIT3, R : 226.9 Volts, K : 0.860 

The change in the power spectrum due to TCR operation is once 
again extremely slight for the large integration limit. Figures 
5.19 and 5.20 show an almost identical power spectrum to that 
obtained with K : 0.916 (Figures 5.10 and 5.11), with possibly 
greater amplification of absolute frequencies less than 10Hz. 

5.3.2 Time Domain Study of Compensator Action 

The depression of the line voltage due to TCR operation is illustrated 
in Figure 5.21. The three line voltage waveforms :jt the point of 
compensator connection are shown, but the plots are not sync:'ronous 
and aim only to show the distortion of the 50Hz supply waveform due to 
TCR conduction. The varying firing angle is shown clearly for one 
branch of the compensator in Figure 5.22, and the corresponding 
laboratory line voltage, Va-VR, at the point of compensator 
connection is shown above the current trace. The time 
t : 0 for Fi gure 5.22 is fixed by the pul se output from the AIM-55 
system at the start of each furnace model data cycl e. 

The same pulse fixed t : 0 for each trace of Figure 5.23 which shows 
the TCR compensator branch currents when connected in parallel with 
the arc furnace model. 

Only 0.2 seconds of the full 1.78 second data cycle are shown in the 
interests of clarity. However, the independent phase angle control of 
each TCR branch is clear, with variation of the conduction angle over 
the full working range. 
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+200 

VRY 

(Volts) 

180 

O~------------------~------------------t-
o 

+200 

VYB 

( Volts) 

O~------------------~r-----------------~r-
o 

-200 

VSR 

( Volts) 

O~------------------~r--------------------+-

-200 

Fig. 5.21 : 3-phase line voltage depression due to TCR switching 



-245-
+1.1 

IcoHP3) 
(Amps 

o 

-1.1 
I 

~t 

I 

I 
t=o.Ss I 

t=os 
Fig. 5.22 : .TCR branch voltage and current waveforms when connected to ·the arc furnace model -Q:) -



1.5 

ICOMP1 

(Amps) 
o 

1.5 

1.5 

ICOMP2 

(Amps) 
o 

1.5 

1.5 

ICOMP3 

(Amps) . 

o 

1.5 
I 

I 
t=Os 

Fig. 5.23 : TCR three-phase branch currents 

when connected to the arc furnace model 

182 

I 
t=O.2s 



183 

5.4 ESI FLICKERMETER STUDIES 

Spectrum analysis has ~een shown to be a suitable tool for the 
compari son of compenntor performance indifferent frequency !lands 

(see Section 5.3.1). However, this thesis has not yet related the 
measured magni tudes of frequency components to the 'annoyance 1 eve1' 
described in Section 3.1.3. A comparative study in the l.1boratory 
must at some stage be judged in absolute terms. 

5.4.1 The Use of the Digital F1ickermetar 

In the United Kingdom the CEGB and the Electricity Council worked 

closely wi th the UIE di sturbances commi ttee to fi nd a mathod for 

accurately assessing the f1 icker annoyance factor of a distorted 
supply voltage waveform. The result of tl,is work was a UIE digital 
flickermeter, first shown and described at the lEE Third 
International Conference on Sources and Effects of Power System 
Disturbances in May 1982. 

Its measurement method has been accepted as a Stlndard[20], .:lnd it 

is now being used widely for monitoring both flicker and voltage 
harmonics. Only a brief description of its operating method will be 
given here - more detailed treltments are available elsel'lhere[15]. 

A Digital Equipment Corporation (DEC) LSI 11/23 minicomputer controls 

all sampling, digital processing and outputs. Fourteen-bit digital 

sampl es are made at the rate of 300 per second. Analogue si gna1 

condi ti oni ng ci rcuits demodul ate the supply 'I'Iavefonn and wei gilt V f 
to simu1 ate the 1 amp and eye response. The time series output is 

sampled 75 times each second. 
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A cumulative probability function (CPF) is then constructed for the 
selected one of five ranges. Each range spans 200 classified levels, 

thus: 

Range 1 constructs a CPF from 0.05-10 
Range 2 constructs a CPF from 0.5-100 
Range 3 constructs a CPF from 5-1,000 
Range 4 constructs a CPF from 50-10,000 

The CPF is evaluated after each ten minutes, and also as a running 

average. 

Thus probability levels 

may be evaluated, giving the classified level that was exceeded for 
0.1, 1.0, 3.0, 10.0 per cent of the time. 

The Electricity Council's Engineering Recommendation P7/2 used only 
P
1

•
0 

to give a 'guage point fluctuation voltage' Vfg • The UIE 
Disturbances Study Committee has since agreed that a combination of 
different probability levels is required to give a representation of 
the 'flicker severity factor' Pf [19,20]. 

P
f 

is calculated for three levels of flicker severity: 

(a) Annoyance 
(b) Perceptible 
(c) Visible 

A factor of 1.0 for one of these levels would indicate that the 
measured disturbances were JUST annoying, perceptible or visible. A 
factor of 10.0 woul d indicate that the disturbances were ten times 
worse than just annoying~ perceptible or visible. 
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5.4.2 Arc Furnace Model without TCR Compensator 

In order to obtain 'reference' disturbance levels for the effect of 
the laboratory arc furnace model operating without a compensator, the 
ESI fl ickermeter was left connected to the point corresponding to 
point B in Figure 3.9. 
operated at its normal 
disconnected. 

The arc furnace model was continously 
rati n9, and the TCR compensator was 

The displayed results are given in Table 5.2. The values bbulated 
opposite probability levels Pxx are the classified levels described 
inSect; on 5.4.1. The val ues PMEAN and PSD have no meani ng for 
flicker severity, but PMEAN may be treated as a number 
representative of power. 

The important values are those opposite 'annoyance', 'perception' and 
'visible'. Thus the flicker voltage at point a (see Figure 3.9) is 

10 times more severe than 'just annoying', and 15 times worse than 
'just perceptibl e' or 'just vhibl e'. The measured val ues do not 
change between calculations for the 1 minute, 10 minute or overall 
levels because the model is repeating identical data every 1.78 
seconds. Thus even the 10 second uppercentile level is constant. 

5.4.3 Arc Furnace Model with TCR Compensator 

The compensator control was set to have parameters identical to those 
which indicated the best performance from Section 5.3.2. 

These parameters were: 

LIMIT = LIMITl (see Table 5.1) 
R = 226.9 
K = 0.860 

as reviewed in Section 5.3.2 (iv), Figures 5.12, 5.13, 5.14 and 5.15. 
The four Figures, 5.12 to 5.15, were produced at the same time as the 
flickermeter results were taken. 



CHANNEL 2 
RANGE 3 

PMAX 

PO•1 
PLO 
P3•0 
P10 •0 

PMEAN 
PSD 

Annoyance 
Perception 
Visible 

1 MINUTE LEVEL 10 MINUTE LEVEL 

230 230 

230 230 
225 225 
215 215 
200 200 

142 141 
42 42 

10 10 
15 15 
15 15 

Previous 10 second uppercentile level 225 

OVERALL LEVEL 

230 

230 
225 
215 
200 

141 
42 

10 
15 
15 

Table 5.2 Flickermeter results for the arc furnace model only 
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Table 5.3 shows the displayed results. The classified levels for 
each probability value are less than half those for the uncompensated 
model, and the annoyance factor has been reduced from 10 times worse 
to 6 times worse than Ijust annoying l

• 

It was encouraging to note that the flickering of a tungsten filament 
lamp connected at the point of measurment was also visibly reduced. 



CHANNEL 2 
RANGE 3 

PMAX 

PO•1 
PLO 
P3.0 
P10 •0 

PMEAN 
PSD 

Annoyance 

1 MINUTE LEVEL 

105 

100 
90 
85 
75 

57 
13 

6 

10 MINUTE LEVEL OVERALL LEVEL 

105 105 

100 100 
90 90 
85 85 
75 75 

57 57 
13 13 

6 6 

Perception 10 10 10 

Visfbl e 10 10 

Previous 10 second uppercentile level 90 

Table 5.3 Flfckermeter results for the compensated arc 
furnace model 

10 
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CHAPTER SIX 

A TWELVE-PULSE THYRISTOR-CONTROLLED REACTOR 

Twelve-pulse schemes have been successfully used in reactfffer 
equipment[127J to reduce the harmonic current generation. Such schemes 

use different sets of three-phase secondary \-li ndi ngs on the same 
transformer core to achieve current cancellation at harmonic frequencies 

greater than the third. 

Miller[9SJ concludes his study of TCR compensator harmonics by presenting 

a twelve-pulse arrangement. Such a scheme will be investigated here, with 
a study of control methods and their application for voltage flicker 

reduction. 

190 
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6.1 MODELLING AND CONTROL 

The six-pul se TCR compensator described in Chapters IV and V was 
shown to gi ve a reducti on in the fli cker frequency components of an 
arc furnace supply voltage waveform. The same 1 aboratory modell i ng 
techni ques were then applied to the construction of a twel ve-pul se 
TCR compensator. for application with the arc furnace model described 
in Chapter II. 

6.1.1 Modelling Requirements 

A twelve-pulse thyristor scheme will consist of two equally rated 
si x-pul se units connected in parall el • Phase di spl acement of one 

unit from the other may be obtained using different three-phase 
transformer secondary wi ndi ng arrangements for each six-pul se uni t. 
the primary windings being connected at the same point. This is more 
easily accomplished by using a single transformer with two secondary 
sets of windings sharing the same magnetic circuit with only one 
primary. Such a transformer is shown in Figure 6.1 together with the 
relevant voltage and current relationships. 

The twel ve-pul se TCR compensator three-phase rat; ng was requi red to 
be equal to the rating of the six-pul se compensator which gave the 

best flicker improvement results in Chapter V. The rating for full 

conduction was then 579VA. with the rating equally divided between 
the two six-pul se secondary circuits of the t.-t./Y transformer. Each 
compensator branch was constructed as a 'unit' of 1.00H inductance, 
connected in series with a STX 18_500[106] thyristor and O.50hm 

resistor for branch current measurement. Firing circuits were 
constructed to be identical to those used for the six-pulse TCR. 

The short circuit impedance of the t.-t./Y transformer was 

approximately 0.5 + jO.20hms, considered to be negligible compared to 

the reactance of the compensator inductances. The transformer 
magneti si ng current was approximately 0.4A. and s11 ght distortion of 
the supply voltage waveform was observed because of this. 
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Fig. 6.1 :Y -A/Y transformer winding connections with vOltage and current relationships 
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6.1.2 Conduction Patterns 

Both the transformer Y and t. secondaries were connected to identical 
t.-connected three-phase TCR units. The defi niti on of ci rcui t 
parameters is given in Figure 6.2. The conduction patterns within 
each of the t.-connected TCR uni ts are i denti ca 1 to those shown in 
Chapter IV, but to a common time reference all vol tages and currents 
in the arrangement connected to the Y secondary 1 ead those connected 
to the t. secondary by a phase angle of 30° as shown in Figure 6.1. 

The sum of the currents drawn by the two secondary ci rcui ts is then 
drawn from the supply by the trans former primdry. Conducti on 

patterns are best studied for each secondary six-pul se TCR 
arrangement operating in isolation from the other, then the principle 
of superposition may be used to obtain the combined effect on the 
primary ci rcui t. Fi gure 6.3 shows the current conducti on patterns 
for thyristor firing delayed at 100, 135 and 170 degrees after the 
respective voltage zero crossing. Figure 6.4 shows how the currents 
add in the primary circuit. 

6.1.3 Control Requirements 

An advantage of the Y-Y/tJ. twelve-pulse TCR system is that thyristor 

conduction in the relevant branch of the t.-connected secondary 
circuit may lead the conduction in the V-connected secondary circuit 
by a phase angle of 30°. The flexibility of the microprocessor-based 

control equipment all owed it to be easily adapted for use wi th the 

twel ve-pul se scheme. Each of the three mi croprocessors conti nued to 
sample separate line voltages, and decide on thyristor firing angles 

using an 'integral of voltage difference' calculation similar to that 
described in Chapter IV. 
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Fig. 6.3: Y-.:l /Y 'll'ansformer secondary current conduction patterns 
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Figure 6.5 shows the allowal:>le conduction angles for both of the 

secondary circuits, with respect to the primary line voltage that is 

sampl ed by the control system. We defi ne the peri od when current is 

fl owi ng in the 30 degrees phase advanced six-pul se unit as I fi rs t 

stage conduction', and that period when current is flowing in the 

in-phase six-pulse unit as 'second stage conduction'. It is clear 

from Figure 6.5 that if the voltage-zero crossing is retained for 

initiation of the integration procedure (see Section 4.2.3), then the 

earli est fi ri ng angl e for fi rst-stage conducti on is preceded by an 

integration period of only 3.33 mill iseconds. This shorter 

integration period could easily have been overcome, but the control 

philosophy for the twelve-pulse system did not demand such action. 

It was intended that the speed of response of the TCR compensator 

could be improved by having the ability to initiate first-stage 

firing as soon as possible. 

It was hi ghly 1 i kely that such shorteni ng of the i ntegrati on peri od 

would result in some loss of accuracy in the compensation system, and 

therefore the second-stage conduction period would be used for slower 

and more accurate control. 

The microprocessor systems required modification of the control 

programs to achieve the following items in both positive and negative 

half-cycle sections of the control routine: 

(a) Integration from voltage zero-crossing to a lower integration 

limit, LIMIT1, set to initiate first-stage conduction. 

Integration then to continue to a higher integration limit, 

LIMIT2, for second-stage conduction. 

(b) Restriction of first-stage firing pulse output to between 3.33 

and 8.33 milliseconds after primary voltage zero-crossing. 

The assembler language program, 'FirBsub.asm', is listed in full in 

Appendix K. 
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Fig. 6.5 :y-tl./Ytranatormer primary line voltage with secondary 

current conduction angle. 



6.1.4 Control Variables 

The variables in the twelve-pulse TCR control algorithm are similar 
to those treated in Section 4.2.4 for the six-pulse version: 

i.e. (1) The sample loop delay, D. 

(i1) The reference sinusoid vR(wt). 

(iii) The integration limit, LIMIT. 

and these are once again considered in turn. 

(i) Sample Loop Delay, D 

The same block of program code as g1ven in Section 4.2.4 was 
used to allow a variable hexadecimal value, 0, to be inserted 
into every sampling loop. There are now four such sampling 
loops in the program, covering the integration periods before 
the fi rst and second stage f1 ring for positive and negative 
ha 1f cycl es. 

'The sample loop delay time, At, was thus adjusted to be as 
near as 74.0 microseconds as possible, and the times obtained 

were: 

System 1, positive half cycle, first stage At = 74.1 Ilsecs 
positive half cycle, second stage At = 74.5 Ilsecs 
negative half cycle, first stage At = 74.1 IJsecs 
negative half cycle, second stage At = 74.3 Ilsecs 

System 2, positive half cycle, first stage At = 74.1 IJsecs 
positive half cycle, second stage At = 73.9 Ilsecs 
negative half cycle, first stage At = 74.1 Ilsecs 
negative half cycle, second stage At = 73.6 Ilsecs 

199 
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System 3, positive hal f cycl e, fi rst stage ~t = 74.1 Ilsecs 
positive hal f cycl e, second stage ~t = 73.4 Ilsecs 
negative hal f cycl e, fi rst stage ~t = 73.3 Ilsecs 
negative half cycle, second stage ~t = 73.9 Ilsecs 

The final location of bytes representing '0' in RAr~ were 20, 
101, 194 and 275 bytes respecti vely from the start of the 
'FirBsub' object code program block. 

(ii) The Reference Sinusoid, vR(wt) 

The ADCs and sampling circuitry was left as set for the 

six-pulse TCR compensator. 

The open ci rcui t 1 i ne vol tage of the laboratory model was 
nominally 175 volts, and it was found that the magnetising 
current of the ll-ll/Y transformer depressed this vol tage to 

approximately 171 volts. 

Full three-phase TCR conduction, in both first and second 
stage units, further depressed tha line voltage to 
approxima tely 149 vol ts. The reference si nusoi d val ues were 
set in RA."'1 to be equivalent to a sine wave with an RMS value 

of 146 volts. 

The LSB of the data byte represents 2.063 volts, therefore 

!R = 127 + 100 sinwt 

With the sampl ing frequency at approximately 74 microseconds, 
there were once again 133 reference points calculated for each 
half cycle. These were stored in look-up tables 'sine1' and 
'sine2' in RAM and are given in Appendix K. 
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(iii) Integration Limit, LIMIT 

Each of the three controllers required four integration limits 
to be set in RAM to datermine the position of the four 
thyristor firing pulses through each 50Hz voltage cycle. 

POSLIMI - Determined the position of the first-stage firing 
pulse in the positive half-cycle. 

POSLIM2 - Determined the position of the second-stage firina 
pulse in the positive half-cycle. 

NEGLIMI - Determined the position of the first-stage firing 
pulse in the negative half-cycle. 

NEGLIM2 - Determined the position of the second-stage firin3 
pulse in the negative half-cycle. 

The most successful thyristor fi ri ng angl es for the six-pul se 
TCR were shown in Chapter V to be those giving a = 100·; 
allowing the greatest range of control as the model arc 
furnace current increases toward the short-circuit v~lue. 

The integration limits were set in the twelve-pulse TCR to 
correspond to a = lOa· 

i.e. £ = 70· and a = lOa· 

Part 6.2 details how these integration limits were set for a 
steady-state study, and Part 6.3 gives the results of applying the 
system to the fluctuating model arc furnace load. 
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6.2 STEADY-STATE TUNING AND PERFORMANCE 

The studies performed for the six-pulse TCR compensator in Part 4.3 
gave an appreciati on of the effects of changi ng different control 
variables. The most useful of these was judged to be the 'shunt load 
TCR compensation' experiment (4.3.3 (it» and this WdS repeated in 
various forms for the twelve-pulse scheme. 

6.2.1 Thyristor Firing and Conduction Limits 

The thyristor firing circuitry and isolation transformers were 
identical to those used for the six-pulse TeR compensator described 
in Section 4.3.1. The same 8-bit output port was used to transfer 
firing commands to the pulse stretching and amplification circuitry. 
The latching circuitry was particularly important for this 
application, where to apply a long output pulse from the processor 
would have inhibited integration following first-stage firing. 

The SDK88 'SI' register was again used as a counter and incremented 
through 133 steps, one for each analogue to digital conversion made 
in the half-cycle. Tables of the reference sinusoids 'sine1' and 
'si ne2' are not presented here, but may be found at the end of the 
'FirBsub.asm' program listing in Appendix K. 

This counter 'SI' was agai n used as a reference for the program to 
determine whether firing should be allowed, and the values were used 

to limit t and a to: 

and 

60
0 

~ t ~ 150
0 

90
0 

~ a ~ 180
0 

T~J limiting values appear in the program listing (Appendix K). 

6.2.2 Steady-State Reactive Compensation Results 

The step changes and depression of the model supply 1 ine vol tage 
waveform varied according to the firing angles t and a. 
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Figure 6.6 shows how the open circuit line voltage is depressed by 
operation of the first-stage unit, with the second stage unit 
disconnected. The limits required for this steady-state 'open 
circuit' condition were: 

POSLlM1 = 256 dec, @ 0100 NEGLlrU = 192 dec, @ OOCO 

for each of the three systems, giving & ~ 70°. 
The corresponding waveforms for second-stage conduction only are 
given in Figure 6.7. A value of a = 110° was obtained with limits set 
at: 

POSLlM2 = 448 dec, @ OlCO NEGLlM2 = 384 dec, @ 0180 

Further tests were performed wi th the fi rst and second stages acti n9 
in isolation from each other to compare the shunt compensation 
effects of the separate halves of the twelve-pulse TCR system before 
both stages were used together. 

Figure 6.8 shows the steady-state inductive load compensation test 
circuit, and the V-I characteristics obtained. 
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6.3 TWELVE-PULSE TeR PERFORMANCE WITH THE ARC FURNACE MODEL 

Before attempti ng to operate both stages of the twel ve-pul se 
compensator together, each stage was connected in turn to the 
laboratory arc furnace model. 

The integration limits given in Section 6.2.2 remain applicable, 
since they were set for the condition where the inductive test load 
current was zero. 

The arc furnace model was operated at its rated value as described in 
Chapter II, causing the TCR conduction angles to change 
cycle-by-cycle. 

Figures 6.9, 6.10, 6.11 and 6.12 show the change in the line voltage 
power spectrum caused by operation of only the fi rst-stage of the 
twelve-pulse TeR. Figures 6.13, 6.14, 6.15 and 6.16 show the spectra 
corresponding to operation of the second-stage only. 

Both stages give d reduction in the a-50Hz modulation frequency 
sidebands similar to the results presented for the six-pulse TCR 
compensator in Chapter V. 

Operati ng both the fi rst- and second-stage uni ts of the twel ve-pul se 
TCR system together required that the integration limits be adjusted 
in order to keep £ : 70 0 and a : 110 0 for the three-phase system. 

The limits set to achieve these firing angles, with no model arc 
furnace current flowing, are shown in Table 6.1. 

Figures 6.17, 6.18, 6.19 and 6.20 show the change in power spectra 
caused by operation of both stages of the t.wel ve-pul se TCR 
compensator. 

It is apparent that the twelve-pulse system as operated did not 
achieve as great a reduction in low frequency modulation power as the 
six-pul se TCR compensator showed. The reasons for the disappointing 
results may possibly lie in the control strategy used, and this is 

discussed further in Section 8.1.2. 
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SYSTEM 1 SYSTEM 2 SYSTEM 3 

POSLIM1 0080 0080 0060 

POSLIM2 0120 0120 OOBO 

NEGLIMI 0060 0020 0020 

NEGLIM2 OOCO OOBO 0040 

Table 6.1 Hexadecimal Integration Limits for the twelve-pulse 
TCR Compensator 
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7.1 THE PRINCIPLE OF THE COMPUTATIONAL MODEL 

As the Temp1 eborough arc furnace install ati on and its supply (Part 
2.2) were modelled physically in the laboratory (Part 2.3), it was a 
parallel aim of this research project to construct a digital model. 
The main benefits of such a model would be found in the study of 
various compensator arrangements and their control. This could be 
achieved prior to the construction of such systems in the laboratory. 

The approach to the digital modelling was essentially simple: Values 
of current measured at the installation would be used to calculate 
vol t-drops across known impedances. The vol tage at any point in the 
network would thus be known with respect to some reference. 
Additional currents due to compensator connection would suitably 
modify the calculated voltages. 

The details of such a technique are studied below. 

7.1.1 The System to be Modelled 

Chapter II, Part 2, describes the Temp1eborough system in detail, and 
shows how the impedance of the supergrid transformer SGT4 dominates 
in the supply impedance to the 33kV furnace busbar. The transformer 
windings were connected Y primary and ~ seconday. If per unit (p.u.) 
values are maintained the transformer voltage ratio need not concern 
us. 

The form of the measured current waveforms is extremely 
non-si nusoi da1 (Fi gure 2.3), and a step-by-step sol ution of ci rcuf t 
equations required instataneous circuit equations rather than a 
treatment for RMS quantities. 

The impedances for the supply system were given in Section 2.2.1 as 
percentage values to a 100MVA base. Referring all impedances to 33kV 
gives Zbase = 10.89 Ohms and the following ohmic impedances for the 
supply system at 50Hz: 



Ztot = (0 + jO.1307) 
+ (0.0565 + j2.595) 
+ (0.00218 + jO.01089) 

•• Ztot = 0.0587 + j2.737 Ohms 

Ohms 
Ohms 
Ohms 

275kV Supply 
SGT4 
33kV Cable 

The total 50Hz inductance of the system is then 8.711 millihenries. 
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The three phase resistance and inductance network is shown in Figure 
7.1. For balanced sinusoidal conditions the RMS values of 
11,12,13,14,15' and 16 would be equal, and a one-line 
diagram would suffice. For this study of instantaneous unbalanced 
currents, all three primary and secondary circuits must be considered. 

7.1.2 Measured and Calculated Currents and Voltages 

The line currents corresponding to iR,i y and iB in Figure 7.1, 
and the phase voltages at those points, were measured and recorded by 
the CEGB (see Section 2.2.2 and Appendix B). The ~-y transformation 
described in Section 7.2 yields 11'12 and i 3• The knowledge of 
these current values allows resistive volt drop to be calculated, and 
the value of di/dt at the same instant (see Section 8.3.2) may be 
used to obtain the values of 'voltages at all points in the network 

using: 

~V = Ri + L di 
dt 

for each branch. 

Figure 7.2 gives the notation used to refer to currents and voltages 
-It different poi nts of the network. At this stage i 4' 15,1 6 and 
derivatives are equal to iR,iy,i B and derivatives. 
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A step-by-step computational process was then used with the recorded 
furnace currents as the driving function. The same span of data as 
used for the physical laboratory model was used, without cubic spline 
interpolation between recorded values of current. The currents 
i1'i 2,i 3 and their derivatives may be calculated from 
i
4
,i 5, i6 and their derivatives, via the A-Y current 

transformation (see Section 7.2). Then the voltages v1'v2,v3 
may be found lt each step by subtracti ng a cal cul ated vol tage drop 
from the sinusoidal infinite busbar voltages vS1,vS2 and vS3 ' 

i.e. v1 = vS1 - RSC i 1 - (LS+LSC) d i1 
at 

v2 vS2 i2 i2 

v3 vS3 i3 i3 

Where vS1 = Vss1nwt 
vS2 = VSsin(wt+2w/3) 
vS3 = VSsin(wt-2w/3) 

and (J = 100w 

The V-A vol tage transformation from Section 7.2 then yields v4' vS 
and v6' and: 

v7 = v4 - RCAB i4 - LCAB d 14 
at 

v8 v5 1S 15 

v9 v6 i6 16 

It is the 'flicker voltage ' component of v7, v8 and v9 that may 
be reduced by the addition of a suitable compensating network to 
modify i4,iS and i6• This is studied further in Part 7.4. 

The computational process was carried out for each of the 2225 
sequential samples in the 89 cycles used. The real time sampling 
interval of 800 microseconds was not relevant to the computational 

process. 
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The program to model the supply system carryi ng arc furnace currents 
was written in the FORTRAN language, and the full program listing is 
given in Appendix J. Comment statements within the listing explain 
its operation. 

7.1.3 Inputs to the Arc Furnace Model 

The main FORTRAN program~ SYSMOD6 (Appendix J) was stored in compiled 
form, and run repeatedly with varying input parameters read from 
files of data set up for input to the program. The system, and files 
used, is described further in Appendix J. 

The main requirement for the operation of the arc furnace numerical 
model is the accurate time-series data for arc furnace three-phase 
line currents and their first derivatives. A further three channels 
were used to input the recorded three-phase vol tages for compari son 
with calculated values, giving: 

CHANNEL: 1 2 3 

INPUT: vR vY 

4 

is 

6 

iy 

7 8 9 

diy 
crt 

The first derivatives of line current were calculated using the cubic 
spl ine fitting routines described in Appendix C. A further input 
file, 'SYSMOD OPTION', contained the required settings for program 
flow bit settings, results formats and iteration loop limits. 

7.1.4 The Phase Angle 15' 

When the current drawn by the arc furnace installation is low, the 
voltages v will be practically in phase with the supply 7,a,9 
voltages vS1 ,S2,S3. The circuit impedance is dominantly inductive, 
and as the current drawn from the supply increases so v7,a,9 will 

lag vS1 ,S2,S3 by an increasing amount. 
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The CEGB recordings of current, iR,Y,B' were accompanied by 
simultaneous recordings of phase voltage, vR,Y,B' The voltage 
recordings were used to generate line voltage values vRY,YB,BR for 
comparison with the calculated v,llues v7,8,9' The recordings alone 
give no indication of the phase of the recorded currents rglative to 
infinite busbar voltage. The varying phase angle which may be 

observed between i R, Y ,B and vR, Y,B is a functi on of the chcln~i ng 
v~lue of the unknown impedance Zu (see Figure 3.10). 

where 

The values of iR,Y,B and V7,8,9 will both vary in ph-3se relative 
to vS1 ,S2,S3; and a nominal angle of 16

1 radians may be attached to 
the difference between the first zero crossings of fR and vS1 ' 

Runni ng the full program for each of the 2225 poi nts wi 11 generate 

the c-3lculated values of v7,8,9 for 89 cycles. If 16
1 has been set 

incorrectly then v7,8,9 will be out of phase with the voltage 

vRY,YB,BR obtained from the recordings. This phase error was used 
to adjust 16

1 iteratively until the error magnitude was reduced below 
a set average limit of 0.1 radians per cycle, giving 

16
1 = -0.235 radians 

which is a phase angle of 14 degrees. 
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7.2 y-~ TRANSFORMER CURRENT AND VOLTAGE TRANSFORMATIONS 

Figure 7.3(a) shows the primary and secondary currents and voltages 
at the terminal s of a y-~ transformer, and gives a notation to be 
used for the winding voltages and currents where necessary. 

Figure 7.3(b) shows the coil sense notation to be used. 

7.2.1 Current Transformation 

The star point of the load on the secondary windings is the arc 
furnace melt pool. The melt pool is insulated from surrounding metal 
work by refractory brick, and there is no 'neutral' return to the ~ 

wi ndi ng. Therefore there can be no zero sequence component in the 

secondary circuit, and: 

iX + iy + i Z = 0 

and i4 + is + i6 = 0 

Then v4 =~ vB and iy • J ;2. where II is the turns ratio. 

For the secondary circuit: 

Giving, 

i4 = iy - iX 

is = i Z - iy 
i6 = ix - i z 

Using the vectors 

iy = .4:is 
3 

IXYZ = 

[:~] 
and 1456 = 



.~ 

Fig. 7.3(a) : Definition of transformer primary and secondary 
winding voltages and currents 

ip is 

Fig. 7.3(b) : Transformer winding voltage - current conventions 
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We have, 

IXYZ = 1 [el 1456 
j 

where [el is the matrix 

[-~ -~ ~] 
o 1 -1 

But, 1123 =...[3I XYZ ' where N is the turns ratio. 
N 

Then, for N = 1, 

It may also be shown that, for N = 1, 

where ret] is the transposed matrix of [e]. 

7.2.2 Voltage Transformation 

Using the vector and matrix notation for 

VABe = 

then, 

But, 

VABe = 1 [el V123 
j 

and V645 = 

V645 =..;3 VABe where I~ is the turns ratio. 
N 
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Then, for N = 1, 

It may also be shown that, for N = 1, 

and V ABC =~ [Cl Vabc 

where [Ctl is the transposed matrix of [Cl. 

7.2.3 Current Derivative Transformation 

For each of the primary-secondary coil pairs as shown in Figure 7.3(b) 
the mutual inductance, t4, rel ates vol tage and current such th~t: 

Vp = -M Ms 
Giving, 

~ = 
stat 

For N = 1, IS = Ip 

Vs = Vp 

and 

and Vs = -M ~ 

~ = M 
plOt 

The current 
hold for 

transformations established in Section 7.2.1 therefore 

the first order differentials of 1123,1456 and 

IXYI" 
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7.3 PERFORMANCE OF THE COMPUTATIONAL ARC FURNACE t40DEL 

Comparisons of measured vol tage waveform distortion have been made 
(Sections 2.4.3 and 5.3.1) by studying the distribution of each 
signal's power spectral density. The modul,ltion frequencies of 
particular interest for a 'flicker' analysis are contained in the 
0-30Hz sidebands of the 50Hz supply voltage power spectrum. 

The computational model, described in this Chapter, used measured 
values of line current and its first derivative to calculate a 
di started supply waveform. The compari sons between rell and 
calculated distorted voltages are now presented, firstly in the 
frequency domain and secondly in the time domain. Finally, the 
results of demodulating the supply voltage waveform are shown to 
require careful interpretation. 

7.3.1 Results Comparison using Power Spectra 

Only the phase voltages at the Templeborough 33kV busbars were 
measured and recorded by the CEGB. Section 2.2.2 showed how the 
study of line voltages calculated from these phase voltages 1s 
valid. The line voltages derived from the phase voltage recordings 
are denoted MVRY MVYB r~VBR, and their power spectra are given in 
Figure 7.4(a}(b}(c}. 

The computational model described in 7.1.2. and listed 1n Appendix J, 

produced the line voltages CVRY CVYB CVBR representing those 
occurring at the 33kV busbar. The power spectra of MVRY and CVRY are 
given in Figure 7.5(a) and (b) respectively. The equiv.Ilent 
compar1 sons for MVYB/CVYB and f4VBR/CVBR are not presentad, because 
the red-yellow line voltage spectra compared in Figure 7.5 are 
representative of the three-phase voltages. 
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Points arising from a study of Figure 7.5 are: 

(1) The upper modul at ion si deband of CVRY has a power spectral 
density distribution very close to that of MVRY. The 'peak and 
trough' formation of the spectrum in this band is almost 
identical, with the most obvious differences being in the 
absolute power levels of a few frequency blocks (e.g. 57Hz, 
66.5Hz, 77Hz, 92Hz). 

(ii) The lower modulation sideband of CVRY is far less in agreement 
with that of r~VRY. The most striking difference occurs in tha 
absol ute frequency range 1Hz to 20Hz. Here the power spectral 
components are, on average, some 20dB lower for CVRY than those 

in ~WRY. 

(i i i) Modul ati on frequenci es that are most importdnt for any 
, f1 icker' study have been cal cul ated wi th reasonab1 e accuracy. 
There are some discrepancies, but it is not necessary for CVRY 
exactly to equal MVRY. CVRY will be a perfectly sati sfactory 
reference distorted voltage from which to proceed with a study 
of reactive compensation. Reactive compensation will modify 
the power spectrum of CVRY and allow changes in the powers of 
the modulating frequencies to be assessed for a relative 
improvement factor. 

7.3.2 Results Comparison in the Time Domain 

Early work placed greater significance on the distorted voltage 
waveform rather than its power spectrum[8,66]. The 33kV phase 
vol tages from the recorded Templ eborough data were shown in Fi gure 
2.3 as MVR, MVY and MVB. Each of these voltages shows severe 
distortion from the sinusoidal form, and the distortion is 
particularly noticeable about the voltage peaks. 
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The computational model described in Section 7.1.2 and listed in 
Appendix J, produced the line voltages CVRY CVYB CVBR representing 
those occurring at the 33kV busbar. MVRY is repeated for comparison 
with CVRY over ninety 50Hz cycles in Figure 7.6. The corresponding 
waveforms for MVYB/CVYB and MVBR/CVBR are not presented, because the 

red-yell ow vol tage is representative of the fonn of the otl1er 1 i ne 

voltages. 

A cursory study of Figure 7.6 shows that the sudden and severe 
voltage chdnges for MVRY are absent from CVRY, and suggests that the 
modulation voltage, Vf , is far lower for CVRY. 

The fi rst four 50Hz cycl es of MVRY and CVRY are presented in :nore 

detail in Figure 7.7, which clearly shm'ls the greater magnitude of 
MVRY's departures from a sinusoidal form. 

The disagreement between these measured and calculated line voltages 

is then most pronounced for high frequency disturbances of the 

s i nusoi dal waveform. Lower frequency modulation of the 50Hz supply 
voltage cannot be discerned from Figure 7.7, but closer inspection of 
Figure 7.6 shows that the sub-harmonic modulation is of a similar 
magnitude for both waveforms. This is highlighted when MVRY and CVRY 

are given in the time-compressed form of Figure 7.8. The 

quantitative study in Section 7.3.1 shows that the power levels of 

modulating frequencies between 1 and 30Hz are almost identical. 

7.3.3 Demodulation 

Modulating frequencies causing l.lmp flicker may be seen in greater 

detail in the time domain if the 50Hz fundamental 'carrier' waveform 
is removed from the time series data. 

Such a process was easily accompl ished on the mainframe computer for 

the 90 cycles of data used by both the physical ~nd computational 

model. 
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The FORTRAN subroutine DEMOD call ed from the main SYSMOD6 program 
effected numerical demodulation of any waveform with a dominant 
fundamental frequency. The listing of DEMOD, together with all other 
subroutines called from SYSMOD6 is given in Appendix J. 

Figure 7.9 presents the original and calculated line voltage as for 

Figure 7.6, except th~t a 50.06Hz sinusoid with RMS value 33.41kV hdS 

been subtracted from MVRY and CVRY to gi ve the demodu1 ated vol tages 
DMVRY and DCVRY. The greater magni tude of distorti ons for r~VRY is 

once again emphasised by this time-domain presentation. The 

time-compressed plots in Figure 7.10 begin to show how the lower 
frequency fluctuations are not dissimilar for DMVRY and DCVRY. 

Finally the power spectral density plots for DMVRY and DCVRY in 
Figure 7.11 show that the numerical demodulation process has 

succeeded in removing only the 50Hz 'carrier' frequency. The 

remaining sidebands in the 1 to 100Hz band are identical to those 
presented in Figure 7.5, except that they are presented in dBs 

the 3rd harmonic component rather than the 50Hz relative to 

fundamental. 
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7.4 COMPUTATIONAL MODELLING OF A TCR COMPENSATOR 

Adding a compensating shunt inductance to the computational arc 
furnace model descri bed above will modi fy the 1 i ne currents drawn 
from the source. 

An algorithm to calculate the required conduction angles for a TCR 
compensator is easily constructed on this totally digital model. 
Then, when inductive conduction in the compensator has been 
initiated, a first order differential equation must be solved using a 
step-by-step approach as part of the digital model's function. 

Correct solution of the differential equation shows the expected 
compensator branch current waveforms, and modification of the line 
currents drawn from the system. An improvement factor may then be 
calculated for different combinations of TCR compensator ratings and 
control algorithm. 

7.4.1 TCR Compensator Circuit Definitions 

The compensator is shunt connected wi th the arc furnace load. The 
line voltages applied to the compensator are then v7' va and Vg 

(the vector V789 ). The currents drawn through the supply 
impedances will no longer be just IRyB ' si nce they \'1111 have been 
modified by the compensator line currents. 

Figure 7.12 defines the computational model parameters when a 
shunt-connected compensator is i ncl uded. The currents i 4' i 5 and 
i6 are therefore defined, using vector notation, as: 

1456 = IRYB + ILCRYB 
also ILCRYB = -[Cl ILC123 

the same algebraic equations apply to the derivatives of the currents 
above. 
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7.4.2 The Differential Equations of Compensator Currents 

Simpl e c1 rcui t theory gi yes the rel ati onshi p between the parameters 
defined in Figure 7.12: 

v7 = v4 - [Rsum (iR - iy + ilCR - ilCY) 

+ lsum (~ - diy + ~iLeR - ~ey)] 
at at t at 

••••• Equation 7A 

va = vs -[Rsum (iy - ia + ilCY - ilCB) 

+ lsum (diy - ~ + ~CY - ~ca)] 
at(Jt at at 

••••• Equation 78 

V9 = v6 -[Rsum (iB - iR + ilCB - 1lCR) 

+ Lsum (~ - ~ + ~CB - ~CR)] 
••••• Equation 7C 

But V789 = lc dIlC123 and ILCRYB = -[e] ILC123 at 

Therefore 

*CI = d- f4 - Rsum [iR - iy + (2iLCl-iLC2-iLC3l] 

- Lsum [~ - ~y] } 

- ~um [2 ~C1 - ~C2 - ~C3] 
••••• Equation 70 

~iLC2 = d- {s -Rsum [i y - iB + (-iLCI+2iLC2-iLC3l] 

- Lsum [~Y - ~~B] } 

- ~um [- ~C2 + 2~C2 - ~C3] 
••••• Equation 7E 
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and 

~~LC3 • ~ {6 - Rsum [i8 - iR + (-iLCl-iLC2+2iLC3)] 

- Lsum [~- ~ n 
- ~um [-~Cl - ~C2 + ~~iLC3] 

••••• Equation 7F 

The equations above have the following solutions for 

~Cl' ~C2 and ~C3: 

••••• Equation 7G 

!!!iC2 = 1 fvs - Rsum [.iY-iB+(-iLC1+2iLC2-iLC3)1 
at Lc +3Lsuml J 

- Lsum [*v -~ J} 
••••• Equation 7H 

!!!iC3 = 1 JV6 - Rsum [iB-iR+(-iLC1-iLC2+2iLC3)] 
at Lc +3Lsuml 

- Lsum [~ - ~n 

Provided that 

V4 + Vs + V6 = O. 

iR + iy + iB = 0 

and ~ + di Y + !!:!B = 0 
at at (ff 

••••• Equation 7I 
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Equati ons 7G, 7H and 7 I above apply only to the ci rcui t shown in 
Figure 7.12. In the arc furnace model described in Part 7.1 and 7.2, 
this circuit only included voltages, currents and impedances from the 
secondary term; nal s of the super gr; d transformer (SGT). 

Voltage and current transformations (Part 7.2) were necessary to 
i ncl ude the transfonner short ci rcui t impedance and the system 
impedance in the model, since they were positioned in the transformer 

primary ci rcui t. 

To incorporate primary circuit impedances into the differential 
equations 7G, 7H and 71 above would bring many more terms into the 
equations, requiring proportionally greater computing effort. To 
avoid this, the SGT short circuit impedance was transferred to its 

secondary circuit. 

The secondary circuit parameters were then lumped as 

and Lsum = LSC + LLINE 

Treating v4,vS and v6 as 

LSYS and eliminated the need 
trans formati ons. 

the infinite busbar then ignored 
to perform the vol tage .ind current 

This simpl Hied computational model of the arc furndce and supply 

system produced distorted '33kV equivalent' voltage waveforms and 
power spectra that were almost f ndi st1 ngui shabl e from those produced 
by the complete model described 1n Part 7.1 and 7.2. 
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7.4.3 Step-by-Step Solution of Compensator Differential Equations 

In equations 7G, 7H and 71 above, iR, iV' iB, ~, ~y and ~ 
dt dt dt 

are known variables - as they form the input to the arc furnace model 
described in Parts 7.1 and 7.2. Rsum and Lsum are the resist3nce 
and inductance shown in Figure 7.4. For each computational step both 
ILC123 and ~~LC123 must be found before V789 may be obtained 

from equations 7A, 7B and 7C. 

For the first step at which current flows in a compensator branch, 

iLC(n) = 0 and ~C(n) =!t 
dt LC 

For the next step-by-step calculation, 

i LC {n+l) and ~c(n+l) can only be calculated from iLC{n) 
dt 

and ~C(n). 
dt 

Equations 7G, 7H and 71 are first-order differential equations in the 
explicit form such that 

y' = f(x,y) 

Step-by-step numerical solution of such an equation evaluates y at 

t = to 
t = tl = to + At 
t = t2 = tl + At 

'At' is the step size, and here is fixed on the data sampling 
interval of 800 microseconds. 
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The Euler-Cauchy method[120] crudely calculates 

y(n+l) = y + ~tyl 

This first order method results in truncational errors of the order 
h2 per step. An improved Eul er-Cauchy method reduces these errors 
to order h3, and the important Runge-Kutta method gi ves truncati on 
errors of order h5 per step[120]. 

Four auxil iary values, A,S,C and 0, are calculated for each step of 
the numerical process, and they combine to give 

y(n+l) = y(n) + 1 [A(n) + 2B(n) + 2C(n) + o(n)] 
6 

The values for A(n), S(n), C(n) and O(n) are described generally in 
the 1 iterature[120] and are shown for thi s particul ar app11cati on 
in the FORTRAN program listing in Appendix J. 

Where variables at t(n) are required, the known values of i R, i y, 

is' ~, ~Y and ~ are used. Similarly, values for t(n+l) 
dt dt dt 

will use the next set of values from the input data. However, the 
half-step values at t(n+6t/2) are always unknown, and these are 
calculated at each stage by simple linear interpolation between t(n) 

and t(n+l). 

7.4.4 Compensator Control 

A separate input file to the SYSM006 program contained details of the 
required compensator parameters. These controlled the compensator 
rating and conduction angle. 
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Control of conduction in the compensator branch inductances followed 
an integration procedure. The line voltage zero-crossing points were 
used to initiate integrations and conduction in the relevant 
compensator branch was allowed when d pre-set limit was reached. The 
equations given in Section 7.4.2 were then used to calculate the 
compensator currents until 'commutation' at current-zero. 

The integration procedure used to calculate 'firing angle' in the 
computer model was first set up as a simple integration of line 
voltage. Ideally this control method would have been extanded to 
model the system used for the laboratory analogue model, but further 
work is requi red to aclli eve this. 

The file 'SYSCQf4P OPTION' contained the following parameters defining 
the TCR compensator. 

LC - The compens.itor branch inductance (Henri es) 
POSLIM - The positive integration limit (Volt seconds) 
NEGLIM - The negative integration limit (Volt seconds) 

The compensator branch inductance was set to give a three-phase 
compensator rating corresponding to the CIF value of 1.13 as used in 
Chapters IV, V and VI of this thesis. For the 56r4VA numerically 
modelled furnace, this demanded a compensator rating of 63.4MVA, with 
the compensator branch inductance, Lc~' equal to 0.164 Henries. 

The integration limits were set to approximate to those obtained from 
simpl e i ntegrati on theory, such that for 

a1 = 100 0 POSLIM = NEGLIM = 174kV secs 
a2 = 1350 POSLIM = NEGLIM = 253kV secs 
a3 = 170 0 

; POSLIM = NEGLIM = 294kV secs 
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7.4.5 Results from the Computer Model Compensator 

(i) Compensator Currents 

The calculation of conduction angles was first tested over only 
four cycles of input data to avoid the use of excessive 
computati ona1 effort. The val ues ICON and ICOFF set the step 
value 'N' at which the compensator is judged to be on and off 
respectively. 

Figure 7.13(a) shows the three-phase compensator branch 
currents calculated for an integration limit of 200 units. 
This value initiates 'conduction' at a point corresponding to 
a : 100·. 
Also shown in Figure 7.13(a) is the compens.ltor branch voltage 

waveform from ICON onwards. 

Figure 7.13(b) shows how the delta-connected compensator branch 
currents combi ne on three-phase 1 i ne currents, and compa res 
them with the fixed arc furnace line currents. 

The effect of varying the integration limit is shown in Figures 

7.14 and 7.15, where conduction angles decrease for limits of 
250 and 185 respecti vely. The compensator current peaks are 
always plotted to fill the scale available, and the scales sho\,1 
that current peaks decrease with decreasing conduction angle as 

expected. 

(ii) Compensator Voltages 

Study of the calculated compensator branch voltages presented 
in Figures 7.13(c), 7.14(a) Jnd 7~15(a) shows that the 

characteristic form of voltage depression is apparently missing 
from the line voltage waveforms. 
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Since this is the means by which the compensator would achieve 
voltage flicker reduction, further investigation was carried 
out into the effect of the compensator's calculated 'shunt 

compensation'. 

Figure 7.16(a) gives the first 4 cycles of three-phase line 
voltages calculated by the 'uncompensated' computatioMl arc 
furnace model together with the 'demodulated' flicker 
voltage. Figure 7.16(b) then shows, for comparison, the 
equivalent three-phase line voltages calculated for the 

'compensated' computational arc furnace model. 

The demodulated 'compensated' line voltage waveforms show a 
greater 50Hz component than the correspondi ng 'uncompenHted' 
waveform, and this is due to the slight voltage depression due 

to compensdtor branch conduction. 

The two demodulated three-phase waveforms are compared on a 
larger scale in Figure 7.17 where the 50Hz component is more 

visible. 

The power spectrum of the compensated line voltage time series 

dlta was obtai ned for compari son wi th the uncompensated form, 
but the results were disappointing and showed hardly any 

improvement in the 0-100Hz frequency band. 

Possible reasoning for this is given in the discussion in 

Section 8.1.4, and further work is suggested in Part 8.3. 
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8.1 DISCUSSION 

The summary of this thesis describes briefly the areas of work 
covered, and it is felt that the work was successful in the following 

areas: 

(a) The establishment of laboratory and numerical models of an arc 
furnace and supply system that gave repeatable results for use 
with different compensation studies. 

(b) The presentation of a detailed description and results from the 
use of a six-pul se TCR compensator. Its success was 
demonstrated with a very simple but fast control m~thod. 

This discussion will now pr~sent aspects of the research work that 

have not been covered in the preceding chapters, and will attempt to 
assess the suitability of techniques used in t~e work to obtain the 

resu1 ts. 

8.1.1 The Laboratory Arc Furnace t10de1 

(i) Current Waveform Reproduction 

Using the AIM-65 microcomputer system imposed a number of 
restrictions :Jpon small-signal current waveforms generated to 
drive the power ampl Hiers. It was aPP:lrent at an early stlge 
that the storage capaci ty of a machi ne wi th only 28 kbytes of 
available addressable RAM would restrict the cycling period of 

the data to be output in its analogue form. The dynamic 
expansion RAM was continually refreshed, and would not operate 
reliably at the higher clock rate of 6t1Hz used instead of the 

4MHz standard. 

Data transfer to the model from the C1ainframe computer was 
laborious, using punch tape output from old equipment. Errors 
in reading to the AIM-65 microcomputer were frequent, and early 
plans to have a selection of data spans available for 
reproducti on were dropped in favour of one set span stored in 

EPROM. 
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The data output frequency of 5kHz was more than suffi ci ent for 
a study of flicker voltages, but the 8-bit resolution could not 
make full use of the accuracy of the 15-bit recording equipment 
used by the eEGS. The data cycling period of eighty-nine 50Hz 
cycles allowed only a reproduction of frequency components 
above 108Hz. Frequencies below this vdlue have .) low weighting 
on the flicker sensitivity curve. but ideally should they not 
be neg1 ected. 

The V-connected commercial power amplifiers driven by the small 
analogue signals were a success. The voltage feedback method 
of driving their inputs gave reliable fine control. and 
established a useful technique for current reproduction at 
frequencies other than 50Hz. 

After the arc furnace model had been constructed, it was clear 
that the power amplifiers were only being used at less than one 
thi rd of thei r full current rati ng. Thi s W3S because of the 
original safety margin used in deciding the base operating 
1 evel s of the model. The real operati ng current 1 eve1 s flere 
then less than the base level and the safety margin excessive. 
Increasi ng the gai n of the control feedbdck loop caused the 
model to draw currents of identical form, and greater than 
twice the normal magnitude, without ill-effect. The base 
values for the model were by then fixed by the modelling 
impedances; the compensator ratings were established. and 
increasing the VA rating of the model would have lost much time. 

Establishment of the current waveform reproduction data in 
EPROM and the provi sion of separate AC suppl ies for 1 aboratory 
technical equipment meant that the arc furnace model became 
reliable and simple to use. 
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(11) Voltage Waveform Reproduction 

The early stages of the physical model design worked towards a 
small scale reproduction of the Temp1eborough system as a 
whole. Only at a later stage was it decided that the very 
small voltage fluctuations occurring on the 'system' side of 

the y-~ transformer would not be included as part of a reactive 
compensation study. With the bulk of the model supply 
impedance appearing in the 'line inductances'. it is now 
apparent that the Y -~ transformer cou1 d be removed from the 
model. Such a step. hO\-iever. would detract from the generality 
of the system modelling approach and would preclude any 
measurement of primary parameter at a later date. 

The X/R value obtained in the model \'1as approximately 11, 

compared wi th 40 for the real system. This disparity coul d 
have been reduced by using phYSically larger components, but 
for a laboratory model it was felt that 91p.c. reactdnce 
compared reasonably with the 9ap.c. reactance of the reJ1 
system. Resi sti ve losses or dampeni ng effects di d not gi ve 
difficulties in any part of the arc furnace modelling. 

It was noti ceabl e that the di storted 11 ne vol tages in the time 
domain did not show the same sudden instantaneous departures 

from the sinusoidal as those recorded at 33kV. This lack of 

agreement was at first disappointing, but subsequent comparison 
of power spectra in the relevant frequency bands showed that 

the power frequency distribution was very similar. This 
firstly showed that sudden voltage changes do not contribute 
si gn1fi cantly to low frequency power, and secondly suggested 

that the sudden vol tage changes may not have been attrfbutabl e 
to the measured arc furnace load but rather to loads elsewhere 
on the supply system. 



257 

The flicker level at the point of application of shunt reactive 
compensation was considerably higher than that defined as Ijust 
percepti bl e I by the UIE. Thi s was judged to be useful for 
comparati ve studi es of compensator performance. Varyi ng the 
feedback gain to the power amplifier inputs could greatly 
change the percentage voltage distortion obtained. and it would 
be simple to undertake an investigation of compensator 
performance for very different flicker levels. 

8.1.2 The Laboratory TCR Model 

(i) The Six-Pulse TCR Compensator 

The rating of the first laboratory TCR compensator was intended 

to give effective compensation of the flicker voltages found in 
the normal operating range of the arc furnace model. The 
resul ts obtained wi th this compensator were dfsappoi nti ng. and 
the rating was duly increased to allow for the full change in 
demand between furnace open- and short-circuit. 

Some thought must be given to why the design calculations for 

the original TCR compensator had to be modified. The answer 

may 11 e in the method used for control of thyristor fi ri ng 

angles: The efficacy of the control method will depend on the 
level of success in each of the following: 

(a) Sensitivity 
(b) Accuracy 
(c) Speed of response 

The sensitivity of the system was determined by adjustment of 

the magnitude of the 'referenc~' sinusoid used in all 
half-cycle integrations. This was carefully set to be as close 
as possible to the sampled distorted sinewave. whilst being 
less than the sampled values at ~ll times. If the reference 
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sinusoid is made too large in an atteffipt to gain greater 
sensitivity, then it can be shown that the control dlgorithm 
begins to give an effect opposite to that desired and the 
sensitivity is duly impaired. Attem:Jts for maximum sensitivity 
may have brought the sampled values of the depressed line 
vol tage wavefonn below those v.3l ues stored as the reference 
sinusoid, although calculations show that this condition should 
not occur. 

The accuracy of the equi pment is determi ned by a number 0 r 
el ements of the system, both in hardware and software. Most 

important is the accuracy to which the line voltage is sampled, 
and thi sis a function of both the ADC bit number and the 
sampl ing rate. The s3!T1pl fng rate was software-tiffied, -lnd 
therefore subject to 'flo~t' due to device temperature 
effects. The decision to use a-bit ADCs was based on a brief 
study of noise levels together with the limited availability of 
suitable 10- and 12-bit devices. The a-bit device was shown to 
gi ve reasonabl e resul ts on the model arc furnace supply system 
with relatively high flicker levels. Nevertheless, it must be 
noted that the resol ution of an 8-bit sampl ing system is 0.4 

percent of full scale, which is greater than the Ijust 

perceptible ' limit of 0.2 percent peak-to-pedk that is widely 
recognised. This compensator system was thus applied, with 

limited accuracy, to a supply system with flicker levels high 
enough to be detected and compensated. The lower levels of 
vol tage fl uctuation, still sufficient to cause annoyance, coul d 
not be detected by an a-bit sdmpling system and therefore 
remained uncompensated. 

The speed of response of the system may be estimated by 
considering the times between start of sampling and subsequent 
initiation of the thyristor firing pulse. This time ',-1111 

always be within one half-cycle, and it may be after one 
quarter-cycle. This suggests a speed of response between 5 and 
10 milliseconds. No studies were conducted to attempt to 
measure the speed of response of the control system used, 

although such dn investigation would have been relatively 

easily conducted with the equipment available. 
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An advantage of the 1 aboratory system used was that the same 
compensator control system coul d be appl i ed to a TCR 
compensator with different rating, with only minimal changes to 
the system software. A second six-pul se TCR compensator, 0 f 

hi gher rat; ng than the f1 rst, was success fully used for the 
same equipments, and proved considerably more successful. The 
flicker improvement factor of 0.4 and the cross-over frequency 
of 25Hz compare very favourably with the publ ished resul ts of 
work elsewhere. 

It is accepted, however, that this model shunt reactive 

compensator is not a full model of any particular system 1n 
service, or likely to be in service, on a full scale supply 
system. No attempt was made to fil ter harmonic frequenci es, 
and the flicker levels compensated were of a high level. It is 

hoped that the work on the si x-pul se TCR compensator scheme 
will encourage the presentation of comparable results from work 
el sewhere, in order to promote the objecti ve assessment of this 
subject in greater depth. 

(ii) The Twelve-Pulse TCR Compensator 

The twelve-pulse TCR compensator scheme was developed in order 
to obtain a compensator wi th a faster speed of response for 
given rating, sensitivity and accuracy. The system functioned 
adequately, but fail ed to ach1 eve resul ts to improve on the 

six-pulse scheme. 

The control algorithm used was a simple extension of that used 
successfully for the six-pulse compensator, and it is possible 

that a superior scheme could have been developed, given more 
time. A par"tf cul ar improvement may have been to increase the 

rating of the 'first stage' TCR unit to give fast, coarse 
control of voltage, to be followed by the conduction of a 
smaller rating 'second stage' for finer control. 
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Higher pulse numbers could be accommodated by the control 
scheme if necessary, and this is an obvious development of this 
aspect of the work. An eighteen-pul se TCR compensator design 
could give even earlier 'coarse' control, with finer control 
spaced over two following stages per half-cycle. 

Such control schemes, of greater complexity, may benefit from 
the type of 'supervi sory' control suggested in Chapter IV of 
thi s thesi s. The response of the i ndfvf dual phase Tca 
controllers could be tuned by a master controller acting from a 
longer response time constant or from prior information on the 

furnace melt cycle. 

Such a scheme could be appl fed to this laboratory model by 
enaJling a 'master controller' to select the control variables 
to be used by each of the three-phase controll ers. In thi sway 
the phase controll ers woul d be dedicated to a fast response, 
whil st the master control 1 er cal cul ,lted the necessary val ues of 
reference sinusoid, sampling time and LIMIT. 

8.1.3 Data Analysis 

The bul k storage of the recorded Templ eborough arc furnace vol tages 

and currents on a mainframe computer gave fast and simple access, and 
enabl ed many different stud; es of sect; ons of data to be made IJsi ng 

modern graphical output programs. 

Logging of results from the laboratory models, and subsequent 

transfer of this data to the mainframe computer, provided a very 
large storage facility for !:>locks of data obtained from different 

experimental conditions. 

It must be noted that the work towards provi di ng such data transfer 
facilities was, although apparently str.lightforward, very time 
consuming; transfer of data from one format through three other 
formats was not unusual. The ability to transfer experimental 
results from the laboratory to mainframe computer files was not 
achieved until the very final stage of the research project, and in 

fact little use was made of this facility. 



261 

The bulk of the laboratory modelling results were then obtained from 
benchtop equipment such as the spectrum analyser, two-channel storage 

oscilloscope and f1 at bed plotter. Careful measurement techni ques 
allowed these to be used to good effect, and they saved many hours of 
programming effort which would have been required to obtain the same 
results via the mainframe computer. 

Where the model 1 ing was itse1 f carried out on the computer, standard 
spectral analysis and graphical output routines were written and 
tail ored to suit exactly the needs and interests of thi s resedrch 

project. 

One analysis method which was not achieved, even though the 
facilities were available, was the mainframe computer modelling of 
the UIE digital f1ickermeter. Applying such a facility to the 

resu1 ts from arc furnace and TCR compensator model s wou1 d have 
completed the link between simple observation and comparison of power 
spectra on the one hand, and the know1 edge of a 'fli cker severity 

factor' on the other. 

8.1.4 Mathematical Modelling 

It was an early aim of the research project to develop a numerical 
model of the arc furnace installation, in parallel with modelling 
work undertaken in the laboratory. This would have allowed 
investigative work to be done computationally in advance of capital 

expenditure on different arrangements of equipment. 

The computational arc furnace model has been shown to successfully 
reproduce the flicker frequency disturbances found in the real 
system, a1 though there is still some di sparity between the observed 
time domain line voltages produced. Sudden severe voltage 
fluctuations are absent from the modelled line voltage, and it was 
suggested that such f1 uctuati ons may not be an effect of the arc 
furnace load currents measured by the CEGB, but rather are caused by 

other loads on the 275kV system. 
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This explanation rapidly solves the problem, but the disturbance 
levels observed would then indicate that the 275kV 'Sheffield ring' 
supply had large transi ent vol tage changes regu1 ar1y impressed upon 
it for the duration of the measurement period. 

The numerical model was eventually developed at a stage after results 

had been obtained from the laboratory model, and there was in fact 
1i ttl e para1l e1 development carried out. The two clreas of study 
progressed separately, and far more work is still requi red on th~ 

mathematical modelling of the TCR compensator. The program listings 
show that considerably more computational effort was involved for the 

compensator mode11 ing than was requi red for the arc furnace model, 
and the control algorithm used was not subjected to sufficient 
investigation once the TCR compensator equations were est.3bl ished. 
The control algorithm described in Chapter VII was even simpler t:nn 
that used in the laboratory, and it is possible that furt:,er 
development to integral of vol tage difference or 'vol tage difference 
squared' may yet produce results to assist in the understanding of 

TCR compensator control schemes. 
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8.2 CONCLUSIONS 

The work carri ed out shows that recordi ngs of arc furnace current 
waveforms may be used to reproduce successfully the vol tage 
fluctuations appearing on the real supply system. The numerical 
model allows this to be undertaken in an environment wher~ supply 
system parameters may be rapidly changed to suit different 
investigative approaches. 

The laboratory model provided a facility for obtaining voltage 
fl uctuati ons with frequency components accurately representi ng those 
found on the real arc furnace supply network, and the magnitude of 
these fluctuations relative to the 50Hz 'carrier' amplitude was 
easily changed. 

The disturbances produced by the models formed an excellent reference 
for studies aiming for their reduction by shunt compensation 
techniques, and the reproduction of low frequency disturt>ances in 
particular allowed shunt compensation for voltage flicker reduction 
to be carried out in the laboratory. 

The compensation studies employed a thyristor controlled reactor 
configuration commonly used in the industry, and it was shown how a 
simple, low-cost microcomputer system could be used to achieve 
effective reduction in the frequency components of the voltage 
fluctuations that cause tungsten filament lamp voltage flicker. 
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8.3 FURTHER WORK 

The models now established form an excellent facility for the 
research and testing of other types of TCR compensator control 
algorithm. A common assessment method. and presentation of the 
results obtained from each scheme. would contribute much to the 
industry IS understandi n9 of the benefi ts of different TCR control 

strategies. 

The twel ve-pul se TCR compensator desi gn requi res further development 

of its control algorithm to achieve results comparable with those 

already presented for the six-pulse scheme. and it is possible that 
the computer model 1 i ng methods descri bed may be extended towards the 
study of a twelve-pulse scheme. The two stage conduction patterns of 
the twelve-pulse arrangement allow a wide range of control strategies 

to be investigated. which will be new to the field of research in 

thi s subject. 

Improvement of the laboratory model may be obtained by increasing its 
VA rating to allow greater levels of current to be drawn by the 

thyristor controlled reactances. 

The presentation of the results of TCR compensator schemes would be 
considerably strengthened by the application of an internationally 
recognised digital flickenneter, such as that now recommended by the 

UIE. 
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APPENDIX A 

SHORT CIRCUIT POWER OF A 56MVA ARC FURNACE AT TEl4PLEBOROUGH 



The arc furnace installation is supplied from the 275kV busbar as shown in 
Figure 2.2. 

Define X I X I and X I as: sib a 

X I = Source Reactance - between pee and i nfi nHe busb·a r s 

X I = Any reactance between furnace transformer and pee 
b 

X I = Reactance of furnace transformer, supplementary a 
reactors and arc furnaces 

as illustrated in Figure 3.7. 

X lis often unknown I and typical val ues based on furnace namepl ata 
r:ting can be consulted[6] 

Thus X = SOp.c. on 56MVA base for a 56MVA furnace a 

and Xa l = SOp.c. x 100 on lOOMVA base 
56 

= 89.3p.c. on 100MVA base 

For this network (see Figure 2.2): 

XSI = l.lap.c. on 100MVA base 

and Xb ' = 23.933p.c. on 100MVA base 

Then: 

St = ____ 1_00 __ _ MVA 
X I + X I + X I 
a b s 

it = 87.46 MVA 
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SGT4 incorporates an on-load tap changer 'N;th taps between +10p.c. and 

-20p.c. in 18 steps. For a constant primary vol tage of 275kV, the SGT4 

secondary voltage may vary beb/een 29.7kV ~ V2 ~ 39.6kV. The 
percentage impedance, X33 , given for those components at 33kV will then 
vary with the true voltage V2 as: X = X33 x 33 2• Thus Xa' may vary 

Vi2 
from the nominal vllue of 0.393 per unit between 0.52 per unit and 1.102 

per uni t. These impedance val iJes then show how St may vary from the 
nominal value given above, depending on SGT4 tap position: 

StMAX = 114.8MVA 

StMIN = 73.9MVA 

The CEGB measurements were made at point B, between the impedances Xb' 
and Xa', therefore the measured short circuit r~VA will be proportionally 

less than the theoretical value from the infinite busbar by the factor 

Then: 

X ' a 
X ' + X ' + X ' a b s 

StMAX = 31. 71MVA 

St = 68.21MVA Nominal 

StMIN = 61.19MVA 
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APPENDIX B 

RECOVERY OF DATA FROM CEGB MAGNETIC TAPE STORAGE 



Recordings 
275kV/33kV 
substation, 

were made over a period of 3 days at the Templebor~ugh 

substation. Six arc furnaces were suppl ied from this 
wi th a coll ecti ve namepl ate rati ng of 36Ot1VA. 

Up to a channels of data could be sampled using the DREAM recording 
equipment[81,82J Studies of oseillograms for the bulk of the recorded 
d~ta revealed trends in the recordings which would not be so apparent for a 
eycl e by cycl e analysi s. On the basi s of these visual studi es t\'IO 

different sections of data were selected for further use ~t Liverpool 
University. Blocks of selected data were transferred to magnetic tape 
number LSN201, to be held in the Liverpool University Computer Centre tape 

library. 

Each block or record of data contains 2048 bytes of information: 

8 bytes - block number and time GMT at start of block 

2032 bytes - data. 2 bytes x 8 channels x 127 lines 

a bytes - spare at end of each block 

Each 11 ne of a channel sis time-spaced from the next 1 i ne by 
aOOmicroseconds. Thus each block contains approximately 5 cycles of d.lta. 

Each 2-byte channel gives a 16-bit signed integer value in the range -32767 
to +32767 which needs to have a small offset removed before a scale factor 
is applied to give values of kV or kA. 

Recording details and comments on the data content are now given: 
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(i) First 600 Blocks on LSN201 

From RF07, tape No 3, blocks 60 to 660 inclusive. 
16.11.00 hours to 15.21.30 hours 28/6/1977 

281 

Furnace tJo 2 operating in isolation. (Furnace No 1 off and bus 
secti on switch open - see Fi gure 2.1.) 

Start-up of Furnace No 2 occurs in block 60. 

This 'start-up' data is the same as that used by CEGB STa for various 
studies(REFS). 

See table B1 for scaling and offset values. 

(ii) Blocks 600 to 1500 on LSN201 

From RFI8, tape No 2, blocks 2600 to 3500 inclusive. 

Furnace No 5 and Furnace No 6 on. Severe low frequency oscillations 
in furnace No 6 line current peaks. Furnace No 6 becomes almost open 
c i rcui t for several seconds before returni ng to full power du r1 ng 
melt-down. 

See table B2 for scaling and offsets. 
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CHANNEL 1 2 3 4 5 5 7 8 

ADD TO 
INTEGER VALUE -2 -5 -1 +71 +80 -109 +32 -12 

r~UL TIPL Y BY 3.404 3.393 3.411 0.3364 0.3360 0.3452 0.3374 0.3382 

QUANTITY VR1 VYl VB1 IR1 IYl IB2 IR2 IY2 

(UNITS) kV kV kV kA kA kA kA kA 

Table B1 Scaling and Offsets for RF07 

CHANNEL 1 2 3 4 5 6 7 8 

ADD TO 
INTEGER VALUE -145 -128 -150 -111 -72 -72 -49 -

MUL TIPLY BY 3.390 3.394 3.387 0.3836 0.3748 0.3787 0.3790 -

QUANTITY VR6 VY6 VB6 IRS IB5 IR6 IS6 -
(UNITS) kV kV kV kA kA kA kA 

I 

Table B2 Scaling and Offsets for RF18 
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APPENDIX C 

CUBIC SPLINE CURVE FITTING AND ITS APPLICATION 



C.I Introduction 

The time seri es dah obtai ned from the CEGB (see Appendix B) gave 
only the measured instantaneous three-phase voltages and currents 
with a sampling interval of 800 microseconds. 

The modelling work undertaken in this Thesis used the measured 
three-phase currents as the I driving signal I in physical and 
mathematical models to reproduce voltage distortion. 

In each model, some addi ti ona1 i nformati on was requi red from this 

data, namely: 

(i) In the physical model (Chapter 2), interpolation between points 

was used to increase the number of points output in each cycle 

to give smoother waveforms. 

(if) In the mathematical model (Chapter 8), the value of di/dt '.oIas 
required for each value of measured current, i. 

All large-scale data hand1 ing was performed on a mainframe computer, 

and numerial techni ques were used to obtain the data requi red by (1) 

and (ii) above. The Numerical Algorithms Group (NAG) 
L1brary[122,123] subroutine E02BAF was used to compute a \~eighted 
least-squares approximation to the original data by a cubic spline. 

The same subroutine was then used for interpolation to satisfy (1) 

above. NAG subrouti ne E02BCF was then used to eva1 uate derivitf ves 
from the B-spline to satisfy (ii) above. 

C.II Applications Programs 

cox[124,125] describes how the set of N data points (xr'Yr) may 

be used to calculate a cubic spline approximation 

N+3 

S(x) = I CiNi(x) 
i =1 
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v/here the coefficients are c i ' and the normalised i3-spline is 

Ni(x). The B-spline Ni(x) is defined upon 'knots' Ki _4, 

Ki _3, Ki_2' Ki_l and Ki • 

Once Ni(X) has been calculated from y(x), the B-spline parameters 

can then be passed to NAG subrouti ne E02BCF, v/hi ch may be used to 
eVlluate S(x) or its derivatives at any v.~lue of x. At those values 
of X where the input parameters y(x) is known, then 

E(x) = S(x) - y(x) 

may be cal cul ated to show the error magnitudes due to use of the 
B-spline rather than use of original data at this point. 

This procedure was followed for each of the four channels i R, iy 

i B, vR (see Section 2.3.2) in sequence. Each channel consisted 
of 2250 time-series data points, corresponding to ninety 50Hz 
cycles. Attempting B-spline ev~luation for 2250 points involved 
1 arge computati onal effort, and program fail ures \'iere frequent. The 

process was therefore restricted to data blocks of 780 points -

representing one-third of the total span, plus 15 points at each end 

of the block. 

The FORTRAN program to perform the interpol ati on process for the 

analogue model is shown in C.III and comment statements within the 

program explain the program flow. 

The FORTRAN program to obtain values of di/dt for all values of 'i' 

is shown in C.IV. 
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C.III SPLI30M FORTRAN Program Listing 



FILE: SPLI30M FORTRAN Al (EE68 ) 

C 

C 
C 
C 
C 

DOUBLE PRECISION FIRST(l),LAST(l),SECOND(l),THIRD(ll,FOURTH(l), 
+WORKI(800),WORK2(4,800),C(800),K(800),W(800),SS, 
+VR(800),VY(800),VB(800),IP(800l,IQ(800), 
+IR(800),IY(800),IB(800),X(800),Y(800), 
+OUTI(4000),OUT2(4000),OUT3(4000),OUT4(4000), 
+T(4000) ,TIME(4000),TI(4000,8) ,TIMEI(4000), 
+XTOT,XSTART,XFIN,XVAR,XARG,RES,FIT(4) 

INTEGER I,NCAP,NCAP7,J,IFAIL,J2,M,L,N,R,Ml,M2,M3,LEFT, 
+KOUNT,RESULT,ITIME,Z,ENDNOT 

LOGICAL AMIDPT 
DATA FIRST/8H 
DATA LAST/8H 
DATA SECOND/8H 
DATA THIRD/8H 
DATA FOURTH/8H 

FIRST/ 
LAST/ 

SECOND/ 
THIRD/ 

FOURTH/ 

C •••••••••• SPLINE30M .••• SAME AS SPLINE 10M BUT FOR 30 CYCLES OF DATA 
C INSTEAD OF 10 CYCLES. 
C (ONLY GIVES IR,IY,IB,VR FOR THE ANALOGUE HODEL) 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

H"'780 

THE PROGRAM WILL INTERPOLATE 'EXTRA' EXTRA PO INTS 
BETWEEN DATA POINTS. 

SINCE OUTPUT OF A DETAILED RESULTS LIST FOLLOWED BY A 
CONTINUOUS LISTING FOR USE AS INPUT DATA IS OFTEN EXESSIVE, 
'RESULTS' SHOULD BE SET AT : 

1 -FOR BOTH LISTINGS 
2 -FOR ONLY THE 'DETAILED'LISTING 
3 -FOR ONLY THE 'CONTINUOUS' LISTING 

TSTEP IS THE TIME STEP OF INPUT DATA . 

NCAP=M-7 
RESULT-I 
TSTEP=0.0008 
EXTRA=3.0 
IXTRA=IFIX(EXTRA)+1 

THE FOLLOWING LOOP READS ALL EIGHT CHANNELS OF DATA. 
SPECIFIES THE DEPENDANT VARIABLE TO BE USED. 
SETS ALL WEIGHTS TO 1.0 AND SPECIFIES KNOTS K(5) TO 
K(NCAP+3) TO BE AT THE SAME ORDINATES AS XeS) TO 
X(NCAP+3). THE X-AXIS IS SCALED SUCH THAT THERE IS 
AN INPUT DATA VALUE AT EVERY FOURTH INTEGER POINT. 

Tl(I,l)=O.OOOO 
Tl(l,2)"0.0000 
TlCl,3)=0.0000 
Tl(1,4)=0.0000 
Tl Cl.S )"'0.0000 
TlCl,6)-0.0000 
TlCl,7).0.0000 
Tl (1.8)=0.0000 
READ(5,996)VR(1),VY(1),VB(1),IP(1),IQ(1),IB(1),IR(1).IY(1) 
W(l)-1. 0 
DO 10 R=2.M 

READ(S,996)VR(R),VY(R),VB(R),IP(R),IQ(R),IB(R).IR(R).IY(R) 
IF(VR(R).EQ.O.O.AND.VY(R).EQ.O.O)GOTO S55 
DO 9 ICHAN"'1.8 

Tl(R,ICHAN)zTl(R-l,ICHAN)+TSTEP 
9 CONTINUE 

W(R)-1. 0 
10 CONTINUE 

SPLOOOIO 
SPL00020 
SPL00030 
SPL00040 
SPL00050 
SPL00060 
SPL00070 
SPL00080 
SPL00090 
SPL00100 
SPLOOllO 
SPL00120 
SPL00130 
SPL00140 
SPLOOlSO 
SPL00160 
SPL00170 
SPL00180 
SPL00190 
SPL00200 
SPL00210 
SPL00220 
SPL00230 
SPL00240 
SPL002S0 
SPL00260 
SPL00270 
SPL00280 
SPL00290 
SPL00300 
SPL00310 
SPLoono 
SPL00330 
SPLOO)40 
SPL003S0 
SPL00360 
SPL00370 
SPL00380 
SPL00390 
SPL00400 
SPL00410 
SPL00420 
SPL004)0 
SPL00440 
SPL004S0 
SPL00460 
SPL00470 
SPL00480 
SPL00490 
SPL00500 
SPLOOSIO 
SPL00520 
SPL00530 
SPL00540 
SPL005S0 
SPL00560 
SPLOOS70 
SPL00580 
SPL00590 
SPL00600 
SPL00610 
SPL00620 
SPL00630 
SPL00640 
SPL006S0 
SPL00660 
SPL00670 
SPL00680 
SPL00690 
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C 
C THE NEXT LOOP VARIES 'KOUNT' , SPECIFYING WHICH 
C CHANNEL THE SPLINE IS FITTED FOR. 
C 
C ORIGINALLY THESE WERE IB,IR,IY,VR, BUT SINCE 
C IB IS DERIVED ON THE PHYSICAL MODEL THE SEQUENCE 
C HAS BEEN MODIFIED TO IR,IY,VR. 
C (IB CAN BE OBTAINED SIMPLY BY CHANGING THE 
C FOLLOWING 'DO' LOOP TO 4 PASSES .... REMEMBER 
C THAT OUTPUT STATEMENTS MAY REQUIRE CHANGING 
C TOGETHER WITH RELEVANT FORMAT STATEMENTS ). 
C 

C 
C 

DO 1111 KOUNTs l,3,l 
IF(KOUNT.EQ.1)GOTO 12 
DO 11 R"l,M 

K(R)=O.O 
C(R)sO.O 

11 CONTINUE 
SS-O.O 

12 CONTINUE 
ENDNOTsM-4 
DO 14 R-1,M,l 

IF(KOUNT.NE.1)GOTO 124 
Y(R)"'IR(R) 
IF(R.GT.4.AND.R.LE.ENDNOT)K(R)-Tl(R,7) 
TIMEl(R)=Tl(R,7) 
GOTO 14 

124 IF(KOUNT.NE.2)GOTO 125 
Y(R)-IY(R) 
IF(R.GT.4.AND.R.LE.ENDNOT)K(R)-T1(R,8) 
TIHE1(R)-T1(R,8) 
GOTO 14 

125 IF(KOUNT.NE.3)GOTO 126 
YCR)'"VR (R) 
IF(R.GT.4.AND.R.LE.ENDNOT)K(R)-T1(R,1) 
TIME1(R)=T1(R,1) 
GOTO 14 

126 IF(KOUNT.NE.4)GOTO 13 
Y(R)-IB(R) 
IF(R.GT.4.AND.R.LE.ENDNOT)K(R)-T1(R,6) 
TIME1(R)=T1(R,6) 
GOTO 14 

13 WRITE(6,979)KOUNT 
GOTO 888 

14 CONTINUE 

C AFTER PRINTING RESPECTIVE HEADINGS , THE FIRST TEN 
C CHOSEN DATA VALUES ARE WRITTEN, TOGETHER WITH 
C VALUES OF R , X(R) AND K(R). 
C 
C 
C IF(KOUNT.EQ.1)YNUM=FIRST(1) 
C IF(KOUNT.EQ.2)YNUM=SECOND(1) 
C IF(KOUNT.EQ.3)YNUM-THIRD 
C IF(KOUNT.EQ.4)YNUM-FOURTH 

C 
C 

IF(RESULT.GT.2)GOTO 30 
WRITE(6,997)M,NCAP 
WRITE(6,995)FIRST 
DO 20 R"1,20,l 

WRITE(6,994)R,TIME1(R),Y(R),K(R) 
20 CONTINUE 

L=M-20 
WRITE(6,995)LAST 
DO 30 R-L,M,l 

WRITE(6,994)R,TIME1(R),Y(R),K(R) 
30 CONTINUE 

C NCAP7 IS THE HIGHEST DIMENSION OF K TO BE GENERATED 
C BY THE SUBROUTINE E02BAF. THIS SUBROUTINE GENERATES 
CAB-SPLINE REPRESENTATION OF A FUNCTION REPRESENTED 
C BY THE CHOSEN DATA VALUES 
C 
C 

NCAP7-NCAP+7 
IFAIr.-O 
CALL MYBAF(M,NCAP7,TIME1,Y,W,K,WORK1,WORK2,C,SS,IFAIL) 
IF(IFAIL.NE.O)GOTO 777 

SPL00700 
SPL00710 
SPL00720 
SPL00730 
SPL00740 
SPL00750 
SPL00760 
SPL00770 
SPL00780 
SPL00790 
SPL00800 
SPL008l0 
SPL00620 
SPL00830 
SPL00640 
SPL00850 
SPL00660 
SPL00870· 
SPL00860 
SPL00890 
SPL00900 
SPL00910 
SPL00920 
SPL00930 
SPL00940 
SPL00950 
SPL00960 
SPL00970 
SPL00980 
SPL00990 
SPL01000 
SPLOIOIO 
SPLOI020 
SPLOI030 
SPLOI040 
SPLOIOSO 
SPLOI060 
SPLOI070 
SPLOI080 
SPLOI090 
SPLOllOO 
SPLOlllO 
SPLOl120 
SPLOl130 
SPLOl140 
SPLOllSO 
SPL01l60 
SPL01l70 
SPL01l60 
SPLOl190 
SPLOl200 
SPL01210 
SPL01220 
SPL01230 
SPL01240 
SPL012S0 
SPL01260 
SPL01270 
SPL01280 
SPL01290 
SPL01300 
SPL01310 
SPL01320 
SPL01330 
SPL01340 
SPL013S0 
SPL01360 
SPL01370 
SPL01380 
SPL01390 
SPL01400 
SPL01410 
SPL01420 
SPL01430 
SPL01440 
SPL01450 
SPL01460 
SPL01470 
SPL01460 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

IN THE FOLLOWING SECTION IF 'AMIDPT' IS .TRUE. THEN 
THE RESPECTIVE VALUE OF X LIES INBETWEEN KNOT 
( AND INPUT DATA) POSITIONS AND A Y VALUE ~!uST BE 
FOUND • H2 AND H3 SET THE START AND FINISH POINTS 
FOR THE FITTING AND THE FINAL DATA LISTING. 

AMIDPT'". TRUE. 
LEFTs 1 
H1=IXTRA*M 
H2"14*IXTRA+1 
H3=H1-«14*IXTRA)+1) 

'STEP' IS THE TIME BETWEEN EACK OF THE 
INTERPOLATED POINTS. 

THE FOLLOWING 'DO LOOP' SETS UP AN ARRAY 
T(IXTRA),T(IXTRA+1),T(IXTRA+2) .... ETC. 
CONTAINING ALL VALUES OF TIME AT WHICH A 
VALUE IS REQUIRED FROM THE SPLINE FIT. 

STEP=TSTEP/IXTRA 
DO 60 L-IXTRA,H1,IXTRA 

J"L/IXTRA 
z-o 

58 IF(KOUNT.EQ.1) T(L+Z).T1(J,6)+0.0000086+STEP*Z 
IF(KOUNT.EQ.2) T(L+Z)-T1(J,7)+0.OOOOlSO+STEP*Z 
IF (KOUNT . EQ. 3) T(L+Z)"T1 (J, 8)+0. 0000214+STEP'~Z 
IF(KOUNT.EQ.4) T(L+Z)-T1(J,l)+0.0000288+STEP*Z 
Z·Z+l 
IF(Z.GT.EXTRA)GOTO S9 
GOTO 58 

S9 CONTINUE 
60 CONTINUE 

J .. O 
1=0 
ITIME"O 
IF(RESULT.EQ.1.0R.RESULT.EQ.2) WRITE(6,992) 
DO 40 N=M2,M3 

XVAR=T(N) 
IFAIL-1 
CALL MYBCF(NCAP7,K,C,XVAR,LEFT,FIT,IFAIL) 
IF(IFAIL.NE.O)GOTO 320 
IF(N.GT.H2+30.AND.N.LT.M3-30) GOTO 295 
IF(RESULT.EQ.1.0R.RESULT.EQ.2) WRITE(6,990)XVAR,T(N),FIT(1), 

+ FIT(2) 
295 IF(KOUNT.EQ.1)OUT1(N)-FIT(1) 

IF(KOUNT.EQ.2)OUT2(N)-FIT(1) 
IF(KOUNT.EQ.3)OUT3(N)-FIT(1) 
IF(KOUNT.EQ.4)OUT4(N)-FIT(1) 
1-1+1 
IF(I.NE.IXTRA) GOTO 340 

300 1"0 
AHIDPT-.NOT.AHIDPT 
IF(KOUNT.EQ.l) T(N)-T(N)-0.0000086 
IF(KOUNT.EQ.2) T(N)-T(N)-0.0000150 
IF(KOUNT.EQ.3) T(N)-T(N)-0.0000214 
IF(KOUNT.EQ.4) T(N)-T(N)-0.0000288 
XVAR-T(N) 
IFAIL-O 
CALL HYBCF(NCAP7,K,C,XVAR,LEFT,FIT,IFAIL) 
IF(IFAIL.NE.O)GOTO 320 
R=N/IXTRA 
RES"FIT(1)-Y(R) 
IF(N.GT.M2+30.AND.N.LT.M3-30) GOTO 340 
IF(RESULT.EQ.1.0R.RESULT.EQ.2)WRITE(6,991)XVAR,T(N), 

+ FIT(1),RES,FIT(2) 
GOTO 340 

320 WRITE(6,989)XVAR 
J.J+1 
IF(J.GE.50) GOTO 1111 

340 CONTINUE 
40 CONTINUE 

1111 CONTINUE 
IF(RESULT.EQ.2) GOTO 1113 
WRITE(6,981) 
M4=M2 
DO 1112 R=M2,H3,l 

WRITE(6,980) OUT1(R),OUT2(R),OUT3(R),OUT4(R) 
1112 CONT~NUE 

SPL01490 
SPL01SOO 
SPL01S10 
SPL01S20 
SPL01S30 
SPL01S40 
SPL01SSO 
SPL01S60 
SPL01S70 
SPL01S80 
SPL01590 
SPL01600 
SPL01610 
SPL01620 
SPL01630 
SPL01640 
SPL01650 
SPL01660 
SPL01670 
SPL01680 
SPL01690 
SPL01700 
SPL01710 
SPL01720 
SPL01730 
SPL01740 
SPL017S0 
SPL01760 
SPLOl770 
SPL01780 
SPL01790 
SPL01800 
SPL01810 
SPL01820 
SPL01830 
SPL01840 
SPL018S0 
SPL01860 
SPL01870 
SPL01880 
SPL01890 
SPL01900 
SPL01910 
SPL01920 
SPL01930 
SPL01940 
SPL019S0 
SPL01960 
SPL01970 
SPL01980 
SPL01990 
SPL02000 
SPL02010 
SPL02020 
SPL02030 
SPL02040 
SPL02050 
SPL02060 
SPL02070 
SPL02080 
SPL02090 
SPL02100 
SPL02110 
SPL02120 
SPL02130 
SPL02140 
SPL021S0 
SPL02160 
SPL02170 
SPL021S0 
SPL02190 
SPL02200 
SPL02210 
SPL02220 
SPL02230 
SPL02240 
SPL02250 
SPL02260 
SPL02270 
SPL02280 
SPL02290 
SPL02300 
SPL02310 
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290 

1113 CONTINUE SPL02320 
GOTO 888 SPL02330 

555 WRITE(6.988)R SPL02340 
GOTO 888 SPL02350 

777 GOTO(360.380.400.420.440).1FAIL SPL02360 
360 WRITE(6.987) SPL02370 

GOTO 888 SPL02380 
380 WRITE (6.986) SPL02390 

GOTO 888 SPL02400 
400 WRITE(6.98S) SPL02410 

GOTO 888 SPL02420 
420 WRITE(6.984) SPL02430 

GOTO 888 SPL02440 
440 WRITE(6.983) SPL02450 

GOTO 888 SPL02460 
999 FORMAT(6A4) SPL02470 
998 FORMAT(4(lX/).lH .6A4) SPL02480 
997 FORMAT(2(lX/).30H M • NO. OF DATA POINTS • .14. SPL02490 

+ //S2H NCAP • NO. OF INTERPOLATED INTERVALS BETWEEN I~7ERN. SPL02S00 
+ llHAL KNOTS • .14) SPL02S10 

C 996 FORMAT(lH .8(F8.4.1X» SPL02520 
996 FORMAT(lH .8(F12.8.1X» SPL02S30 
995 FORMAT(2(lX//).2H .A8.29H 20 LINES OF DATA FOR FIT AND. SPL02540 

+ lSH KNOT POSITIONS. SPL025S0 
+/52H •••••••••••••••••••••••••••••••••••••••••••••••••• //. SPL02S60 
+/58H R Tl(R) VCR) )(R)/ /) SPL02570 

994 FORMAT(lX/.4H .I4.8X.F10.5.8X.F8.4.8X.F10.5) SPL02580 
993 FORMAT(3(lX/).16H OUTPUT DATA.1X/.17H ••••••••••••• ) SPL02S90 
992 FORMAT(2(lX/).48H X TIME FITTED Y RESIDUE.SPL02600 

+16H GRADIENT. SPL02610 
+/53H •••••••••••••••••••••••••••••••••••••••••••••••• SPL02620 
+18H··················. SPL02630 
+/53H •••••••••••••••••••••••••••••••••••••••••••••••• SPL02640 
+18H··················//) SPL026S0 

991 FORMAT(lH .2X.F9.6.2X.F9.6.3X.F8.4.4X.E12.4.4X.F12.4) SPL02660 
990 FORMAT(lH .2X.F9.6.2X.F9.6.3X.F8.4.20X.F12.4) SPL02670 
989 FORMAT(/lX.27HARGUMENT OUTSIDE RANGE .E20.S) SPL02680 
988 FORMAT(lX/.15H NO MORE DATA •• I4.11H LINES READ//) SPL02690 
987 FORMAT(/47H KNOTS DISORDERED OR NOT INTERIOR TO DATA INTER. SPL02700 

+3HVAL) SPL02710 
986 FORMAT(/20H NON·POSITIVE WEIGHT) SPL02720 
985 FORMAT(/46H DISORDERED VALUES OF THE INDEPENDANT VARIABLE) SPL02730 
984 FORMAT(/42H TOO MANY KNOTS FOR TKE NUMBER OF DISTINCT. SPL02740 

+35H VALUES OF THE INDEPENDANT VARIABLE) SPL02750 
983 FORMAT(/42H NO UNIQUE SOLUTION SINCE SHOENBURG·WITNEY. SPL02760 

+20H CONDITIONS VIOLATED) SPL02770 
982 FORMAT(6(1Xf).22H ofrlr_ )(OUNT • .I2.6H ""~"''''''') SPL02780 
981 FORMAT(6(1Xf).40H COMPLETE LISTING OF OUTPUT NOW FOLLOWS. SPL02790 

+/41H ••••••••••••••••••••••••••••••••••••••••• SPL02800 
+/41H •...••.•.•••••.•••••••••••••••••••••••••• SPL02810 
+///55H TIME CHANNEL1····GRADIENT CHANNEL2···· SPL02820 
+8HGRADIENT//) SPL02830 

980 FORMAT(lH .4(F12.4.1X» SPL02840 
979 FORMAT(///40H INVALID VALUE OF ')(OUNT'. )(OUNT • .13.///) SPL02850 
888 STOP SPL02860 

END SPL02870 
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FILE: SPLI30C FORTRAN A1 (EE68 ) 2/08/85 15:46:42 

C 
C 
C 
C 
C 
C 

DOUBLE PRECISION VR(800),VY(800),VB(800),IP(SOO),IQ(800), 
+IR(800),IY(800),IB(SOO),SS,XARG,RES,Y(800),W(800),C(900), 
+WORK1(800),WORK2(4,800),LAST,FIT(4),X(800),K(800),T(800), 
+Tl(800) , 
+XTOT,XSTART,XFIN,XVAR,OUT1(800),OUT2(800),OUT3(800),OUT4(800), 
+OUTS (800) ,OUT6(800) ,OUT7(800) ,OUT8(800) ,OUT9(800) 

INTEGER I ,NCAP ,NCAP7 ,J, IFAIL,J2 ,M,L,N ,R,M1,M2 ,~13, LEFT, 
+KOUNT,RESULT,ITIME,Z 

LOGICAL AmDPT ,OPWIDE 
DATA FIRST/6HFIRST / 
DATA LAST/6HLAST / 
DATA SECOND/6HSECOND/ 
DATA THIRD/6HTHIRD / 
DATA FOURTH/6HFOURTH/ 

C .•........ SPLI30C ...... ATTEMPTS TO GIVE THREE PHASE CURRENTS,THEIR 
C DERIVATIVES AND THE THREE PHASE VOLTAGES . 
C (FOR THE COMPUTATIONAL MODEL) (FOR~IERLY SPLINE6) 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

USING A VALUE OF M GREATER THAN ABOUT 900 IN THIS PROGRAM 
GIVES ERRORS IN THE SPLINE FITTING ROUTINE RELATING TO 
THE RATIO OF DATA POINTS TO KNOTS. 

THEREFORE IT IS SUGGESTED THAT INTERPOLATION BE PERFOR~IED 
REPETITIVELY WHERE MORE THAN 30 CYCLES ARE REQUIRED. 

M-780 

EXTRA ... 0.0 SO THAT NO INTERPOLATION IS PERFORrlED . 

SINCE OUTPUT OF A DETAILED RESULTS LIST FOLLOWED BY A 
CONTINUOUS LISTING FOR USE AS INPUT DATA IS OFTEN EXESSIVE, 
'RESULTS' SHOULD BE SET AT : 

1 -FOR BOTH LISTINGS 
2 -FOR ONLY THE 'DETAILED'LISTING 
3 -FOR ONLY THE 'CONTINUOUS' LISTING 

'OPWIDE' SET TRUE WILL NEED AN OUTPUT FILE WIDTH 130 

TSTEP IS THE TIME STEP OF INPUT DATA • 

RESULT=l 
OPWIDE"". TRUE. 
TSTEP"0.0008 
EXTRAaO.O 
IXTRA-IFIX(EXTRA)+l 
NCAFaM-7 
NCAP3"NCAP+3 
NCAP7=NCAP+7 

THE FOLLOWING LOOP READS ALL EIGHT CH~~NELS OF DATA, 
SPECIFIES THE DEPENDANT VARIABLE TO BE VSED, 
SETS ALL WEIGHTS TO 1.0 AND SPECIFIES KNOTS K(S) TO 
K(NCAP+3) TO BE AT THE SAME ORDINATES AS XeS) TO 
X(NCAP+3). THE X-AXIS IS SCALED SUCH THAT THERE IS 
AN INPUT DATA VALUE AT EVERY FOURTH INTEGER POINT. 

READ(S,996)VR(l),VY(l),VB(l),IP(l),IQ(l),IR(1),IY(1),IB(1) 
W(l)-l.O 
T(1)"'O.O 
DO 10 R'"2,M 

READ(S,996)VR,R),VY(R),VB(R),IP(R),IQ(R),IR(R),IY(R),IB(R) 
IF(VR(R) .EQ.(,. O. AND. VY(R) .EQ. O. O)GOTO 555 
T(R)sT(R-1)+TSTEP 

W(R)"'l. 0 
10 CONTINUE 

SPL00010 
SPL00020 
SPL00030 
SPL00040 
SPLOOOSO 
SPL00060 
SPL00070 
SPL00080 
SPL00090 
SPL00100 
SPLOO 110 
SPL00120 
SPL00130 
SPL00140 
SPL001SO 
SPL00160 
SPL00170 
SPL00180 
SPL00190 
SPL00200 
SPL00210 
SPL00220 
SPL00230 
SPL00240 
SPL002S0 
SPL00260 
SPL00270 
SPL00280 
SPL00290 
SPL00300 
SPL00310 
SPL00320 
SPL00330 
SPL00340 
SPL003S0 
SPL00360 
SPL00370 
SPL00380 
SPL00390 
SPL00400 
SPL00410 
SPL00420 
SPL00430 
SPL00440 
SPL004S0 
SPL00460 
SPL00470 
SPL00480 
SPL00490 
SPLOOSOO 
SPLOOSIO 
SPLOOS20 
SPLOOS30 
SPLOOS40 
SPLOOSSO 
SPLOOS60 
SPLOOS70 
SPLOOS80 
SPL00590 
SPL00600 
SPL00610 
SPL00620 
SPL00630 
SPL00640 
SPL006S0 
SPL00660 
SPL00670 
SPL00680 
SPL00690 
SPL00700 
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C 
C THE NEXT LOOP VARIES 'KOUNT' .SPECIFYING WHICH 
C CHANNEL THE SPLINE IS FITTED FOR. 
C 
C 
C KOUNTzl 

C 
C 

DO 1111 KOUNTz1.6 
IF(KOUNT.EQ.l)GOTO 12 
DO 11 R=1.M 

K(R)-O.O 
C(R)-O.O 

11 CONTINUE 
SS-O.O 

12 CONTINUE 
DO 14 R=l.M ,1 

IF(KOUNT.NE.1)GOTO 124 
Y(R)"'IR(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)-T(R) 
GOTO 14 

124 IF(KOUNT.NE.2)GOTO 125 
Y(R):o:IY(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)-T(R) 
GOTO 14 

125 IF(KOUNT.NE.3)GOTO 126 
Y(R)'"'IB(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)-T(R) 
GOTO 14 

126 IF(KOUNT.NE.4)GOTO 127 
Y(R)"VR(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)-T(R) 
GOTO 14 

127 IF(KOUNT.NE.5)GOTO 128 
Y(R)·VY(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)-T(R) 
GOTO 14 

128 IF(KOUNT.NE.6)GOTO 13 
Y(R)-VB(R) 
IF(R.GT.4.AND.R.LE.NCAP3)K(R)=T(R) 
GOTO 14 

13 WRlTE(6,979)KOUNT 
14 CONTINUE 

C AFTER PRINTING RESPECTIVE HEADINGS , THE FIRST TEN 
C CHOSEN DATA VALUES ARE WRITTEN, TOGETHER WITH 
C VALUES OF R , X(R) AND K(R). 
C 
C 
C IF(KOUNT.EQ.1)YNUM-FIRST 
C IF(KOUNT.EQ.2)YNUM-SECOND 
C IF(KOUNT.EQ.3)YNUM-THIRD 
C IF (KOUNT.EQ.4)YNUM-FOURTH 

IF(RESULT.GT.2)GOTO 30 
WRITE(6,997)M,NCAP 

C 
C 

WRITE(6,99S)FIRST 
WRITE(6,994)«R,T(R),Y(R),K(R»,R-1,20) 
L=M-20 
WRITE(6,99S)LAST 
WRITE(6,994)«R,T(R) ,Y(R),K(R»,R-L,M) 

30 CONTINUE 

C NCAP7 IS THE HIGHEST DIMENSION OF K TO BE GENERATED 
C BY THE SUBROUTINE E02BAF. THIS SUBROUTINE GENERATES 
CAB-SPLINE REPRESENTATION OF A FUNCTION REPRESENTED 
C BY THE CHOSEN DATA VALUES 
C 
C 

NCAP7"NCAP+7 
IFAIL-1 
CALL MYBAF(M,NCAP7,T,Y,W,K,WORK1,WORK2,C,SS,IFAIL) 
IF(IFAIL.NE.O)GOTO 777 

SPL00710 
SPL00720 
SPL00730 
SPL00740 
SPL00750 
SPL00760 
SPL00770 
SPL00780 
SPL00790 
SPL00800 
SPL00810 
SPL00820 
SPL00630 
SPL00840 
SPL00850 
SPL00860 
SPL00870 
SPL00880 
SPL00890 
SPL00900 
SPL00910 
SPL00920 
SPL009JO 
SPL00940 
SPL00950 
SPL00960 
SPL00970 
SPL00980 
SPL00990 
SPLOIOOO 
SPLOI010 
SPLOI020 
SPLO 1030 
SPLOI040 
SPLOIOSO 
SPLOI060 
SPLOI070 
SPLOI080 
SPLOI090 
SPLO 1100 
SPLOIllO 
SPL01l20 
SPLOl130 
SPL01l40 
SPLOllSO 
SPL01160 
SPLOl170 
SPLOl180 
SPL01190 
SPL01200 
SPL01210 
SPL01220 
SPL01230 
SPL01240 
SPL01250 
SPL01260 
SPL01270 
SPL01280 
SPL01290 
SPL01300 
SPL01310 
SPL01320 
SPL01330 
SPL01340 
SPL01350 
SPLO 1360 
SPL01370 
SPL01380 
SPL0139r 
SPL01400 
SPL01410 
SPL01420 
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C 
C 
C IN THE FOLLOWING SECTION IF 'AMIDPT' IS .TRUE. THEN 
C THE RESPECTIVE VALUE OF X LIES INBETWEEN KNOT 
C ( AND INPUT DATA) POSITIONS AND A Y VALUE ~IUST BE 
C FOUND • M2 AND M3 SET THE START AND FINISH POINTS 
C FOR THE, FITTING AND THE FINAL DATA LISTING • 
C 
C 

C 

AMIDPT=.FALSE. 
LEFTal 
Ml=IXTRA*M 
M2:&l4*IXTRA 
M3=Ml-«14*IXTRA)+1) 

e 'STEP' IS THE TIME BETWEEN EACH OF THE 
e INTERPOLATED POINTS. 
e 
C THE FOLLCWING 'DO LOOP' SETS UP AN ARRAY 
C T(IXTRA) , T(IXTRA+l), T(IXTRA+2) .... ETC. 
C CONTAINING ALL VALUES OF TIME AT WHICH A 
e VALUE IS REQUIRED FROM THE SPLINE FIT. 
e 
e 

STEP=TSTEP/IXTRA 
DO 60 L-IXTRA,Ml,IXTRA 

J=L/IXTRA 
z .. o 

58 Tl(L+Z)=T(J)+STEP*Z 
Z=Z+l 
IF(Z.GT.EXTRA)GOTO 59 
GOTO 58 

59 CONTINUE 
60 CONTINUE 

1-0 
J=O 
ITIME=O 
IF(RESULT.EQ.l.0R.RESULT.EQ.2) WRITE(6,992) 
DO 40 N=M2,M3,l 

IF(AMIDPT) GOTO 290 
GOTO 300 

290 XVAR=Tl(N) 
IFAIL=l 
CALL MYBCF(NCAP7,K,C,XVAR,LEFT,FIT,IFAIL) 
IF(IFAIL.NE.O)GOTO 320 
IF(N.GT.M2+30.AND.N.LT.M3-30) GOTO 295 
IF(RESULT.EQ.l.OR.RESULT.EQ.2) WRITE(6,990)XVAR,Tl(N),FIT(1), 

+ FIT(2) 
295 IF(KOUNT.EQ.l)OUT4(N)-FIT(1) 

IF(KOUNT.EQ.l)OUT7(N)=FIT(2) 
IF(KOUNT.EQ. 2)OUT5 (N)=FIT(I) 
IF(KOUNT.EQ.2)OUT8(N)·FIT(2) 
IF(KOUNT.EQ.3)OUT6(N)-FIT(1) 
IF(KOUNT.EQ.3)OUT9(N)-FIT(2) 
IF(KOUNT.EQ.4)OUTl(N)-FIT(1) 
IF(KOUNT.EQ.5)OUT2(N)-FIT(I) 
IF(KOUNT.EQ.6)OUT3(N)·FIT(1) 
1=1+1 
IF(I.EQ.IXTRA-l) AMIDPT=.FALSE. 
GOTO 340 

300 1=0 
IF(IXTRA. NE . 1) AMIDPT-. NOT. MIlDPT 
XVAR=Tl(N) 
IFAIL=l 
CALL MYBCF(NCAP7,K,C,XVAR,LEFT,FIT,IFAIL) 
IF(IFAIL.NE.O)GOTO 320 
R=N/IXTRA 
RES=FIT( 1) -Y(R) 
IF(N.GT.M2+30.AND.N.LT.M3-30) GOTO 310 
IF(RESULT.E~.1.0R.RESULT.EQ.2)WRITE(6,991)XVAR,Tl(N), 

+ FIT(I),RES,FIT(2) 
310 IF(KOUNT.EQ.l)OUT4(N)-FIT(I) 

IF(KOUNT.EQ.1)OUT7(N)-FIT(2) 
IF(KOUNT.EQ.2)OUT5(N)-FIT(1) 
IF(KOUNT.EQ.2)OUT8(N)-FIT(2) 
IF(KOUNT.EQ.3)OUT6(N)-FIT(1) 
IF(KOUNT.EQ.3)OUT9(N)-FIT(2) 
IF(KOUNT.EQ.4)OUTl(N)=FIT(1) 
IF(KOUNT.EQ.5)OUT2(N)=FIT(1) 
IF(KOUNT.EQ.6)OUT3(N)-FIT(1) 
GOTO 340 

320 WRITE(6,989)XVAR 

SPL01430 
SPL01440 
SPL01450 
SPL01460 
SPL01470 
SPL01460 
SPL01490 
SPLOlSOO 
SPL01SlO 
SPL01520 
SPL01S30 
SPL01540 
SPL01550 
SPL01560 
SPL01S70 
SPL01580 
SPLOlS90 
SPL01600 
SPL01610 
SPL01620 
SPL01630 
SPL01640 
SPL016S0 
SPL01660 
SPL01670 
SPL01680 
SPL01690 
SPJ:.O 1700 
SPLOl710 
SPL01720 
SPL01730 
SPL01740 
SPL01750 
SPL01760 
SPL01770 
SPL01780 
SPL01790 
SPL01800 
SPL01610 
SPL01820 
SPL01830 
SPL01840 
SPL01850 
SPL01860 
SPL01870 
SPL01880 
SPL01890 
SPL01900 
SPL01910 
SPL01920 
SPL01930 
SPL01940 
SPL01950 
SPL01960 
SPL01970 
SPL01980 
SPL01990 
SPL02000 
SPL02010 
SPL02020 
SPL02030 
SPL02040 
SPL020S0 
SPL02060 
SPL02070 
SPL02080 
SPL02090 
SPL02100 
SPL02110 
SPL02120 
SPL02130 
SPL02140 
SPL021S0 
SPL02160 
SPL02170 
SPL02180 
SPL02190 
SPL02200 
SPL02210 
SPL02220 
SPL02230 
SPL02240 
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295 

JzJ+l SPL022S0 
IF(J.GE.50) GOTO 1111 SPL02260 

340 CONTINUE SPL02270 
40 CONTINUE SPL02280 

1111 CONTINUE SPL02290 
IF(RESULT.EQ.2) GOTO 1113 SPL02300 
WRlTE(6.981) SPL02310 
DO 1112 R=M2.M3.1 SPL02320 

IF(OPWIDE) WRITE(6.978) OUT1(R).OUT2(R).OUT3(R).OUT4CR). SPL02330 
+ OUTS(R).OUT6(R).OUT7(R).OUT8CR).OUT9(R) SPL02340 

IF(.NOT.OPWIDE) WRITE(6.980) OUTl(R).OUT2(R).OUT3(R).OUT4(R). SPL023S0 
+ OUTS(R).OUT6(R).OUT7(R).OUT8(R).OUT9(R) SPL02360 

1112 CONTINUE SPL02370 
1113 CONTINUE SPL02380 

GOTO 888 SPL02390 
555 WRITE (6.988)R SPL02400 

GOTO 888 SPL02410 
777 GOTO(360.380.400.420.440).IFAIL SPL02420 
360 WRITE(6.987) SPL02430 

GOTO 888 SPL02440 
380 WRITE (6 .986) SPL024S0 

GOTO 888 SPL02460 
400 WRITE (6.985) SPL02470 

GOTO 888 SPL02480 
420 WRITE(6.984) SPL02490 

GOTO 888 SPL02S00 
440 WRITE(6.983) SPL02S10 

GOTO 888 SPL02S20 
999 FORMAT(6A4) SPL02S30 
998 FORMAT(4(lX/).lH .6A4) SPLO~S40 
997 FORMAT(2(lX/).30H M • NO. OF DATA POINTS • .14. SPL02SS0 

+ //S2H NCAP • NO. OF INTERPOLATED INTERVALS BETWEEN INTERN. SPL02S60 
+ llHAL KNOTS • .14) SPL02S70 

C 996 FORMAT(lH .8(F8.4.lX» SPL02S80 
996 FORMAT(lH .8(F12.8.lX» SPL02S90 
995 FOR~IAT(2(lX//).2H .A6.29H 20 LINES OF DATA FOR FIT AND. SPL02600 

+ 1SH KNOT POSITIONS. SPL02610 
+/52H •••••••••••••••••••••••••••••••••••••••••••••••••• //. SPL02620 
+/58H R Tl(R) VCR) K(R)//) SPL02630 

994 FORMAT(lX/.4H .I4.8X.FlO.5.8X.F8.4.8X.FlO.S) SPL02640 
993 FORMAT(3(lX/).16H OUTPUT DATA.IX/.17H ••••••••••••• ) SPL026S0 
992 FORMAT(2(lX/).48H X TIME FITTED Y RESIDUE.SPL02660 

+16H GRADIENT. SPL02670 
+/S3H ~................................................ SPL02680 
+18H··················. SPL02690 
+/53H . •••••••••••••••••••••••••••••••••••••••••••••••• SPL02700 
+18H··················//) SPL02710 

991 FORMAT(1H .2X.F9.6.2X.F9.6.3X.F8.4.4X.E12.4.4X.F12.4) SPL02720 
990 FORMAT(lH ,2X.F9.6.2X.F9.6.3X.F8.4,20X.F12.4) SPL02730 
989 FORMAT(/lX.27HARGUMENT OUTSIDE RANGE .E20.S) SPL02740 
988 FORMAT(lX/.15H NO MORE DATA •• I4.l1H LINES READ//) SPL027S0 
987 FORMAT(/47H KNOTS DISORDERED OR NOT INTERIOR TO DATA INTER. SPL02760 

+3HVAL) SPL02770 
986 FORMAT(/20H NON·POSITIVE WEIGHT) SPL02780 
985 FORMAT(/46H DISORDERED VALUES OF THE INDEPENDANT VARIABLE) SPL02790 

.984 FORMAT(/42H TOO MANY KNOTS FOR TKE NUMBER OF DISTINCT. SPL02800 
+35H VALUES OF THE INDEPENDANT VARIABLE) SPL02810 

983 FORMAT(/42H NO UNIQUE SOLUTION SINCE SHOENBURG·WITNEY. SPL02820 
+20H CONDITIONS VIOLATED) SPL02830 

982 FORMAT(6(lX/).22H ***** KOUNT • .I2.6H *****) SPL02840 
981 FORMAT(6(lX/).40H COMPLETE LISTING OF OUTPUT NOW FOLLOWS. SPL028S0 

+/4lH ••••••••••••••••••••••••••••••••••••••••• SPL02860 
+/4lH ••••••••••••••••••••••••••••••••••••••••• SPL02870 
+///SSH TIME CHANNELl····GRADIENT CHANNEL2-··· SPL02880 
+8HGRADIENT//) SPL02890 

980 FORMAT(lH .3(F6.2.lX).3(F7.4,1X).3(F8.3,lX» SPL02900 
979 FORMAT(///40H INVALID VALUE OF 'KOUNT'. KOUNT • .13.///) SPL02910 
978 FORMAT(lH ,3(FlO.6,lX).2X.3(Fl' •. 7,lX),2X,3(FlO.4.1X» SPL02920 
888 STOP SPL02930 

END SPL02940 



c.v Results and Error Magnitudes 

The resu1 ts output from appli cati on of the programs to consecutive 
blocks of 750 ti me sed es data poi nts over1 apped sl i ght1y due to the 
extra 15 points at each end of the data span. When the three 
interpolated output files \'Iere combined, the overlapping \'1.1S 

carefully eliminated, to give output files of: 

(i) For input to the physical model: 

9000 time-series data records with 
IR, IV' IS on each record. 
Record step length = 100'microseconds. 

(if) For input to the computation.l1 model: 

2250 time-series data records, with 

IR, IV' IB, ~IR' ~IV' ~IB on each record. 
dt dt dt 

Record step length = 800 microseconds. 

The error magnitudes were estimated by calculation of the quantity, 

E(x) = S(x) - y(x) 

1 -8 and were always less than a percent ov~r the non-overlapping 
region of the B-spline fit. The end regions of the B-spline were 
slightly less accurate, with always less than 10.4 percentage error. 
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APPENDIX D 

AIM-65 MICROCOMPUTER OPERATION, INTERFACE 
AND PROGRAM LISTINGS 
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D. I Overvi e~'I 

The Rockwell R6500 Advanced Interacti ve iH crocomputer[83, 84, 85 ,86] , 

(AIM-55), was used in the laboratory for the small signal 
reproducti on of arc furnace install ation current 'flaveforms, us f n9 

data loaded from punch-tape. 

A block diagram of the Am-65 system is given in Figure 0.1. An 
extra 16K bytes of dynamic RAl'1, and two R6522 versatile Interface 
Adapters were added using the expansion connector. 

The memory map for the 64K bytes of addressable I/O and memory WdS 

given in Table 2.1 (Section 2.3.2). 

0.11 Monitor, Editor and Assembler 

The moni tor program occupied 8K bytes in Ror~ between addresses EOOO 
and FFFF hex. Appl ication programs caul d be entered and changed 
using the text edit facility of the monitor. Programs written in 
R6502 assembl er language source code caul d then be ,lssembl ed into 
object code using the assembler software located in a separate 4K 

bytes Ror~ package. 

0.111 Program Storage 

Once assembl ed, the programs were stored on magnetic tape us1 ng the 

tape input/output faci 1 i ti es of the monitor rout; ne. When programs 

were correct, there was no need for them to be stored in thei r source 
code form, nor for the assembler chip to occupy memory space. 

All programs written for use in this research project were stored and 

run from the 4K byte on-board RAI'vt at address OOOO·OOFF. 

298 



"-.)7 

TELETYPE 
INTER FACE 

II 

~7~ 
DUAL AUDIO 

CASSETTE 
IN TER FA CE 

II 

« c:: 
~ u.J 
c:: Vl 
o 

-.:(0.> 

USER- DEDICATED 

R 6522 VIA 

I;L---l\ 
I\r----I 

....J 
o 
ex:: 

299 

S YS TE M A 1\ I- A I\. 4 K Vl'-----------~ ... \ oZ /I'------JI\\ 

L..-______ -.l 

R6522 VIA r-.. \ 
L.----.----r----' -/ w \ / RAM ~ • ~ v 

'-..> 
PRINTER 

INTERFACE 

'-/ 
20 COLUMN 
THERMAL 
PRINT~[:rv_ 

4/6 MHz 

CRYSTAL 

1 

R 6502 
CPU 

.. 
V) 
V) 

L.U 
ex:: 
CI 
Cl 
<! 

:E 
R 6532 V~------------------~I\.\ L.U 

RA M I/O TIM ER rv .,; t;; 
>-

./ ....... ~ V) 

FIG. 01 AIM-65 BLOCK OIAGRAM 

12 K 
EPROM 



D.IV System Operation 

The 'function ' keys Fl, F3 gave immediate program Ijumpsl to memory 
locations at the start of the program blocks I START I and 'TAPE 
READER' respectively. 

(a) I START I The source code 1isti ng for this program is gi ven 
in Section D.V. Once entered, its timing was 
controlled by a hard wired phase-locked loop 
outputti ng a 200kHz square wave in synchronism with 
the a.c. mains (red phase) voltage. The circuit 
used to generate the controlling interrupts CAl and 
CSl is shown in Figure 02. 

(b) I TAPE READER I The source code listi ng thi s program is given in 

Secti on o. VI. The program reads a seri es of 8-bi t 
val ues from a punch-tape reader connected at input 
port A, finishing when a given number of cycles are 
complete. Data read from the tape is stored in Rk~. 

When the data output program from 'START ' was operating, clock 
frequency of 6r~Hz was used to allow a minimum time between 
consecutive channel outputs (IR, Iy, IS) of 20 microseconds to 

be achi eved. Every 200 microseconds the 8-bi t data word for each of 
channels IR, Iy, IB \'1as sent to port A, with a bit number on 

Port B se1 ecti ng a particu1 ar DAC to receive the 8-bi t 'Nord. This 
val ue was then he1 d by the DAC until the new val ue WdS received 200 

microseconds later. The DAC circuit is given in Figure 03, and the 
analogue outputs fed the low-pass filter circuits shown in Chapter 

II, Figure 2.5(c). 

An additional pulse was output at the start of each repeated 'N ' 
cycles of data, (N = 89 for most applications), to allow measuring 
and data 10ggi ng equi pment to have a common I start I time reference. 
This pulse was output to bit 4 of port B, and was software-timed for 
a duration of 10 microseconds as shown in the program listing 

(Section DV). 
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D.V Waveform Regeneration Program listing 
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;***************************************************************** 

INITIP.LISE; 
NCYCLE =$I!)(!' 
SAL =$(!'1 
BAH =$1112 
NUM =$(!'3 
TEMP =$04 
HADDF: =$QI5 
LADDR =$(!lt::;. 
DEVICE = $.Q. (!){!I QI 

OUT =$At!H!I1 
PC F.: =$At!H!IC 
DDRB =$ A (!H!l 2 
DDF.:A =$A(MI3 
IEF: =$A(lI(!IE 
IFF.: =$At!H!ID 
PF.:IFLG =$A411 
CF:C:f< =$EA24 
Ml =$(!'5Q)(!l 
M2 =$05QIF 
MSG =$Q,t.3F 
GETVAL =$QI64E 
BCDBIN =$0t.t.6 

F.~BYTE =$E3FO 

*=$(!liQ,C 
JMP START 

*=$ QI7(2)iZ1 
START; 

LDA #Qll 
STA PF.:I FLG 
JSF: C:F.:CK 
LOX #MI-M2 
JSR MSG 
JSF.: F.:BYTE 
STA HAOOR 
STA BP.H 
JSR F.:BYTE 
STA LADDR 
STA BAL 
JSF: (RCf< 
LOX #M2-Ml 
JSF.: GETVAL 
JSF.: BCDBIN 
TAX 
DEX 
STX NUN 
STX NCYCLE 

WAVEFORM REGEN. PROGRAM 

;Declares variables. 
;Current no. of cycles. 
;Addr'ess low. 
;Address high. 
;No. of cycles for output. 
;For temporary storage. 
;Initial address high. 
;Initial address low. 
;Port B output data register. 
;Port A output data re~ister. 
;Peripheral control reglster. 
;Port B data direction register. 
;Port A data direction register. 
;Interrupt enable register. 
;Interrupt flag register. 
;Printer flag. 
;CRLF to display. 
;Message addresses. 

;Subroutine addresses 

;Start program if 'FI' key pressed. 

;Printer' off. 

;Read start address and no. of cycles 
; -of data to be output to DAC. 

;Store no. of cycles in X. 
;X-l 
;Save no. of cycles-I. 



RERUN; 

IDLE; 

OUTPUT; 

INRPT; 

CA1FLG; 

LOA 
STA 
LOA 
STA 
LOA 
STA 
STA 
LOY 
LOA 
STA 
ell 

NOP 
JMP 

.BYTE 

LOA 
AND 
Bm 
LOA 
STA 
LOA 
STA 

LOA 
AND 
BE(~ 

LOA 
STA 
LOA 
STA 
DEC 
BPL 
LOP, 
STA 
LOA 
STA 
LOA 
STA 
LOA 
STA 
LOA 
STA 
NOP 
NOP 
NOP 
!'lOP 
NOP 
NOP 
LOA 
STA 

#$Q,::: 

$A4(!'5 
#$CA 
PCI<: 
#$FF 
ODRA 
DOF.:B 
#QH!I 
#$'12 

IER 

IDLE 

16,4,2,1 
VF.:, R, Y ,B 

I FF~ 
#$1(21 

CA1FLG 
#$8QI 
$P,e,QH!I 
#0(21 
$A0QH!I 

IFF: 
#$(!l2 
OATOUT 
#$4(21 
$MI!,0 
#00 
$A0(!H!1 
NCyeLE 
OAT OUT 
LADDI=~ 

BAL 
HAODI=~ 

BAH 
NUH 
NCYCLE 
#Q'8 
$AQ,QH!1 
#FF 
$A(!l01 

#11'0 
AQ)(!ll 

;Store interrupt vector. 

;Set interrupt sense. 

;Set ports A & B to output. 

;Allow interrupts. 

;Wait for interrupts. 

;Set bits to define output channels. 

;Any interr·upt. 
;CBl flag bi t. 
;Branch if not CB1. 
;Reset CBl interrupt latch. 

;Inhrrllpt type. 
;CAl flag bit. 
;Branch if not CAl. 
;Reset CAl interrupt latch. 

;Branch if no. of 
; - cycles not complete 
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;Reload start address for output data. 

;Configure synch. pulse - bit 4 of B. 

;OutPlit pulse to port A. 

;Synch. pulse duration 10 usecs. 

;End synch. pulse. 



DATOUT; 
LDX 
LDY 

LOOP; 
DEX 
BPL 
F.:TI 

CONT; 
LOA 
STA 
LOA 
STA 
INC 
BNE 
INC 
LDA 
CMP 
BNE 
LDA 
STA 
JMP 

#Q'3 
#t!H!I 

CONT 

OUTPUT, X 
DEVICE 
(BAL),Y 
OUT 
BAL 
LOOP 
BAH 
#$A\!I 
BAH 
LOOP 
#$BQ, 
BAH 
LOOP 
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;Set 'X' as no. of output channels. 
;Reset address offset. 

;Branch if more channels to be output. 

;Select relevant output DAC. 

;Select correct data byte. 
;Output t.yte. 

;Skip address block A0 in memory. 

;Contintle loop. 

;**************************************************************** 

UTILITIES 

PRIFLO =$A411 ;Define variables. 
CIKf< =$EA24 
RBYTE =$E3FD 
NUMA =$EA46 
BLANK2 =$E:338 
DEBf<1 =$ED2(: 
SAL =$01 
BAH =$e'2 
NUM =$03 
TEMP =$04 
OUTDP =$EEFC 
LL =$E8FE 
I<:EDOUT =$E'n3 
PJl,(:K =$EA84 
M1 =$(2'500 
M2 =$(!'5QIF 
MSG =$(!'63F 
OETVAL =$<Z't,4E 
SCDBIN =$(2'1;.66 

NCyeLE =$00 
PORTA =$5801 
DDF.:A =$58Q'3 
PCF: =$58Q,C 

ACF: =$58(2'B 
DELAY =$ED2C 
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D.VI Tape Reader Program Listing 
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TAPE PEADEP 

*=$0112 
JMP HEAD ;Start 'TREAD' program if 'F3' key pressed. 

*=$!2)5e)(!) 

Ml ;Messa.;jes. 
• BYTE 'ST ,Ii.F.:T ADDF.:ESS, ' 
M2 
.BYTE 'NO.OF CYCLES=, , 

TPEAO; 
LDA #(Zli 
STA PF~ I F LG 
JSR CF.:CK 
LOX #M1-M1 
JSF~ MSG 
JSR RBYTE 
STA BAH 
JSR F.:BYTE 
STA BAL 
LOY # (!)0 
JSR (RCk 
LOX #M2-Ml 
JSF: GETVP.L 
JSR BCDBIN 
ASL A 
STA NCYCLE 
LOA #~)(Z) 

STA DDRA 
STA ACR 
LOA #$C(!) 
LOY # (1}(1) 

LOOPl ; 
LOX #20(1) 

LOOP2; 
LOA #$£(!) 
STA PCR 
LOA #$C~) 

STA PCR 
JSR DELAY 
JSR OELAY 
LOll. PORTA 
STA (BAL) , Y 
INC BAL 
BNE SlEST 
INC BAH 

STEST; 
OEX 
BNE LOOP2 
DEC NCYCLE 
BNE LOOPl 
JMP TREAD 
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DELAY; 
JSR DESK! ; De lay loop Iolsed in ' TF:EAD' 
OEX 
BNE DELAY 
JMP LOOP 

MSGj 
LOA Ml,X jLoop to Otltpl.lt message rio. 1 • 
eMP #' , , 
SEQ EXIT 
JSR (tUTOP 
INX 
JMP MSO 

EXIT j 
F~TS 

OETVAL; 
JSF: MSG ;Reads a 4-byte hex. vahle 
JSR LL ; -from keyboard. 
JSF.: F:EDOUT 
JSF.: PACK 
JSR F:EDOUT 
JSF: PACK 
PHA 
JSR CRCK 
PLA 
RTS 

BCOBINj 
PHA ;SCD to binar'y sl.lt,r'ollti ne. 
AND #$0F 
STA TEMP 
LOX #04 

J 1; 
PLA 
DEX 
BMI P.NSIoJER 
PHA 
ANO MASf<,X 
BEl) J1 
LDA BINEOV,X 
CLC 
ADC TEMP 
STA TEMP 
JMP J1 

ANSWER; 
LOA TEMP 
F.:TS 
MAS.::: 
:BYTE $::;:12' , $411' , $211' , $10 ;BCD to binary masks. 
BINEQV 
.BYTE 812', 4(ZI, 2121, 1(Z, 
.END 
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APPENDIX E 

SAFE START SEQUENCE FOR THE LABORATORY MODEL 
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Figure El gives a schematic of the complete laboratory model. The 
safe-start sequences to be followed for the protection of equipment and 
personnel was then: 

(1) Ensure all switches and contactors open, GAIN and LEVEL adjust 
potentiometers set at zero, and VARIAC wound to zero secondary 
volts. 

(if ) Start microprocessor cycling of stored data. 

(fif) Close MAIN ISOLATOR. 

(i v) Close SAFETY CONTACTOR. 

( v) Increase GAIN adjust to maximum on power amplifiers. 

(vi) Slowly increase VARIAC secondary voltage until ~V • O. 

(vi i ) Close SHORTING SWITCH. 

(vii i) Increase LEVEL adjust until line current is of correct value. 

The procedure is reversed for stopping the model's operation. Rapid 
isolation of all equipment could be achieved by pressing the emergency stop 
button. 
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APPENDIX F 

SIX-PULSE TCR CONTROL PROGRAM 



F.I FireAsub.asm - Control Algorithm 
Compiler Listing 
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ASI'I 
V61. 1 8 -38 

8086/8688 
( 8 560 ) 

1 
~ ... 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
1 6 
1 7 
13 
19 
20 
21 
22 
23 
24 
2S 
2!> 
2 7 
2 8 000BBBBe BD36BBB~ R 
29 &;10 000 04 3 308 
3 0 000130006 B:,t} 
31 flfl000008 B;.lBBF8 
32 000000BE; ,. : 
33 lJeJ0BB00C EH1F 
34 0000130 0 £ 0 ::1· 
35 UiJ0B0IHB 32£4 
36 B!'I0B00U I I 

3 7 u U0UBIH3 U l lJ 'f 
38 00001'l !1 1 ~ (J.! l 

3 ''1 fJ ~BB0'" 1 7 SuFC'HB 
46 BB0BBu IA 7 -/' " 

1 ~) '-'0 0{jl::l l C ~ fLu 
42 6 06BBBIE t:. 9 ' ·4" , 
.. 3 \-!UUI<IBB2 l 3t<l , 
44 £:te1 0 B002 3 J':. 

.. S ~u~H:t tl025 fj ri kJC 
'16 00B0BB:.! ; ., .. 
4 ;" ~"l\:l8BB29 7 .:u ;' 
48 BBIdIilOU2~; ~." 
4 9 n llu BOl:J 2D U ..> \)'-! 

59 0BBBei!J ":F I:. .,, \1 ' , 
:51 ~ .. t~qeo32 :, · ,.,c~ 

S2 900BB..,j-/ H,, ' 

P.; q e 
2'} - S -:p - O-:; 12: 3 0:: :- :; 

NAME 
NOL IST 

t h 4ristoT _ fl rln!Lru u t in e 
e ( .'I . 

GLOE'HL 
·:.L()[:AL 

f irA5u rJ 

COOEBASEGG, DATACASEGG . CONSTBASEGG 

~~SUME DS :UATAGA SEGG 

~EC1ION pas ca l proc ed u r ~ . CLASS-INST RQG 

; ': ~~X HXXMxxxxxxxxx xxXX ~~XXKxxxxx xxxxxxxx x xxxxxxxxxxxxxXXX X KXXXXXXxxxx 

; ass e,.,b1 2 Y ro u tinf.! 'tu flre t h qr· i:;( ·l '; ":. 
: c~ 11 e d fr OM Ha i n p roq d f~er v o l t~ge ze r o d ~ t e c t ~ d 
;algo ri~hM s u b~ r a c t s ~ ln e va l lJe fr 0i~ Meas u re;1 v a l u~ ~nd i n ~egra t ~~ 

:~ :: st. l n g v il l u e. aqal n s t a l ll·;i 't . • - lrEs th y . t,~ lie n J 1Nlt r o?dc h ed 

: ~~1 4 o utp u t s a s hort p u l s e fa r t~yris~or f i ring 

lo o p delay val u e s S Et IP v a lu e s s u £tah l ~ 1'0 1' nol c OHpe n s a to r ,Ua l ues 
f o r the o ~ h e r two COMpe ns ~ to rs Mu s t b e s et i n RAM a f ter dow n 1 0 ~ · ; 

; p o si ti v e h a lf cuc l 2 

firAs ub 
firel LEA 5 1 .si ne l 

XOR I:;X . BX 
i'iO V CH . Hl?H 

s taT~l MOV OX. £eFBB~H 
OIlT UJ(. AX 

t~t. a 

l a b1 

.\ddl 

neg 1 

M' I l) '_L . . H ' F H 
S II R CL. CL 
.x ~ l i ' ;'1 1. AH 
IN i ,l . Do« 
H')') CL. £0<J H 
S HR CL. CL 
n.p CH, £ftO ~1 

.I i t Sta. 
1·1 I: CH 
r,.w : ~ t . l 

I HI ' .-lL. r : :7 H 
fl. t.- r, --: 1 

h ' :oJ \ l , l ': j 
ChI AL 1.1 

q ; ;,,\ c '::J l 

::; 11(· ... ,1.: I 
..-t OO 1:; '( *'; 

.Itir · L. . ~ . 

'. 1I~ LL. nL 
'·111V ... 1 • I '-

: ~ n ur l sto r flring r ou t i ne 
; pn s l~1v e hal f cycl~ se,: ~ \ ~~ 

: J\.j~., a d d r ess of ode 
; ln i 1 i iit~ c u nv e r s t :-·" 
; ·-n~'t ~ T s]nn d e 1 6 4 

-..= t ret, til z ero 
; lrd '" i - ~;; nr· l -

: (.-.. - . [ . d ~ lalt lu 3 ·1IU!: t s",.;n J ,n 9 f r equ e n c y 
; ~ 1 ; , ~ '-'lr 'l p. t. it S f"".1 . ·r, 74 u~ ~ ·-: .:; c.; Of··' [.o ':"-! ; ' _ t l 

, ~ -: t t-t h .... t h .;t r U I, i!. 0 r i l i' :i t nLnE s a" pl es 
: IU , l l) { .l t. :; t :s \ ' n tl P t (,ll'~ S~ f"' ;J ~ ::- --' 

P .:' · ~ f -= n f"lo rJl~ -t .... i ~ t- o? - ~ I f n~"1 r t! r. d u f 1 1 2 eucle 

r " rrP fl f. · ... 1l u t:! l:i t =;'In.:. '- 'J(' v e ' T O rt ,, €'MO f4 

; -i . t \ - ~e u, . -=. t(, ~ r ;"-;d · ,\ [·l ..-:: - 10 00! . ",0 t- ~ " c-r.t 

I' J.':'. 

; = .. 'J :. f r ;. t C, lr,p' l- . ·, I :; .... , t' J-: 
. ,."1 .1J;rere:n -: e ' -1 = 1. ,.,t'\atJ ,l n s l'-' rE' 

) ML . :;' lll.T r :1'17" t M' _ f . ",,., l ' 
: i"~ ' d, f lF.I . ',; '· ' 1 ... ··-' 

•• •• f •• • •• # • 4' •• • • ~ # 

) 

) 

) 

Co\) -Ul 



) 
ASH 8086/8088 P~ge 2 
V01. 18-38 ( 8560 ) 29 - Sep- 83 12:313 : 53 

53 {l00b:<l36 3E:DB CI'IP EX.AX ; te s t AX against BX-- if AX )BX Make AX=BX so 
54 08000038 7702 JA sub1 ; tI-.at EX i s set t o :zero i n the subtrdction 
55 0800003A 8 BC3 MOV AX.BX 
56 8000003C 2BDS subl SUB BX.AX 
~7 0000003E 81FE9A10 co nt CMP 51. £109 Ml ; test.. 5 I for > 1 / 4 cycl e 

) 58 00000042 ne6 JB ne >< t ; s af'lp I e agi1 in if 5 i ( 1/4 cycle 
5 9 00000044 81F80003 CMP EX. Hl~500H ; lest 8X .. g~ .i n st 1. itl it 
60 80000048 7703 JA f i. rea ;jUMP to firea ~hen liMit e><eeded 
61 0000004A 46 n t'.:.< t HIC 5 I ;update poin t er t o si.ne curve 
62 08800048 EBB8 JI~ P 5 ta 'f tl 
63 00000040 E:A00F0 t i rea MOV DX . HlF00etH : fire thyr ist.o 'f . . . one short pul s e 

) 64 00000050 B00l MDV AL • .E 0lH 
65 00000052 EE OU'f OX. AL 
66 0800005 3 BllE! MOl) C L. £.l~!I 

) to7 00000055 0 2 E9 ~-.fll~ CL. r.L 
68 00008857 B000 MOV AL, £!1~ I H 

69 00000859 EE o ur DX.AL 
) 70 8080005A BA00F3 e n d ! MOV DX . £ 0F8iiJf:; :1 load adi: addres s a nd inp!lt s a/~ pl.c 

71 00088850 EF ~ l lIl l>X . AX 
72 8800005E BHif MOV CL. £W ~ I 

) 73 00000060 02E9 ~A m CL. CL 
74 80000062 EC I N AL . l)X 
75 00000063 3C80 u H-' AL. £H0H : ·-h e c~t fo ~ zero c rossing 
76 00000065 77F~5 JA endl 
77 0 0000067 80368500 R fir~2 LEA S1. :; ine2 :n"l) half c ycle routine C~sj c a ll4 saMe dS---
78 0000006B 3 3 0 13 XOR DX. 8)" ; -- posi t ive hc.l'f c li c l e rou t :t. ne e><ce pt--
79 fl0 0et00. ·0 8509 f'lG V CI :' :i (1'j'fi ;--d Go s ~ t ~ve c o ntribution to S UMMation- -
80 00130006F BA00F S sta r t. :! MOV OX. £0F80@11 ; -- S -lCl i2 res u l t:; f rOM AL being - - - -
81 fl 0000072 EF ou r OX, AX ; - - " u;·\t'.rl c a lly s ~\aller th a n sin e curve--
82 000001373 BHlF MOV CL. £l1rt l ;--t ~ a llGw l or fact t.h at ~~r0 vo lt.~---

83 0000007 5 02E9 .. f il' CL. CL ; -- .- (""resl1o n d s to an a dc o utp ut o f 128. 
84 000001377 32£·1 >: Oh: A:~ . AH 
85 fl01300079 EC J r~ " L . l> X 
C6 0 000007A E:108 ," UV CL. f:!1tiH ; , .jn r d€'Ja u t. Lj 6d iust. s aM p ll ng fr eq ency 
87 0000007 C 0 21-: 9 ~H;, LL , (I. ; s ' n t-! .: t. r ..; e tJa~t~cI ()r J /q us~ ,: s 5 di"lpL ~ "tl !-'t~ 

83 1:11100007E 80F000 l eI .-' CI; ,J I1HI I 
89 01'11'1 0 0 138 1 7 '1ll ;, o· l. t. ;: 1 t. 
90 U00B0083 FECl> ~. ( '.; L ; I 
91 013130008:5 ES' 0 '1f.:· ; JM,' 1 r. i . 
92 \J 01313 B088 3C13 t : • r. ''': AI'" HI . £ /' )11 
93 0013 01'1138;; 1735 J'; ". I-, :J -! 
S' ~ lJ!el139008C BAoe ! .. :ot:;..: f'1UV eL. I. ~ • .I. J 
95 0801'101'13£ SHel 1: ",1 ' HI ! 1 
'":1 .') u Ue00090 72110 "' r· ,'s::::! 
97 0 130 000'7'2 :!;'Cl ;~ !II _: ..;; I ! 

" :J :!J 'J0BB09 4 3E: D8 I-,"ri " 1;''. .,....1. 
c~'tt/ 0B00aU96 /; u ~ J;; c:.q~_. 

J u l1l Uu000B98 8 BC) ,r: ::') ,.... .). . L' ( 
11'11 000000?.-'i 2 1:.i;'; .:t ti t . ~ S lJi : r: ~ r' 

J ~2 nlle000 9C £ 906110 (,71 1 - ': l:"+ r, t '~ 
~ 11'.1.5 00000B'I F 2 ,; 1.:» r"'~~ ~ IJI_: r I . ,',l -j . 14 000000A l a ... C l ~I P .' :;i . , , 0) 



ASM 8086/808 :.: 
Vm . l H-3B ( 8560 ) 

105 B000130A3 03[!6 
106 0 00000A5 BIFE I F II 
1137 000000i\'} 7 2 1~.~ 

108 000000AB BIFBC003 
109 0B0B00AF 77 e13 
1 10 €J0B0B08 1 4 6 
111 01300131'182 £E::t-~ t: 

1 1 2 GtHilB00B4 E::AB0F0 
113 I!Hl000087 B0U2 
1 14 [)00B0089 EE 
11 5 000000BA 8 1 H1 
116 fHd0000BC 0 2 E9 
11 7 000000BE Bell>;,;) 
11 ~ 0 00BI!I0CB E.E. 
11 9 13130131301:1 BA0. lF D 
1 2 0 m .l0BB0C4 E.F 
1 2 1 000BB0C5 BIO, 
1:2 [J0B0B0C7 1J2E. 9 
12 3 000B00C9 ,:C 
124 00B000CA 3C8B 
125 1!1000BBCC 7 2 F3 
126 000000CE E'nFFF 
127 13001301301 C2040u 
128 
129 
130 
131. 
132 
13;\ 
1 34 
1-' ,j ..o 

136 
137 
138 
13·' ~0080000 828~388A 

8 0 <1 F 92v4 
"I7?..l?CYr 

nl 
-! i:J U~000000 A ~A6A8AU 

';Uh /- E:2(: ·4 
~:0l'8 1;::E:: E:O 

3 . 
"'-J 0U001A C i C.>(;~C/ 

C9C l:,:~ ' c:r 

., uf' :.: U4U c 

f" 
4 . u uB00027 utiUADBUO 

OEliF r J E. ~' 

t::: 3 1:. t!E~.C6 

t: 7 
. -, ~ ~"1008034 1:.01:tI£'1l:A 

b .. E8f.l·( C 

add2 
con t. 2 

n e x t2 

tireh 

entl2 

-: Jne l 

f' a oc :; 
2? - Sep-83 12 : 30:53 

ADO BX.AX 
Cl'IP SI. £ll1FH 
JB n~xT. 2 
CMP E::X. H:l03C01f 
JA ·fi re b 
lN C 51 
JMF' ,;-tart.2 
i'!OV DX. £8F000H 
MOl) AL. £02H 
Pl.I r [;X . AL 
Mll\.l L:L. £ :~ 11H 
SIIH CL . CL 
i'lllV AL. £(Hl<-l 
Ot IT I.)X . ""L 
HOV OX. £0F0 01:.1: : 
ol.n I)X. AX 
i'lO'J CL. (\"IF :·1 
t;fm CL. CL 
IN ~ I_ . OX 
O il-" AL. faaH 
JE-; e nC1~ 

JMI' fi. re l 
RET £4 

; fire t.hljrist.o ·r ... anI'. sho r t pulse 

l "a ,1 i, d e ;;ddrl!55 a n rl i.nput. Sal-IP 1 e. 

; cn~ck fDr po s going zero crossing--

: - - cycle r o utine . 

S ECTHJN sdl:.fJ8 . cons t. Cl.ASS=OATAlU~ 

£: ';' I L 

8( '1 I: 

f ~ 'j' I t 

f .: 1 I :: 

c: l' I r 

re t eren c ~ 5 in~ wa\.J ~ . . , 2t!r,) ::. 1 '2 7 
n l\l s/" inus liS 

first saMpl e al 1 0uu ~ 

~ ub s e q uen~ dt 7~ IJS 

p~ . s per 1 /2 · e y e 13 2 

13 l l. L : 3 . l :Sb . 1 3 iJ. 1·'11. 1'\ 3 . 146 . 148. 1~1. 154.1 :';6.1::' 9 . 16 1 

; ,, 3 . . [,', 0 . J ,; 8 . 1/ J.. li"J . J ;' ~ . 1 7 8. UJol. 11:12 . 18 4. 1(:17. l u'l. I 'l l 

I S· ~ . J ')~'. J I"~· . 1 '·' ''·. '::: 1:11. :': 0.1. 2 1:15 . ~H 7 . 2 BB . Ll!1. :: 1~~. ? U . :! l ~ 

.; 16 . ~· I fj. , ' l "; . .!-2 1. ~:;:::!. ~:'! J. ~25 . 220 . ~27 . ~28 . 2 :':': 9. ::3 ~ . ~ :S l 

:.' •• ....! •• :.:1:::' . '::/. ~ :-; . ;:34 . 2 '>4 . 2::S ~, 2~5 . 2~6 , LJ6. ::!3i, . .:.' :5 /' , ::: :.:;/ . :.' .s ;-" ~ -'J 



ASM 8086/8088 Pdge 4 
vel. 18-38 ( 8 5 60) 21-S ep- 83 12 : 30 : 53 

) 
E.CECEOED 
ED 

14 4 00000041 EOEDEOED BYTE 237.237.2;37.237. 2 :V. 236. 236. 2 3 6. 235. 2 3 5. 234.234. 2 3 3 
EDEC£C£C 
EBEBEAEA 
E9 

145 ~B00004E EBE7E6E6 BYTE 232,231,230, 2 30,229 , 2 28,227,225,224,223,222,220,219 
E5E4E3El. 
E0DFOEOC 
DB 

146 ~000005B 09080605 !:lYTE 217.216. 214.21 3 , 211. 2 10. 208.206.204 . 2 02 . 200.198 . 196 
03D2DflCE 
CCCAC8C6 
C4 

147 ~B00006B C2C0BEBC I i lE 194. 1 92, l~· H. l oa . H U ., It14. IB2 . 1 7 'i' . 177 . 1 ;'~ . 17 2. 17 0. 167 
E:Al:'8E:6B3 
81AFACAA 
A7 

148 0 0 000075 A5A3A09E " 'I'lE I ,,:i. 163 , l i. i1. 158. 15 5. 153. 150. 140. 145. 142. 1413. 137. 13 5 
9E:999694 
918E8C89 
87 

149 ~10000082 84827F ,,' Y'n: L;2. 1 3 0. 127 
150 
151 
152 0 0000085 7[797 6 7 4 :;. jn~2 B YTE 1:.' ~. 1 2 1. li B. 11 6 . 1 1:; . 111. HID. H1 6 . 103.100.98.95 .9:5 . 'l 0 

716F6C6A 
6764625F 
5 D5A 

153 00000093 58565351 r:TlE LQ , EII'., In. 81,79. 7 6 , 74. 7 2. 70 .67 . 6 5 , 6 :5 . 61 
4F4C4A'll ; 
Li,s4 3 413F 
3D 

15 4 U~0000A0 3 83 9 3 7 35 ;:" Yl E :~\I , :.17, :5!J . ~ 3 . ~ 1. 4 S' , 4 7 . :;.5 . 4 4. 4 2 . 4 1 . ::is' , :)8 
3 3312F 2 [-
2 C2 A2 927 
26 

ISS 400080AO 24 2J2 128 [; '( f E 36. 3~ . 3 J , J 2. j l . ~~ . : · 8 . ~ ~. 26 . 2~ t ~4 ,~3 .2~ 
H ' I[' 1 C l l> 
l AL'l lt' 17 
j ~ 

1 5 0 Q~~080E:A 1 61~ 14 1 4 LJ il E :}? ~1. :i 0. ~ rL 1 '·' . IT'. l{:. 1 8. 1H, :1 7 . L/. 1 .··.1 7 
IJ1...d .c l :: 
; ~ 11 i 1 j 1 

L I 
1::' 7 0l'0000C7 111 11t1 1 ,:; orr j 7. I~ , 17, 1:- , 18 , Pl. i t l. ' ''' , i 'i , ,' 11, 2 1-1, 2 1. _. ~ 

1 2 1 21..:..: \. 3 
.I 3 1 ~ J.q i~ 

J. ~ 

l :>q O~0008D4 17 1U1 8 19 G'(H, ::3. ~ 4 . ~4. 2~ . 26 .27. 29 . ~0,3 l ,32 . J~ .3~ . J 7 
It.H: lI 1 ;_ ~ 
t; 2~ 1 :'2::3 -Q) 



) 
AS/II 0086/808B i" .~ <l e 5 
V0l. 18-38 ( 8560) 2 9 - !3 e p - 83 12 : 30: 53 

) 
25 

159 ~00000E1 2628292B OYTE 38.40,41 . 43 . 44.46.48 , 50 . 52.54.~6.58. 6B 
2C2E3032 
3436383A 
3C 

160 000000EE 3E404244 BYT E 62 . 64.66.68,70.72.75.77.79.82.84.87.89 
464848':: D 
4FS25457 
5'1 

161 0 00000FB 585E6063 811E 9 J . 94. S'6, 99 . 101. l04. 11'16. 109 . 1 12. 11.4 . 117 , 11 9. 122 
65686A6D 
7072757 7 
lA 

J62 00 0 00Hl8 7C7F 8 iTE 12 4 , 127 
163 
164 
165 

') 166 
167 [NO 

t.J -<0 



) 
ASH 8086/8088 SYM BOL r ~BLE Page 6 
VO 1. ltl -38 ( 8 560 ) 29-Sep-83 12:30: 5 3 

Sectcion 501<88, CONSl , Cla s s OATAQ U, Ali gn e d to 00000010, Size 000001 ~A 

SlNE1 --- -------- --~0 00000e 5INE2---- -- - - - - - -- 00000085 

Sec tc i on PASCALPROCEDURE , Class INSIRC,Q , A liqn r.<d t o 000001Ua, Size 0000"H3D4 

~0UI -- - - -- --- --- --B8B0002D 

EHD 1 ------ ----- ---ee0000~A 

F I RE2 - - - - - --- - - - --08000067 
LAB2-- ------- - - - - - 000000BC 
POS2--------------0000009F 
S UB2------ - - - - - - --0000009A 

HI.) D2- ---- - -- -- - --- -- -- ~100000A3 

EN[U ----- - - ---- - - - ------ - IMJ00HtI C L 
F1REA - ----- - - - - -- 0000004D 
N~G l- -- - - - --- -----000000~ _~ 

S TART 1---- - - - -- - -----1'1000000-; 
TSTA- - - - - -- - ---- - - ~8000021 

Sectcion :r.FIREAOB '{ , Ali g n e d to BBIoI00fJHi , !:i ize £ Mf' TY 

l lro l1\Ju nd Globals 

CODEBASEQQ-- - ----- 08B0000 0 

1 6 1 L in e s 1 ' -; <1 

:67 Lln~5 Proc~s s e J 

VI t:. I"'h:" r =. 

CUNST8ASEOQ- - - - - - -U~~00000 

(:liNT - -- - - -- - --. - -- - - - - --i<l000003E 
FIRASU8 -- - - - - --- --0B00~08~ W 
FJ RE8--------- · - - - - ~00BBBB4 
NEX T - - - - -.- -- - - .- -.-. - --000B0i'l4A 
STAR,2 - - ---- -.- ' - --'--0B0000 6 F 
TSr~------- '- ------0000BB88 

DATA8AS~GG----- - - - ~~B00000 

CON T2--- -·--- --- ---H0 0000A5 
FIREl - - - ---- --- ---00000~8 J 

LABl -- - - - - - - - ----- 00000B 2 5 
NE XT? - -Y0000BBI 
SUB l - -- - -.- - - - - '- -- --0000 0(-1 ;;_. 

Co) 

N 
o 
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Sample cont'd cont'd cont'd 
No. Address vR 
dec. hex. dec. dec. hex. dec. dec. hex. c!ec. dec. hex. /jec. 

0 1058 130 35 107B 210 70 109E 236 105 10Cl 192 
1 1059 133 36 107C 212 71 109F 236 106 10C2 190 
2 105A 136 37 1070 213 72 10M 236 107 10C3 la8 
3 10513 138 38 107E 215 73 10A1 235 108 10C4 186 
4 105C 141 39 107F 216 74 10A2 235 109 10C5 184 

5 1050 143 40 1080 218 75 10A3 234 110 10C6 182 
6 lOSE 146 41 1081 219 76 10M 234 111 10C7 179 
7 10SF 148 42 1082 221 77 10AS 232 112 10C8 177 
8 1060 151 43 1083 222 78 10A6 232 113 10C9 175 
9 1061 154 44 1084 223 79 10A7 231 114 10CA 172 

10 1062 156 45 1085 225 80 10AS 230 ll5 10CB 170 
11 1063 159 46 1086 226 81 10M 230 115 10Ce 157 
12 1064 161 47 1087 227 82 10M 229 117 lOCO 165 
13 1065 163 48 1088 228 83 10AS 228 118 10CE 163 
14 1066 166 49 1089 229 84 10AC 227 119 10CF 160 
15 1067 168 50 10BA 230 85 lOAD 225 120 1000 158 
16 1068 171 51 1083 231 86 10AE 224 121 1001 155 
17 1069 173 52 108C 232 87 lOAF 223 122 1002 153 
18 106A 175 53 1080 232 88 lOBO 222 123 1003 140 
19 106B 178 54 108E 233 89 10Bl 220 124 1004 148 
20 106C 180 55 108F 234 90 10B2 219 125 1005 145 
21 1060 182 56 1090 234 91 10B3 217 126 1006 142 
22 106E 184 57 1091 235 92 10B4 216 127 1007 130 
23 106F 187 58 1092 235 93 lOBS 214 128 1008 137 
24 1070 189 59 1093 236 94 10B6 213 129 1009 135 
25 1071 191 60 1094 236 95 10B7 211 130 100A 132 
26 1072 193 61 1095 236 96 1008 210 131 100B 130 
27 1073 195 62 1096 237 97 10B9 20a 132 lODe 127 
28 1074 197 63 1097 237 98 100A 206 

29 1075 199 64 1098 237 99 10BB 204 

30 1076 201 65 1099 237 100 100C 202 
31 1077 203 66 109A 237 101 lOBO 200 

32 1078 205 67 109B 237 102 lOBE 19B 
33 1079 207 68 109C 237 103 10BF 196 
34 l07A 208 69 1090 237 104 lOCO 194 

F.II SINE1: Positive half-cycle reference sinusoid 



322 

Sample cont'd cont'd cont'd 
No. Address vR 
dec. hex. dec. dec. hex. dec. dec. hex. dec. dec. hex. dec. 

0 1000 124 35 1110 44 70 1133 13 11)5 1156 62 
1 lODE 121 36 1111 . 42 71 1134 236 lOS 1157 64 
2 100F 118 37 1112 41 72 1135 236 107 1158 56 
3 10EO 116 38 1113 39 73 1136 235 108 1159 58 
4 10El 113 39 1114 38 74 1137 235 109 USA 70 
5 10E2 111 40 1115 36 75 1138 234 110 115B 72 

6 10E3 108 41 1116 35 76 1139 234 111 115C 75 
7 10E4 105 42 1117 33 77 113A 232 112 1150 77 

8 10E5 103 43 1118 32 78 113B 232 113 115E 79 
9 10E6 100 44 1119 31 79 113C 231 114 115F 82 

10 10E7 98 45 111A 29 80 1130 230 115 1160 84 
11 10E8 95 46 111B 28 81 113E 230 116 1151 87 
12 10E9 93 47 111C 27 82 113F 229 117 1162 89 

13 10EA 90 48 1110 26 83 1140 228 118 1163 91 
14 lOEB 88 49 111E 25 84 1141 227 119 1164 94 
15 10EC 86 50 111F 24 85 1142 225 120 1165 96 
16 10ED 83 51 1120 23 86 1143 224 121 1166 99 
17 10EE 81 52 1121 22 87 1144 223 122 1167 101 
18 10EF 79 53 1122 22 88 1145 222 123 1168 104 
19 1100 76 54 1123 21 89 1146 220 124 1169 106 

20 1101 74 55 1124 20 90 1147 219 125 116A 109 

21 1102 72 56 1125 20 91 1148 217 126 115B 112 
22 1103 70 57 1126 19 92 1149 216 127 115C 114 
23 1104 67 58 1127 19 93 114A 214 128 1150 117 
24 1105 65 59 1128 18 94 1149 213 129 U6E 122 
25 1106 63 60 1129 18 95 114C 211 130 116F 124 
26 1107 61 61 112A 18 96 1140 210 131 1170 130 
27 1108 59 62 1128 17 97 114E 208 132 1171 127 
28 1109 57 63 112C 17 98 114F 206 

29 110A 55 64 1120 17 99 1150 204 

30 110B 53 65 112E 17 100 1151 202 
31 110C 51 66 112F 17 101 1152 200 

32 1100 49 67 1130 17 102 1153 198 

33 1l0E 47 68 1131 17 103 1154 196 

34 110F 46 69 1132 17 104 1155 194 

F.III SINE2: Negative half-cycle reference sinusoid 



APPENDIX G 

SPECAN.FORTRAN - A SPECTRUM ANALYSIS PACKAGE 
PROGRAM LISTING 
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G.I Spectral Analysis Program Overview 

The main SPECAN program is used for handling and manipulation of data 
to enable it to be used as a general program suited to input datil 
with varying characteristics. 

The number of time-series data samples was required to be 2N, and 
an equiva1 ent number of frequency blocks were returned from the FFT 
subroutine 'FRXFM' within the range a - F Hz, where F =0 l/At, s s 
the sampling frequency. Only the lower half of this frequency domain 
data could be used - that below the Nyquist frequency FN =0 1/2At. 

The frequency range of power spectral densi ty that coul d be studied 
was therefore simply a function of the input data sampling frequency 

Fs' 

At for most of the data studied was fixed at 800 microseconds, giving 

FN = Fs/2 = 625Hz. 

The reso1 uti on into frequency blocks wi thi n this range was then a 

function of the total number of time series samp1 es input to the 

program. 

Tabl e Gl shows how the output frequency range and resol uti on vary 

with input time series data sampling frequency Fs' and total number 

of samples 2N. 

2048 samples were always used, giving N = 11 and a resolution of 
0.6Hz per block in the output frequency range to 625Hz. 

Figure Gl shows how the main 'SPECAN' program utilised a run-time 

library of compiled sub~outines 'FRXFM', 'BLOCK' and 'HAN'. 

'BLOCK' rearranges the frequency components output from 'FRXFM' into 
their correct consecutive sequence. 
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Sampling F: 
Frequency s 

frequency 
span 
resulting 

Number of N 
samples s 

1024 

2048 

4096 

TABLE G1 

Hertz .... 

2500 1250 625 

0-1250 o - 625 0-312 

2.44 1.22 0.61 

1.22 0.61 0.31 

0.61 0.31 0.15 

Resolution bandwidth 

FFT output frequency range 
and resolution. 
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MAIN PROGRAM 

I COMPILED SUBROUTINEUl! TEXT LIBRARY'SPECUs'l 

FIG. G1 SPEaRUM ANALYSIS 
PROGRAM STRUCTURE 
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'HAN' introduces a Hanning smoothing window which takes the form of a 
cosine 'half-bell' at each end of the data span. This reduces errors 
over the whole frequency span which may be caused by end-effects from 
the start and end of the time-series data. 

The FORTRAN program 1 istings for SPECAN, FRXFM, BLOCK and HAN are 
given in Sections G.II, G.III, G.IV and G.V respectively. 
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G.II 'SPECAN' Program L1stln~ 



FILE: SPECAN FORTRAN Al (EE68 ) 

C 
C 
C 

DIMENSION V(2048),T(2048) ,X(2048) ,Y(2048) ,XV(2048) ,YV(2048) , 
+ XHZ(20),YHZ(20) ,XDB(20) ,YDB(20) ,TITLE(8) 

INTEGER I,J,K,Kl,K2,LINES,IDB,NBLK,NBLKSO,NBLKH,ENDBLK 
LOGICAL LIST,HANFIL 
READ(S,lOD) N2TOT,N2SAM,NBLK,ITST,IDYN,IHAN,IPRINT,ISQ,IWAVE 
WRITE(6,lOO) N2TOT,N2SAM,NBLK,ITST,IDYN,IHAN,IPRINT,ISQ,IWAVE 

c.· ................ THIS SPECSO PROGRAM IS A MODIFICATION OF THE GENERAL 
C SPECAN PROGRAM FOR SPECTRAL ANALYSIS. 

SPEOOOIO 
SPE00020 
SPE00030 
SPE00040 
SPEOOOSO 
SPE00060 
SPE00070 
SPE00080 
SPE00090 
SPEOOlOO C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

THE MODIFICATIONS ONLY ALLOW ONE 'SEm!ENT' TO BE SPEOO 110 

C 

IDYNz 90 
N2TOT-ll 

PLOTTED FROM THE INPUT DATA. SPE00120 
THUS: SPE00130 

'ITST' MUST BE 1 (TEST SEGMENT IS THE FIRST)SPEOOI40 
'ISQ' NEED ONLY BE 1 SPE001SO 
'N2SAM'·'N2TOT' (SAMPLES PER SEGHENT SPEOOI60 

ALSO: 
'NTOT' 
'NBLK' 

• TOTAL NO. OF SM!PLES) SPE00170 
SPEOOIBO 

MUST BE 2048 DATA POINTS HERE SPE00190 
IS SET SO THAT ALL SPECTRAL LINES ARESPE00200 
CALCULATED - NO AVERAGING OCCURS SPE00210 

'IDYN' IS SET TO 90 BECAUSE THIS APPLICATIONSPE00220 
REQUIRES DETAILS DOWN TO -BODB SPE00230 

THERE IS NO LONGER ANY FACILITY FOR PLOTTING THE 
INPUT TIME-SERIES DATA. 

SP!:00240 
SP!:00250 
SPE00260 
SPE00270 
SP!:002BO 
SPE00290 

N2SAM-ll 
NBLKs(2.0**N2SAM)/2.0 
ITS1'-1 

SPE00300 
SPE00310 
SPE00320 
SPE00330 
SP!:00340 

ISQ-l 
HANFILz. TRUE . 

C .................. THE RANGE OF FREQUENCY TO BE PRESENTED IS DEFINED 
SPE00350 
SPE00360 
SPE00370 
SPE00380 
SPE00390 
SPE00400 
SPE00410 
SPE00420 
SPE00430 

C BY SETTING THE NO. OF BLOCKS TO BE PLOTTED, 
C REMEMBERING THAT (NO. OF SAMPLES X 0.5) WILL GIVE 
C UP TO THE NYQUIST FREQUENCY. 
C 
C 
C 
C 
C 
C 

c 

NBLKSO=82 
NBLKC=165 
NBLKH"'983 
IDYN-IDYN-10 

THUS FOR 2048 SAMPLES AT 800US SAMPLING INTERVAL ... 
82 BLOCKS GIVES 0 - 50 HZ 

983 BLOCKS GIVES 0 - 600 HZ. 

NTOT=2**N2TOT 
NSAM=2**N2SAM 
NSAM2=NSAM/2 
FSAMSQ=FLOAT(NSAM)*FLOAT(NSAM) 
NSEG=NTOT/NSAM2 - 1 
NLPB=NSAM2/NBLK 

C .•...•..........•. READ ALPHANUl'!ERIC DATA AT HEAD OF DATA FILE 
C 

READ(S,1ll) TITLE 
C 
C .................. READ THE INPUT DATA AND ATTACH TO EACH POI~ AN 
C ARBITRARY TIME VALUE 
C 

C 

LINES=NTOT/8 
IF(LIST)WRlTE(6,l04) 
DO 2 J=l,LlNES 

Kl"'J*8-7 
K2=J*8 
READ(5,102)(V(K),K=Kl,K2,1) 
DO 1 K=Kl,K2,1 

T(K)=FLOAT(K) 
IF(LIST) WRITE(6,lOS) K,T(K),V(K) 

CONTINUE 
IF(LIST) WRlTE(6,llO) 
IF(LIST) WRlTE(6,102) (V(K),K=Kl,K2,1) 

2 CONTINUE 

C .....•..•••....... DRY RUN TO ESTIMATE MAX POWER 
C 

Il-(ITST-l)*NSAM2 + 1 
I2=(ITST+l)*NSAM2 
DO 5 1-11,12 

K"I-I1+l 
X(K)-V(I) 
Y(K)-O.O 
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C 

S CONTINUE 
CALL FRXFM(N2SAM,NSAM,X,Y) 
IF(.NOT.HANFIL) GO TO 6 
CALL HAN(NSAM,X,Y) 
SCALE=16.0/(3.0*FSAMSQ) 
GO TO 7 

6 SCALE=2.0/FSAMSQ 
7 X(l)-O.O 

DO 8 1=2, NSAM2 
8 X(I)=SCALE*(X(I)*X(I) + Y(I)*Y(I» 

CALL BLOCK(X,Y,NSAM2,NBLK) 
XMX=X(l) 
DO 9 1=2, NBLK 

9 IF(X(I).GT.XMX) XMX=X(I) 

C ..•.•............. COMPUTE AND PLOT SPECTRA 
C 
C 
C .••.•.••••......•.. J IS INVARIENT BECAUSE THERE IS ONLY ONE SEm!ENT 
C 

J=l 
Il-(J-1)*NSAM2+1 
I2-(J+1)*NSAM2 
DO 12 1-11,12 
K=I-I1+1 
X(K)-V(I) 

12 Y(K)"O.O 
CALL FRXFM(N2SAM,NSAM,X,Y) 
IF(LIST) WRlTE(6,106) 
IF(LIST) WRITE(6,lOl) (I,X(I),Y(I),I-l,NSAM) 
IF(.NOT.HANFIL) GO TO 13 
CALL HAN(NSAM,X,Y) 
IF(LIST) WRlTE(6,107) 
IF(LIST) WRlTE(6,lOl) (I,X(I),Y(I),I-l,NSAM) 
IF (LIST) WRlTE(6,109) 
SCALE-16.0/(3.0*FSAMSQ) 
GO TO 14 

13 SCALE=2.0/FSAMSQ 
14 X(l)-O.O 

DO 16 I=2,NSAM2 
16 X(I)-SCALE*(X(I)*X(I) + Y(I)*Y(I» 

CALL BLOCK(X,Y,NSAM2,NBLK) 
IF (LIST) WRITE(6,108) 
IF(LIST) WRITE(6,101)(I,X(I),Y(I), I-l,NBLK) 

C 
C ....•.•.••.•..••.. PLOTTING OF SPECTRUM FOLLOWS 
C XV, YV AT 34 CARRY OVERFLOW ~!ARKERS 
C 

C 
C 

17 CONTINUE 
ENDBLK'"NBLKC 
CALL PAPER(l) 

18 CALL PSPACE(O.2,O.S6,O.3,O.9) 
CALL CSPACE(O.O,O.O,O.o,O.O) 
ENDYMa O.S*(FLOAT(ENDBLK)/1024.0) 
WRITE(2,*) ENDBLK,ENDYM 
CALL MAP(-80.0,10.0,ENDYM,O.0) 
CALL CTRFNT(l) 
CALL CTRMAG(lO) 

C THE FOLLOWING PRAMETERS SET THE MATHn!ATICAL SPACE FOR THE 
C POWER SPECTRUM PLOT. 
C 
C YSM DICTATES THE RANGE OF NORMALISED FREQUENCY PLOTTED--ITS 
C MAXIMUM ALLOWABLE VALUE IS O. S. (NYQUIST LUlIT) 
C 
C 

XSM1--FLOAT(80) 
XSM2'"10.0 

C YSM1-0.S 
C YSM1=0.S*(NBLKSO/1024.0) 

YSM2=0.0 
DELaY(2)-Y(1) 
CALL POSITN(XSM1,O.0) 
MARK"O 
XP"XSMl 
IF(X(l).EQ.O.O) GO TO 19 
XP-10.0*ALOGIO(X(1)/XMX) 

19 YP-O.O 
IF(XP.LT.XSM2) GO TO 20 
MARK"'MARK+l 
XP-XSM2 
YV(1)-Y(l) 
XV(l)-XP 
GO TO 22 

20 IF(XP.GT.XSM1) GO TO 22 
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c 
c 
c 
c 
c 
c 
c 

HARK-MARK+1 
XP=XSM1 
YV(1)-Y(1) 
XV(1)=XP 

22 CALL JOIN(XP,YP) 
ypzY(1)+DEL/2.0 
CALL JOIN(XP,YP) 

TIlE LOOP TO 30 PLOTS TIlE BLOCKS IN TIlE F-DmtAIN AFTER TIlE 
FIRST BLOCK. 

USUALLY TIlE UPPER LIMIT WOULD BE SIMPLY NBLK--BUT FOR TIllS 
SPEC50 PROGRAM IT IS NBLKC AS SET ABOVE. 

DO 30 I=2,ENDBLK 
IF(X(I).GT.O.O) GO TO 23 
XP"XSM1 
GO TO 26 

23 XP-10.0*ALOG10(X(I)/XMX) 
IF(XP.LT.XSM2) GO TO 24 
HARK=MARK+1 
XP=XSM2 
XV (MARK)·XP 
YV(MARK)"Y(I) 
GO TO 26 

24 IF(XP.GT.XSM1) GO TO 26 
MARK=MARK+l 
XPzXSMl 
XV (MARK)-XP 
YV(MARK)=Y(I) 

C 26 IF(MARK.GT.499) GO TO 34 

C 

26 CONTINUE 
IF(LIST) WRITE(6,103)XP,YP 
CALL JOIN(XP,YP) 
YP"YP+DEL 

30 CALL JOIN(XP,YP) 
XP"XSMl 
CALL JOIN(XP,YP) 
IF(MARK.EQ.O) GO TO 40 

C .....•.••. ; .... PLOT STARS WHERE XP IS 'OUT OF RANGE' 
C 

C 
C 
C 
C 
C 

34 CALL PTPLOT(XV,YV,l,MARK,45) 
40 CONTINUE 

FOLLOWING SECTION LABELS AXES OF SPECTRUM PLOT 
(ONLY IF J-1) 

IF(J.GT.l) GO TO 50 
CALL AXNOTA(O) 
CALL XAXIS 
DBMIN--(IDYN) 
DO 41 1-1,10,1 

YHZ(I)-FLOAT(I)*(ENDYM/I0.0) 
XHZ(I)-DBMIN 

41 CONTINUE 
IDB-IDYN/ 10+ 1 
DO 42 1-1,IDB,l 

XDB(I)-10.0-(1*10.0) 
YDB(I)-O.O 

42 CONTINUE 
CALL CTRMAG(20) 
CALL PTPLOT(XHZ,YHZ,l,lO,43) 
CALL PTPLOT(XDB,YDB,l,IDB,43) 
CALL POSITN(DBMIN,O.O) 
CALL JOIN(lO.O,O.O) 
CALL POSITN(DBMIN,O.O) 
CALL JOIN(DBMIN,ENDYM) 
CALL CTRORI(270.0) 
CALL PSPACE(0.O,1.0,O.O,1.0) 
CALL CSPACE(O.O,O.O,O.O,O.O) 
CALL MAP(0.O,1.0,O.O,1.0) 
CALL CTRMAG(8) 
CALL CTRORI(270.0) 
XCH"0.18 
YCH-0.91 
CALL PLOTCS(XCH,YCH,91HO.0 10.0 20.0 30.0 40.0 

+50.0 60.0 70.0 80.0 90.0 100.0,91) 
XCH-XCH-0.03 
YCH-YCH-O,08 
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C 
C 

CALL CTRMAG(10) 
CALL PLOTCS(XCH,YCH,36H FREQUENCY ( HZ ),36) 
CALL PLOTCS(0.S4,O.9S,2HDB,2) 
CALL CTRMAG( 10) 
CALL PLOTCS(0.98,O.9S,TITLE,64) 
CALL CTRMAG(20) 
CALL PLOTCS(0.6S,O.70,13HPOWER SPECTRA,13) 
CALL CTRMAG(8) 
CALL PLOTCS(0.S60,O.9S,SH 10.0,5) 
CALL PLOTCS(0.S20,O.9S,SH 0.0,5) 
CALL PLOTCS(O.480,O.9S,SH-IO.O,S) 
CALL PLOTCS(0.440,O.9S,SH-20.0,S) 
CALL PLOTCS(0.400,O.9S,SH-30.0,S) 
CALL PLOTCS(0.360,O.95,SH-40.0,S) 
CALL PLOTCS(0.320,O.9S,SH-SO.O,S) 
CALL PLOTCS(0.280,O.9S,5H-60.0,S) 
CALL PLOTCS(0.240,O.9S,5H-70.0,S) 
CALL PLOTCS(0.200,O.9S,5H-80.0,5) 
CALL CTRORI(O.O) 
CALL CTRMAG(10) 

50 CONTINUE 
CALL GREND 

C .•..••.•......•... SECOND PLOTTING SECTION (BELOW) OUTPUTS 0 - 600HZ 
C FOR HARMONIC ANALYSIS. 
C 
C 

C 
C 

ENDBLK"NBLKH 
CALL PAPER(l) 

68 CALL PSPACE(0.2,O.S6,O.3,O.9) 
CALL CSPACE(O.O,O.O,O.O,O.O) 
ENDYM"O.S*(FLOAT(ENDBLK)/1024.0) 
WRITE(2,*) ENDBLK,ENDYM 
CALL MAP(-80.0,lO.O,ENDYM,0.0) 
CALL CTRFNT(l) 
CALL CTRMAG(lO) 

C THE FOLLOWING PRAMETERS SET THE MATHEHATICAL SPACE FOR THE 
C POWER SPECTRUM PLOT. 
C 
C YSM DICTATES THE RANGE OF NORMALISED FREQUENCY PLOTTED--ITS 
C MAXIMUM ALLOWABLE VALUE IS 0.5. (NYQUIST LHIIT) 
C 
c 

XSM1"'-FLOAT(80) 
XSM2=10.0 

C YSM1"0.S 
C YSM1=0.5*(NBLK50/1024.0) 

C 

YSM2=O.O 
DEL-=Y (2) -Y (l) 
CALL POSITN(XSM1,O.0) 
MARK-O 
XP"'XSMl 
IF(X(l).EQ.O.O) GO TO 69 
Xpz10.O*ALOG10(X(1)/XMX) 

69 yp .. O.O 
IF(XP.LT.XSM2) GO TO 70 
MARK=MARK+1 
XP-XSM2 
YV(l)-Y(l) 
XV(1)-XP 
GO TO 72 

70 IF(XP.GT.XSM1) GO TO 72 
MARK=MARK+l 
XP-XSMI 
YV(l)·Y(l) 
XV(l)"XP 

72 CALL JOIN(XP,YP) 
YP"Y(1)+DEL/2.0 
CALL JOIN(XP,YP) 

C THE LOOP TO 80 PLOTS THE BLOCKS IN THE F-DOMAIN AFTER THE 
C FIRST BLOCK. 
C 
C USUALLY THE UPPER LIMIT WOULD BE SIHPLY NBLK--BL7 FOR THIS 
C PLOT IT IS NBLKH AS SET ABOVE. 
C 

DO 80 1-2,ENDBLK 
IF(X(I).GT.O.O) GO TO 73 
XP=XSMI 
GO TO 76 

73 XP=lO.O*ALOGIO(X(I)/XMX) 
IF(XP.LT.XSM2) GO TO 74 
MARK=MARK+l 
XP"XSM2 
XV (MARK)=XP 
YV(MARK)"Y(I) 
GO TO 76 

74 IF(XP.GT.XSM1) GO TO 76 
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MARK=MARK+l 
XP=XSMI 
XV (MARK)=XP 
YV(MARK)sY(I) 

C 76 IF(MARK.GT.499) GO TO 84 

C 

76 CONTINUE 
IF(LIST) WRlTE(6,lC3)XP,YP 
CALL JOIN(XP,YP) 
YP=YP+DEL 

80. CALL JOIN(XP,YP) 
XP"XSM1 
CALL JOIN(XP,YP) 
IF(~IARK.EQ.C) GO TO 90. 

C ....••...•..•.. PLCT STARS WHERE XP IS 'OUT OF RANGE' 
C 

C 
C 
C 
C 
C 

84 CALL PTPLOT(XV,YV,l,MARK.45) 
90. CONTINUE 

FOLLOWING SECTION LABELS AXES OF SPECTRUM PLOT 
(ONLY IF J-1) 

IF(J.GT.1) GO TO 99 
CALL AXNOTA(C) 
CALL XAXIS 
DBMIN=-(IDYN) 
DO 91 1"1,12,1 

YHZ(I)-FLOAT(I)*(ENDYM/12.C) 
XHZ(I)"DBMIN 

91 CONTINUE 
IDB=IDYN/IC+l 
DO 92 I"l,IDB.1 

XDB(I)-lC.C-(I*1C.C) 
YDB(I)=C.C 

92 CONTINUE 
CALL CTRMAG(2C) 
CALL PTPLOT(XHZ.YHZ,l,lC,43) 
CALL PTPLOT(XDB.YDB.1.IDB,43) 
CALL POSITN(DBMIN,C.C) 
CALL JOIN(lC.C,C.C) 
CALL POSITN(DBMIN.C.C) 
CALL JOIN(DBMIN,ENDYM) 
CALL CTRCRI(27C.o.) 
CALL PSPACE(C.C,1.C,C.C,l.0) 
CALL CSPACE(C.C.C.C.C.C,C.D) 
CALL MAP(C.C.1.C.C.C,1.C) 
CALL CTRMAG(8) 
CALL CTRCRI(27C.C) 
XCH=C.18 
YCH=C.91 
CALL PLOTCS(XCH,YCH,91H 0. 10.0. 20.0. 

+ 30.0. 40.0. 50.0. 60.0. ,91) 
XCH=XCH-D.C3 
YCH=YCH-D.C8 
CALL CTRMAG(1C) 
CALL PLOTCS(XCH,YCH,36H FREQUENCY ( HZ ),36) 
CALL PLOTCS(C.s4,C.9s.2HDB,2) 
CALL CTRHAG(8) 
CALL PLOTCS(D.98,C.9s.TITLE.64) 
CALL CTRMAG(2D) 
CALL PLOTCS(D.6s.D.7C,13HPOWER SPECTRA,13) 
CALL CTRHAG(8) 
CALL PLOTCS(D.s6D.0.9s,sH 10..0,5) 
CALL PLOTCS(D.52C.C.9s.5H C.D,S) 
CALL PLOTCS(D.48D,C.9s,sH-1D.D.S) 
CALL PLOTCS(D.44D.C.9s.5H-2D.C.s) 
CALL PLOTCS(D.4CD,C.9s,sH-3D.C,s) 
CALL PLOTCS(D.36D.C.9s.sH-4C.C.s) 
CALL PLOTCS(D.32C.C.9S.SH-SC.C.S) 
CALL PLOTCS(C.28D.C.9S.sH-6C.C.S) 
CALL PLOTCS(D 24D.C.9S.SH-7C.C.S) 
CALL PLOTCS(O.2CD.C.9S.sH-8C.D.s) 
CALL CTRCRI(J.C) 
CALL CTRMAG(1C) 

99 CONTINUE 
CALL GREND 

10.0. FORMAT(9IS) 
10.1 FORMAT(/12(2X.I4.El1.4.E11.4.2X» 
10.2 FORMAT(lH .8(lX.F8.4» 
10.3 FORMAT(lH .2(2X.FIC.S» 
10.4 FORMAT(11114H DATA DETAILS:.1.27H K T(K) V(K)./) 
10.5 FORMAT(2X.I4.2X.FID.4.2X.FIC.4) 
10.6 FORMATCI12sH XCI) & Y(I) AFTER FRXFM:./) 
10.7 FORMAT(1123H XCI) & Y(I) AFTER HAN: ./) 
10.8 FORMAT(112SH XCI) & YCI) AFTER BLOCK: ,I) 
10.9 FORMATCI123H POINTS TO BE PLOTTED: ./) 
110. FORMAT(1119H CONTINUOUS V(K) ...• /) 
111 FORMAT(8A8) 
895 FORMAT(1146H &&&&&&&&& THIS IS THE TEST LINE &&&&&&&&&) 

STOP 
END ________ _ 
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FILE: FRXFM FORTRAN Al (EE68 ) 

SUBROUTINE FRXFM(N2POW,NTHPOW,X,Y) 
REAL X (NTHPOW), Y(NTHPOW), 1,11,12,13,14 
INTEGER PASS,SEQLOC,L(13) 
EQUIVALENCE (LI3,L(I»,(LI2,L(2»,(Lll,L(3»,(LI0,L(4», 

1 (L9,L(5»,(L8,L(6»,(L7,L(7»,(L6,L(8»,(L5,L(9», 
2 (14,L(10»,(L3,L(II»,(L2,L(12»,(Ll,L(13» 

N4POW=N2POW/2 
IF(N4POW.EQ.0) GO TO 3 
DO 2 PASSal,N4POW 
NXTLTH~2**(N2POW-2*PASS) 
LENGTHa4 .... NXTLTH 
SCALE-6.283185307/FLOAT(LENGTH) 
DO 2 J-l,NXTLTH 
AR~FLOAT(J-l)""SCALE 
Cl=COS(ARG) 
SI-SIN(ARG) 
C2 .. Cl .... Cl-S1*SI 
S2=Cl*SI+Cl*SI 
C3=Cl*C2-S1*S2 
S3aC2*Sl+S2*Cl 
DO 2 SEQLOC=LENGTH,NTHPOW,LENGTH 
Jl=SEQLOC·LENGTH+J 
J2=Jl+NXTLTH 
J3=J2+NXTLTH 
J4-=J3+NXTLTH 
Rl"X(Jl)+X(J3) 
R2"'X(Jl)·X(J3) 
R3=X(J2)+X(J4) 
R4-X(J2)·X(J4) 
Il=Y(Jl)+Y(J3) 
I2'"'Y(Jl)·Y(J3) 
I3'"'Y(J2)+Y(J4) 
I4=Y(J2)·Y(J4) 
X(Jl)=Rl+R3 
Y(Jl)·Il+I3 
IF(J.EQ.l) GO TO 1 
X(J3)-Cl*(R2-I4)·Sl*(I2+R4) 
Y(J3)=SI*(R2-I4)+Cl .... CI2+R4) 
X(J2)-C2*(Rl-R3)·S2*(Il-I3) 
Y(J2)·S2 .... (Rl·R3)+C2*(Il-13) 
X(J4)-C3*(R2+14)·S3*(I2-R4) 
Y(J4)-S3*(R2+14)+C3*(I2-R4) 
GO TO 2 

1 X(J3)=R2-14 
Y(J3)=I2+R4 
X(J2)-Rl-R3 
Y(J2)-n·I3 
X(J4)"R2+I4 . 
Y(J4)·I2-R4 

2 CONTINUE 
3 IF(N2POW.EQ.2*N4POW) GO TO 5 

DO 4 J-l,NTHPOW,2 
R=X(J)+X(J+l) 
X(J+l)-X(J)·X(J+l) 
X(J)-R 
I=Y(J)+Y(J+l) 
Y(J+l)=Y(J)·Y(J+l) 

4 Y(J)=I 
S DO 6 J-l,13 

L(J)-1 
6 IF(J.LE.N2POW) L(J)=2**(N2POW+l-J) 

IJ-l 
DO 7 J1-1,Ll 
DO 7 J2aJl,L2,Ll 
DO 7 J3-J2,L3,L2 
DO 7 J4-J3,L4,L3 
DO 7 J5-J4,L5,L4 
DO 7 J6-J5,L6,L5 
DO 7 J7-J6,L7,L6 
DO 7 J8-J7,L8,L7 
DO 7 J9"J8,L9,L8 
DO 7 J10-J9,LI0,L9 
DO 7 JII-JI0,LI1,LI0 
DO 7 JI2-Jll,LI2,Lll 
DO 7 JI"'J12,L13,L12 
IF(IJ.GE.JI) GO TO 7 
RaX(IJ) 
X(IJ)·X(JI) 
X(JI)=R 
I"'Y(IJ) 
Y(IJ)=Y(JI) 
Y(JI)"I 

7 IJ=IJ+l 
RETURN 
END 

FRXOOOIO 
FRX00020 
FRX00030 
FRX00040 
FRX00050 
FRX00060 
FRX00070 
FRX00080 
FRX00090 
FRXOOI00 
FRXOO 110 
FRX00120 
FRX00130 
FRX00140 
FRXOOlSO 
FRX00160 
FRX00170 
FRX00180 
FRX00190 
FRX00200 
FRX00210 
FRX00220 
FRX00230 
FRX00240 
FRX00250 
FRX00260 
FRX00270 
FRX00280 
FRX00290 
FRX00300 
FRX00310 
FRX00320 
FRX00330 
FRX00340 
FRX00350 
FRX00360 
FRX00370 
FRX00380 
FRX00390 
FRX00400 
FRX00410 
FRX00420 
FRX00430 
FRX00440 
FRX004S0 
FRX00460 
FRX00470 
FRX00480 
FRX00490 
FRX00500 
FRXOOSIO 
FRX00520 
FRX00530 
FRXOOS40 
FRX00550 
FRX00560 
FRX00570 
FRX00580 
FRX00590 
FRX00600 
FRX00610 
FRX00620 
FRX00630 
FRX00640 
FRX00650 
FRX00660 
FRX00670 
FRX00680 
FRX00690 
FRX00700 
FRX00710 
FRX00720 
FRX00730 
FRX00740 
FRX007S0 
FRX00760 
FRX00770 
FRX00780 
FRX00790 
FRXOOBOO 
FRX00810 
FRX00820 
FRX00830 
FRX00840 
FRX00850 
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G.IV 'BLOCK' Program Listing 

SUBROUTINE BLOCK(X.Y.N.NBLK) 
C SPLITS ARRAY X, LENGTH N. INTO NBLK BLOCKS. X(1) IS SET TO 
C ZERO AVERAGES OF XCI) IN EACH BLOCK ARE EVALUATED AND RETURNED 
C IN THE FIRST NBLK POSITIONS OF X. 
C FOR FRXFMS. THE FIRST NBLK POSITIONS OF Y CARRY MEAN BLOCK 
C FREQUENCIES. N AND NBLK INTEGER POWERS OF TWO. 

DIMENSION X(N), YeN) 
NLPB-N/NBLK 
KLSTaN-NLPB+1 
X(l)-O.O 
NF=O 
DO 1 Ka 1.KLST.NLPB 
NF-NF+1 
Y(NF)-O.O 
DO 1 J-l.NLPB 
I-K+J-l 

1 Y(NF)-Y(NF)+X(I) 
IF (NBLK.EQ.N) GO TO 3 
X(l)-Y(l)/FLOAT(NLPB-l) 
DO 2 K-2.NBLK 

2 X(K)-Y(K)/FLOAT(NLPB) 
GO TO 5 

3 DO 4 K"'l.NBLK 
4 X(K)-Y(K) 
5 DO 6 K=1.NBLK 
6 Y(K)-FLOAT«2*K-l)*NLPB-l)/FLOAT(4*N) 

RETURN 
END 

G.V 'HAN' Program Listing 

SUBROUTINE HAN(NTHPOW.X.Y) 
C HANS FRXFM COEFFS IN ARRAYS X.Y GIVEN IN USUAL FORM ABOUT 
C FOLDING FREQUENCY. SIGNAL POWER REDUCED BY 3/8. 

DUIENSION X (NTHPOW) • Y(NTHPOW) 
X1-0.S*(X(1)-X(2» 
n=o .S*Y(l) 
XN=O.S*X(NTHPOW) - 0.25*(X(NTHPOW-1)+X(1» 
YN"'O.S*Y(NTHPOW) - 0.25*(Y(NTHPOW-l)+Y(1» 
JLST=NTHPOW-l 
XB:X(l) 
YB=Y(l) 
DO 1 J'"'2.JLST 
XA=X(J) 
YA=Y(J) 
X(J)=0.5*X(J) - 0.25*(XB+X(J+1» 
Y(J)-O.S*Y(J) - 0.2S*(YB+Y(J+1» 
XB-XA 

1 YB=YA 
X(1)-X1 
y(1)an 
X (NTHPOW)-XN 
Y(NTHPOW)-YN 
RETURN 
END 

BL000010 
BL000020 
BL000030 
BL000040 
BL000050 
BL000060 
BL000070 
BL000080 
BL000090 
BL000100 
BLOOO 110 
BL000120 
BL000130 
BL000140 
8L000150 
BL000160 
BL000170 
BL000180 
BL000190 
BL000200 
BL000210 
8L000220 
BL000230 
BL000240 
8L000250 
BL000260 
8L000270 
8L000280 

HAN00010 
HAN00020 
HAN00030 
HAN00040 
HAN00050 
HA."l00060 
HAN00070 
HAN00080 
HAN00090 
HAN00100 
HANOOllO 
HAN00120 
HAN00130 
HAN00140 
HAN00150 
HAN00160 
HAN00170 
HAN00180 
HAN00190 
HAN00200 
HAN00210 
HAN00220 
HAN00230 
HAN00240 
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APPENDIX H 

DATA LOGGING 
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H.I Twelve-Bft Data Logging 

It was required that the mainframe computer could be used for storage 
and subsequent analysis of the test results obtained usin~ the 
laboratory compensator. Section 4.2.2 showed that 8-bit digital 
sampling of voltage waveforms would not be able to accurately measur~ 
the small level of voltage disturbances that would just cause 
annoying lamp flicker. 

To be able to measure the compensator's performance more effectively, 
a three channel data-logger incorporating three 12-bit ADCs was 
constructed. Sampl ing and immediate storage of data was controlled 
by an SDK-88 microprocessor development kit similar to that used in 
the TCR compensators (Part 4.2). 

Data logging for any particular cycle of the arc furnace model's 
operation was initiated by the 10 microsecond synchronising pulse 
output from the AIM-65 microcomputer system. 

A software sample loop delay time was incorporated into the 
controlling assembler language program 'sampsub', fixing the sampling 
interval for all three channels to 800 microseconds. The full 
program listing is given in H.II. 
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H.II 12-Bit ADC Sampling Program 



I t , 
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.:.. ... 
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4 J 
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'I" 

" , .., '" 

ul'l000000 B400 
0001'301'31'3 2 B0 ',' : : 
~:ua00804 BA03F0 
0088e00 l l.r 
'1U00000B BA00F0 

u UI,lB000B EC 
0Be0000C JcrJ" 
~,.j"'0000E 7 4F B 

'!l '0999HI e5eF 
00000m 2 E::B01!1I', . 

"u<;l0091 5 BABIilFA 
000"'~OEl • 
" '1UeIil0 19 BA00FC 
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1' \IU0(9 11) BA01ilFE 
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,:,1. ll E: Al.. 

saf., O t;· lil 
CUD~BASEQQ.OAIABASEHG.CONSTBAHEQG 
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,U ;llON pascalprocedure, Cl.ASS=lNSlRBG 

:H~ )( XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXKXXXXXXXXXXXXXXKXXXX 

;asseMbler routine to saMple frOM 3 12- bit a~CB at addresses fA0~.I ' C~~ 
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pascal call sa,~p ''' " . 

rnndition of stack on entry to this routine 
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.;.; , ',psub 

.~tlV MI, £09H 
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;~ ~~ ci ddr ess O f ad c2 
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l and store 

;r .. peat for ade2 
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:d ~c reMent loo p co unter 
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SYSMOD6.FORTRAN - COMPUTATIONAL ARC FURNACE MODEL 
PROGRAM LISTING 

342 



FILE: SYSM006 FORTRAN A1 (EE68 ) 

C 
C 
C 
C 
C 
C 

C 

C 

SYS~I006 FORTRAN ...... SAME AS SYS~I005 EXECPT CALLING 
SUBROUTINES FROM TEXT LIBRARY 'SYSLIB' 

SYS00010 
SYS00020 
SYS00030 
SYS00040 
SYSOOOSO 
SYS00060 

EXTERNAL VZEROS,OEMOO,GRAF6,FOSPEC SYS00070 
REAL VR(2300),VY(2300),VB(2300),IB(2300),IR(2300),IY(2300), SYS00080 

+ OIB(2300) ,DIR(2300) ,DIY(2300), SYS00090 
+ 11(2300),12(2300),13(2300),011(2300).012(2300),013(2300), SYSOOIOO 
+ V1(2300),V2(2300).V3(2300),V4(2300),VS(2300),V6(2300), SYS00110 
+ V7(2300).V8(2300),V9(2300) ,VSA(2300),VSB(2300) ,VSC(230 0), SYS00120 
+ MVRY(2300) ,MVYB(2300) ,MVBR(2300), SYS00130 
+ CVRY(2300),CVYB(2300).CVBR(2300).T(2300), SYS00140 
+ RTZERO(200),YTZERO(200) ,BTZERO(200) , SYS001SO 
+ CRTZ(200) ,CYTZ(200) ,CBTZ(200) , SYS00160 
+ VSPEAK,W,OELTA,PI,LLINE.LSYS,LSC,LTOT,RSC,RLlNE,RSUM,RTOT, SYS00170 
+ RERROR,YERROR,BERROR,RERSUM,YERSUM,BERSUM,AVSUM,AVFREQ,TUSED, SYS00180 
+ RFREQ,YFREQ,BFREQ,CRFREQ,CYFREQ,CBFREQ,RAOERR,OEGERR,LIMIT, SYS00190 
+ OMVRY(2300),OMVYB(2300),OMVBR(2390),OCVRY(2300),OCVYB(2300), SYS00200 
+ OCVBR(2300) SYS00210 

REAL TITLA(S),TITLB(S),TITLC(S),TITLD(S),TITLE(S),TITLF(S), SYS00220 
+ TITLG(S) ,TITLH(S) , SYS00230 
+ GINFOB(4), SYS00240 
+ GINF01(4),GINF02(8),GINF03(8), SYS002S0 
+ TITL1A(2),TITL2A(2) ,TITL3A(2) ,TITL4A(2) ,TITLSA(2) ,TITL6A (2), SYS00260 
+ TITL1B(2),TITL2B(2),TITL38(2),TITL4B(2),TITL5B(2),TITL6B(2), SYS00270 
+ TITL1C(2),TITL2C(2) ,TITL3C(2) ,TITL4C(2) ,TITLSC(2) ,TITL6 C(2), SYS00280 
+ TITL10(2),TITL20(2) ,TITL30(2),TITL40(2) ,TITL50(2) ,TITL 6D(2), SYS00290 
+ TITL1E(2) ,TITL2E(2) ,TITL3E(2) ,TITL4E(2) ,TITL5E(2),TITL 6E(2), SYS00300 
+ TITL1F(2) ,TITL2F(2) ,TITL3F(2) ,TITL4F(2) ,TITLSF(2) ,TITL 6F(2), SYS00310 
+ TITL1G(2),TITL2G(2) ,TITL3G(2).TITL4G(2) ,TITL5G(2),TITL6 G(2), SYS00320 
+ TITLIH(2) ,TITL2H(2) ,TITL3H(2) ,TITL4H(2) ,TITLSH(2) ,TITL 6H(2), SYS00330 
+ FIRST(1),SECOND(1),THIRO(1),FOURTH(1),FIFTH(1),SIXTH(1), SYS00340 
+ STRNG1(2),STRNG2(2),STRNG3(2),STRNG4(2),STRNGS(2),STR~G6(2) SYS003S0 

REAL SUM1,SUM2,SUM3,PLIM1,PLIM2,PLIM3,NLIM1,NLIM2,NLIM3, SYS00360 
+HVSA,HVSB.HVSC,HIR.HIY,HIB,HDIR,HDIY,HOIB, SYS00370 
+LC,KL1,A1,A2.A3.B1,B2,B3,C1,C2,C3,Dl,02,03, SYS00380 
+VLC1(2300) ,VLC2(2300) ,VLC3(2300),POSLIM,NEGLIM, SYS00390 
+ILCl(2300) ,ILC2(2300) ,ILC3(2300), SYS00400 
+OILC1(2300),OILC2(2300),DILC3(2300), SYS00410 
+ILCR (2300) ,ILCY(2300) ,ILCB (2300) , SYS00420 
+OILCR(2300),OILCY(2300),DILCB(2300) SYS00430 

INTEGER I,J,K,L,M.N,POINTS,CHECK,LOOP,LOOPS.NPERSQ, SYS00440 
+ RKROS(200),YKROS(200),BKROS(200), SVS004S0 
+ CRKROS(200).CYKROS(200).CBKROS(200). SYS00460 
+ RCYCLS,YCYCLS,BCYCLS,CRCYCS.CYCYCS.CBCVCS, SVS00470 
+ RZEROS.YZEROS,BZEROS.CRZS.CYZS,CBZS SVS00480 

INTEGER ICON,ICOFF.K1,K2,K3.QCYC.QUART1.QUART2,QUART3 SVS00490 
LOGICAL PLOT,NOPLOT,LONG,OHOO,NODMOD,LIST,NOLIST.OM002.SPEC.SPEC3,SYS00500 

+CYCIO SVSOOS10 
LOGICAL NOCOMP,COMPON.INTIP,INT2P,INT3P.INT1N.INT2N.INT3N. SYS00520 

+ON1.0N2.0N3.NEGI1,NEGI2,NEGI3,POSI1,POSI2,POSI3 SVS00530 
COM~ION/COM1/LIST ,NOLIST ,POINTS/COM2/TSTEP, PI ,ROOT2 SYSOOS40 

C ................... READ THE LINES CONTAINING EXPLANATORV CHARACTERS 
SVSOOSSO 
SVSOOS60 
SVSOOS70 
SYSOOS80 
SVSOOS90 
SVS00600 
SYS00610 
SYS00620 
SYS00630 

C AT THE BEGINNING OF THE 'OPTION' OATA FILE . 
C 

C 

READ(3,800) 
READ(3,800) 
READ(3.800) 

C ........•.......... READ THE COMPENSATOR OPTIONS FOR THIS RUN OF THE 
C PROGRAM: 
C ~ 
C 
C 
C 
C 
C 
C 

POSLIM 
NEGLIM 

ICON 
ICOFF 

SYS00640 
VALUE IN HENRIES OF COMPENSATOR SVS006S0 

BRANCH INDUCTANCE SVS00660 
INTEGRATION LIMIT FOR A +'VE HALF CYCLESYS00670 
INTEGRATION LIMIT FOR A ·'VE HALF CYCLESVS00680 
FIRST VALUE OF 'I' FOR COMPENSATOR 'ON'SYS00690 
LAST VALUE OF 'I' FOR COMPENSATOR 'ON' SYS00700 

READ(3,79S) LC.POSLIM.NEGLIM,ICON,ICOFF 
READ(3,794) GINF02 

SYS00710 
SYS00720 
SYS00730 

_. ___ ~AD~.'-94) GINF03 SYS00740 
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C 
C .•.........•....... READ THE LINES CONTAINING EXPLANATORY CHARACTERS 
C AT THE BEGINNING OF THE 'OPTION' DATA FILE. 
C 

C 

READ(4,800) 
READ(4,800) 
READ(4,800) 
READ(4,800) 

C ................... READ OPTIONS FOR THIS RUN OF THE PROGRAM. 

SYS007S0 
SYS00760 
SYS00770 
SYS00180 
SYS00790 
SYS00800 
SYS00810 
SYS00820 
SYS00830 
SYS00840 

C TSTEP TIME INTERVAL BETWEEN SUCCESSIVE DATA 
C LIMIT ERROR LIMIT FOR EVALUATING DELTA. 
C LOOPS MAX. NO. OF LOOPS TO TRY FOR 'LINIT' ABOVE 

PTS. SYS008S0 
SYS00860 
SYS00870 
SYS00880 
SYS00890 
SYS00900 
SYS00910 
SYS00920 
SYS00930 
SYS00940 
SYS00950 

C LIST TIF (T IF FULL LISTING REQUIRED IN O/P) 
C PLOT TIF (T IF PLOTTING IS REQUIRED) 
C LONG TIF (T IF LONG CALCotlP PLOTS WILL BE USED) 
C SPEC T/F (T IF OUTPUT REQUIRED FOR SPECTRAL 
C ANALYSIS) 
C SPEC3 T/F (T IF OUTPUT FOR SPECTRAL ANALYSIS OF 
C 3 CHANNELS IS REQUIRED) 
C DMOD T/F (T IF DEMODULATION IS REQUIRED) 
C DMOD2 T/F (T FOR SAME SINE WAVE TO BE 
C SUBTRACTED FROM BOTH MEASURED 
C AND CALCULATED VOLTAGE WAVEFORtIS) 
C 
C 
C 
C 
C 

"'** NOTE "'** ..... . DMOD.AND.DMOD2 IS ILLEGAL 
SPEC.AND.SPEC3 - SPEC3 

SYS00960 
SYS00970 
SYS00980 
SYS00990 
SYSOIOOO 
SYSOIOIO 
SYSOI020 
SYSOI030 

READ(4 ,897)TSTEP ,LIMIT ,LOOPS ,LIST, PLOT, LONG, SPEC ,SPEC3 ,mlOD, mlOD2 SYSO 1040 
C 
C ...........•....... THE OPTIONS USED ARE ALWAYS PRINTED 
C 

SYS010SO 
SYSOI060 
SYSOI070 

WRlTE(6,896)TSTEP,LIMIT,LOOPS,LIST,PLOT,LONG,SPEC,SPEC3,D~IOD,DMOD2SYS01080 

WRITE(6,793) LC,POSLIM,NEGLIM,ICON,ICOFF SYS01090 
WRITE(6,792) (GINF02(I),I-1,8),(GINF03(I),I-1,8) SYS01100 

c 
C .......••.....•.... CHECK FOR ILLEGAL INPUT COMBINATION 
C 

IF(DMOD.AND.DMOD2) GOTO 160 
c 
c ..•................ USING INVERSE LOGICAL VARIABLES IMPROVES THE 
C 'READABILITY' OF THE PROGRAM. 
C 

C 

NOLIST-.NOT.LIST 
NOPLOT'". NOT. PLOT 
NODMOD-.NOT.DMOD 

C ..........•..•..... DEFINE CERTAIN CONSTANTS THAT ARE FREQUE~lLY 
C USED IN THE PROGRAM. 
C 

C 

PI-3.1415926S36 
ROOT2"SQRT(2.0) 
ROOT3"SQRT(3.0) 

C ....•.............. THE SYSTEM PARAMETERS ARE SET HERE WHILE THEY 
C ARE NOT LIKELY TO BE CHANGED. 
C 
C 
C 

C 

ALL VALUES ARE IN OHMS. 

RLINE"0.00218 
XLINE-0.OI089 
XSYS-0.1307 
XSC"2.595 
RSC=0.0565 
RTOT=RSC+RLINE 
QCYC"7 
VSPEAK=33.0*ROOT2 

C .•.. CERTAIN VARIABLES l_tE SET HERE TEtlPORARILY INSTEAD OF BEING READ 
C FROM THE OPTIONS FiLE 
C 

NOCOMP-.FALSE. 
PLIMI-POSLIM 
PLIM2-POSLIM 
PLIM3-POSLIM 
NLIMl-NEGLIM 
NLIM2'"NEGLIM 
NLIM3-NEGLIM 

SYS01llO 
SYSOl120 
SYSOl130 
SYSOl140 
SYS011SO 
SYSO 1160 
SYS01l70 
SYSO 1180 
SYS01190 
SYS01200 
SYS01210 
SYS01220 
SYS01230 
SYS01240 
SYS01250 
SYS01260 
SYS01270 
SYS01280 
SYS01290 
SYS01300 
SYS01310 
SYSOl320 
SYS01330 
SYS01340 
SYS013S0 
SYS01360 
SYS01370 
SYS01380 
SYS01390 
SYS01400 
SYS01410 
SYS01420 
SYS01430 
SYS01440 
SYS014S0 
SYS01460 
SYS01470 
SYS01480 
SYS01490 
SYS01SOO 
SYS01SIO 
SYS01S20 
SYS01S30 
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C 
C ...•.•....••....... THE FOLLOWING ALPHNm!ERIC STRINGS ARE USED 
C TO IDENTIFY PRINTED OUTPUT PRODUCED FRm! SEVERAL 
C CALLS TO THE SAME SECTION 
C 
C 
C 
C 
C 
C 
C 
C 

DATA FIRST/' 
DATA SECOND/' 
DATA THIRDI' 
DATA FOURTH I ' 
DATA FIFTHI' 
DATA SIXTH/' 

FIRST 'I 
SECOND 'I 

THIRD 'I 
FOURTH 'I 

FIFTH 'I 
SIXTH 'I 

C .......•.....•..... 'GINFO' ALPHANUMERIC INFORMATION IS FOR 
C INCLUSION IN PLOTTED OUTPUT. 
C 

DATA GINFOB/' , • ' , • ' , , ' , I 
DATA GINFol/'*** COM', 'MoN DEM', 'ODULATIO', 'N *** 'I 

C 
C .•...••••...•...... 'STRNG' ALPHANUMERIC DATA IS COMMON TO 
C SEVERAL PLOTTING SUBROUTINES 
C 

C 

DATA STRNG1/' 
DATA STRNG2/' 
DATA STRNG3/' 
DATA STRNG4/' 
DATA STRNG5/' 
DATA STRNG6/' 

MEA SUR , ,'ED VR 'I 
MEASUR' ,'ED VY 'I 
MEASUR', 'ED VB 'I 

CALCULA', 'TED VR 'I 
CALCULA' ,'TED VY 'I 
CALCULA', 'TED VB 'I 

C .........•......... SKIP THE FIRST LINE OF THE DATA FILE 
C (DESCRIPTIVE TEXT) 
C 

READ(5,800) 
C 
C ................... THE FOLLOWING LOOP FOR 'I' READS DATA 
C UNTIL A BLANK LINE IS ENCOUNTERED 
C 

C 

1"'0 
20 1"'1+1 

READ(5,999) VR(I),VY(I),VB(I),IB(I),IR(I),IY(I),DIB(I), 
+DIR(I) ,DIY(I) 
T(I)=FLoAT(I)*TSTEP 
IF(I.LT.5)WRITE(6,998)VR(I),VY(I),VB(I),IB(I),IR(I),IY(I), 

+DIB(I),DIR(I),DIY(I) 
MVRY(I)-VR(I)-VY(I) 
MVYB(I)-VY(I)-VB(I) 
MVBR(I)-VB(I)-VR(I) 
IF(VR(I).NE.O.O.OR.VY(I).NE.O.O) OoTO 20 
PoINTS-I-l 
CYCIO-.TRUE. 
IF(POINTS.GE.300) CYCIO-.FALSE. 

C ..••.•.•.•.••..•.•. 'POINTS' IS THE NUMBER OF LINES OF INPUT DATA. 
C 

WRITE(6,992)POINTS 
C 
C .••..•.•.•.•••.•.•• INITIALISE WHERE NECCESSARY 
C 

RERROR"O.O 
RERSUM-O.O 
YERROR-O.O 
YERSUM-O.O 
BERROR-O.O 
BERSUM-O.O 
AVSUM=O.O 
AVFREQ'"'O.O 
DEOERR-O.O 
RADERR'"'O.O 
DO 40 I-I,POINTS,l 

VLClCI)=o.O 
VLC2(I)ao.0 
VLC3(I)-0.O 
DILC1(I)"'O.0 
DILC2(I)-O.0 
DILC3(I)'"'O.0 

40 CONTINUE -----

SYSOIS40 
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SYSOl600 
SYS01610 
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C 

CALL VZEROS(POINTS,MVRY,T,RTZERO,RZEROS,RCYCLS,RFREQ,RKROS,VRR~S, 
+CHECK,STRNG1) 

IF(CHECK.EQ.O) WRITE(6,997) 
CALL VZEROS(POINTS,MVYB,T,YTZERO,YZEROS,YCYCLS,YFREQ,YKROS,VYRMS, 

+CHECK, STRNG2) 
IF(CHECK.EQ.O) WRITE(6,996) 
CALL VZEROS(POINTS,MVBR,T,BTZERO,BZEROS,BCYCLS,BFREQ,BKROS,VBR~!S, 

+CHECK, STRNG3) 
IF(CHECK.EQ.O) WRITE(6,995) 
WRITE(6,993) RZEROS,YZEROS,BZEROS,RCYCLS,YCYCLS,BCYCLS, 

+ RFREQ,YFREQ,BFREQ 
RSUM=RLINE+RSC 
W-2.0*PI*RFREQ 
DELTA--0.2 
LOOP=O 

50 LOOP-LOOP+1 
IF(LOOP.GT.LOOPS)GOTO 140 
IF(CYC10) DELTA-DELTA-l.O*RADERR 
IF(.NOT.CYCIO) DELTA-DELTA-O.l*RADERR 
RERSUM-O.O 
YERSUM-O.O 
BERSUM-O.O 

60 CONTINUE 
LLINE-XLINE/W 
LSYS=XSYS/W 
LSC"XSC/W 
LTOT=LSYS+LSC+LLINE 
KLl • 1.0/(LC*(3.0*LTOT+LC» 
DO 100 I-l,POINTS,1 

C ..........••....•. EVALUATE PRIMARY CIRCUIT LINE CURRENTS 
C FROM SECONDARY CIRCUIT LINE CURRENTS 
C (CURRENT TRANSFORMATION) 
C 
C 

c 

Il(I)-(IB(I)-IR(I»/ROOT3 
12(I)-(IR(I)-IY(I»/ROOT3 
I3(I)-(IB(I)-IB(I»/ROOT3 

C ..............•... SIMILARLY FOR CURRENT FIRST DERIVATIVES 
C (CURRENT TRANSFORMATION) 
C 
C 

C 

DI1(I)=(DIB(I)-DIR(I»/ROOT3 
DI2(I)=(DIR(I)-DIY(I»/ROOT3 
DI3(I)-(DIY(I)-DIB(I»/ROOT3 

80 CONTINUE 

C ................. SET-UP SYSTEM VOLTAGES, 
C THREE PHASE SINUSOIDAL ADVANCED BY PHASE ANGLE 
C 'DELTA' WITH RESPECT TO VOLTAGES AT THE 
C FURNACE BUSBAR (V7,V8,V9) 
C 

c 

VSA(I)-VSPEAK*COS(W*T(I)+DELTA) 
VSB(I)-VSPEAK*COS(W*T(I)-2.0*PI/3.0+DELTA) 
VSC(I)=VSPEAK*COS(W*T(I)+2.0*PI/3.0+DELTA) 

C ..............•.. CALCULATE TRANSFORMER PRIMARY VOLTAGES 
C USING VOLT-DROPS. 
C 

C 

V1(I)-VSA(I) • RSC*(Il(I)-I2(I» • (LSYS+LSC)*(DI1(I)-DI2(I» 
V2(I)-VSB(I) • RSC*(I2(I)-I3(I» • (LSYS+LSC)*(DI2(I)-DI3(I» 
V3(I)=VSC(I) • RSC*(I3(I)-Il(I» • (LSYS+LSC)*(DI3(I)-DI1(I» 

C ................. PRIMARY TO SECONDARY 
C VOLTAGE TRANSFORMATION 
C 

C 

V4(I)-(Vl(I)-V2(I»/ROOT3 
V5(I)-(V2(I)-V3(I»/ROOT3 
V6(I)-(V3(I)-Vl(I»/ROOT3 

C ..•.....••.....•. ALLOW FOR CABLE VOLT-DROP 
C 

V7(I)-V4(I) • RLINE*(IR(I)-IY(I» - LLINE*(DIR(I)-DIY(I» 
V8(I)-V5(I) - RLINE*(IY(I)-IB(I» • LLINE*(DIY(I)-DIB(I» 
V9(I)-V6(I) • RLINE*(IB(I)-IR(I» - LLINE*(DIB(I)-DIR(I» 
CVRY(I)'"V7(I) 
CVYB(I)-V8(I) 
CVBR(I)-V9(I) 
IF(LOOP.NE.LOOPS)GOTO 90 
IF(LIST) WRITE(6,994)VR(I),VY(I),VB(I), 

+ CVRY(I),CVYB(I),CVBR(I) 
90 CONTINUE 
10~CONTINUE . 
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C 

IF(.NOT.LIST) GOTO 101 
WRITE(6,892) 
DO 101 I"'l.lS.l 

+ 
+ 

101 CONTINUE 

WRlTE(6,893) VR(I),VY(I),VB(I), 
IR(I),IY(I),IB(I), 
CVRY(I),CVYB(I),CVBR(I) 

C ..••.••.•••.•..•.. USE VZEROS SUBROUTINE TO GET DETAILS OF 
C ZERO CROSSING POINTS OF CALCULATED VOLTAGES 
C 

C 

CALL VZEROS(POINTS,CVRY,T,CRTZ,CRZS,CRCYCS,CRFREQ,CRKROS,CVRRNS, 
+CHECK,STRNG4) 

CALL VZEROS(POINTS,CVYB,T,CYTZ,CYZS,CYCYCS,CYFREQ,CYKROS,CVYRNS, 
+CHECK, STRNGS) 

CALL VZEROS(POINTS,CVBR,T,CBTZ,CBZS,CBCYCS,CBFREQ,CBKROS,CVBR~IS, 
+CHECK, STRNG6 ) 

IF(.NOT.LIST) GOTO 118 
WRITE(6,991) 
WRlTE(6,990)(J,RKROS(J),YKROS(J),BKROS(J), 

+ CRKROS(J),CYKROS(J),CBKROS(J),J-l,YZEROS,l) 
WRlTE(6,891) 

118 CONTINUE 

C ...•••••••.•...••• CALCULATE A SUM OF DIFFERENCES BETWEEN THE 
C ZERO CROSSING POINTS OF 
C MEASURED AND CALCULATED VOLTAGES. 
C 

C 

DO 120 J-l,YZEROS,l 
RERRORaRTZERO(J)-CRTZ(J) 
YERROR=YTZERO(J)-CYTZ(J) 
BERROR-BTZERO(J)-CBTZ(J) 
IF (LIST) WRITE(6,890) J,RTZERO(J),CRTZ(J),YTZERO(J),CYTZ(J), 

+ BTZERO(J) ,CBTZ(J) 
RERSUM=RERSUM+RERROR 
YERSUM=YERSUM+YERROR 
BERSUM=BERSUM+BERROR 

120 CONTINUE 
AVSUM"'(RERSUM+YERSUM+BERSUH)/(3.0*YZEROS) 
AVFREQ=(RFREQ+YFREQ+BFREQ)/3.0 

C •. , ..••.••..•...•. CALCULATE AN AVERAGE PHASE ERROR BETWEEN 
C MEASURED AND CALCULATED VOLTAGES AND RETURN 
C TO ADJUST 'DELTA' IF THE ERROR IS OUTSIDE 
C THE PRESET LIMIT. 
C 

C 

DEGERR=AVSUM*AVFREQ*360.0 
RADERR=1.0*PI*DEGERR/180.0 
WRITE(6,899)LOOP,DELTA,RADERR,AVSUM 
IF(RADERR.GT.LIMIT.OR.RADERR.LT.-LIMIT)GOTO SO 

C .•.••.•••.••••.•.. PRINT THE FIRST 2S VALUES OF EACH ARRAY 
C TO AID FAULT FINDING 
C 

WRlTE(6,699) 
WRlTE(6,666) (11(1),12(1),13(1), 1-1,25,1) 
WRITE(6,698) 
WRITE(6,666) (011(1),012(1),013(1), I-l,2S,I) 
WRITE(6,697) 
WRlTE(6,666) (VSA(I),VSB(I),VSC(I), I-l,2S,I) 
WRlTE(6,696) 
WRlTE(6,666) (Vl(I),V2(I),V3(I), I-l,2S,l) 
WRITE(6,695) 
WRITE(6,666) (V4(I),VS(I),V6(I), I-l,2S,I) 

699 FORMAT(/1132H FIRST 2S PRIMARY LINE CURRENTS:/) 
698 FORMATe/1132H FIRST 2S PRIMARY DI/DT'S :/) 
697 FORMAT(/1132H FIRST 2S SYSTEM LINE VOLTAGES :/) 
696 FORMAT(/1132H FIRST 2S PRIMARY LIN! VOLTAGES:/) 
69S FORMATC/ / /32H FIRST 2S SECONDARY L·.NE VOLTS : f) 
666 FORMAT(3(FI2.4,SX» 

SYS03130 
SYS03140 
SYS03150 
SYS03160 
SYS03170 
SYS03180 
SYS03190 
SYS03200 
SYS03210 
SYS03220 
SYS03230 
SYS03240 
SYS03250 
SYS03260 
SYS03270 
SYS03280 
SYS03290 
SYS03300 
SYS03310 
SYS03320 
SYS03330 
SYS03340 
SYS033S0 
SYS03360 
SYS03370 
SYS03380 
SYS03390 
SYS03400 
SYS03410 
SYS03420 
SYS03430 
SYS03440 
SYS03450 
SYS03460 
SYS03470 
SYS03480 
SYS03490 
SYS03500 
SYS03510 
SYS03520 
SYS03S30 
SYS03540 
SYS03550 
SYS03560 
SYS03570 
SYS03580 
SYS03590 
SYS03600 
SYS03610 
SYS03620 
SYS03630 
SYS03640 
SYS03650 
SYS03660 
SYS03670 
SYS03680 
SYS03690 
SYS03700 
SYS03710 
SYS03720 
SYS03730 
SYS03740 
SYS037S0 
SYS03760 
SYS03770 
SYS03180 
SYS03190 
SYS03800 
SYS03810 
SYS03820 

347 



CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCSYS03830 
C CSYS03840 
C CSYS03850 
C CSYS03860 
C CSY503870 
C .•......•......... A REPRESENTATION OF A DELTA-CONNECTED COMPENSATOR C5YS03880 
C FOLLOWS FROM THIS POINT. C5Y503890 
C C5Y503900 
C CSY503910 
C CSY503920 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC5Y503930 

1=0 5Y503940 
IF(NOCOMP) GOTO 520 SYS03950 

200 1-1+1 5Y503960 
IF(I.LT.ICON) GOTO 200 SYS03970 
COMPONs.FALSE. SY503980 

C SY503990 
C .................. FOR THE FIRST VALUE OF 'I' FOR WHICH THE CONPEN5ATOR 5'1'504000 
C IS 'ON' , VALUES OF V7, V8, V9 ARE USED 5Y504010 
C AS THE VOLTAGE ACROSS EACH BRANCH OF THE CO~IPEN5ATOR 5'1'504020 
C 5YS04030 
C 5Y504040 

VLC1(I-1)=V7(I-1) 5Y504050 
VLC2(I-l)-V8(I-l) 5Y504060 
VLC3(I-l)-V9(I-l) 5YS04070 
VLC1 (I)-V7 (I) 5YS04080 
VLC2(I)-V8(I) 5Y504090 
VLC3 (I)-V9 (I) 5YS04100 

210 CONTINUE SYS04110 
WRlTE(6.212) I SYS04120 

212 FORMAT(115H I -,13) 5Y504130 
C 5YS04140 
C ..•••...••..•.•. IF COMPON IS .FALSE. NO FURTHER INTEGRATION OR 5Y504150 
C SWITCHING ON CAN TAKE PLACE BUT CURRENT IN CONDUCTING 5'1'504160 
C BRANCHES IS ALLOWED TO FLOW UNTIL A CURRENT ZERO 5YS04170 
C 5YS04180 

IF(.NOT.COMPON) GOTO 310 SYS04190 
C 5YS04200 
C ............•... FOR INCREMENT OF 'I' FLAGS ARE SET SHOWING WHAT 5TAGE 5Y504210 
C CALCULATIONS ARE AT FOR EACH BRANCH OF THE CmlPENSATOR 5YS04220 
C 5Y504230 
C 'INTIP' TRUE MEAN5 INTEGRATION FOR RED BRANCH IN POS. SY504240 
C 'INT1N' TRUE MEANS INTEGRATION FOR RED BRANCH IN NEG. SY504250 
C SYS04260 
C HALF CYCLE5 5'1'504270 
C SYS04280 
C 'SUM1' WILL CONTAIN THE CUMULATIVE INTEGRATION VALUE SYS04290 
C SYS04300 
C 5YS04310 

IF(INTIP.OR.INT1N) GOTO 230 5YS04320 
IF(VLC1(I).GT.0.0.AND.VLCl(I-1).LE.0.0) GOTO 215 SYS04330 
INTIP-.FALSE. 5Y504340 
GOTO 220 5'1'S04350 

215 INTIP-. TRUE. 5'1'504360 
5UM1-0.0 S'1'S04370 
QUARTI-0 SYS04380 

220 IF(VLC1(I).LT.0.0.AND.VLCl(I-1).GE.0.0) GOTO 225 5'1'S04390 
INTIN-.FALSE. 5'1'S04400 
GOTO 230 5'1'S04410 

225 INTIN-.TRUE. S'1'S04420 
SUNI-0.0 5'1'504430 
QUARTI-0 S'1'S04440 

C S'1'S04450 
C ....•.•..••..... SIMlLARLY FOR YELLOW BRANCH S'1'S04460 

S'1'S04470 
5'1'504480 
S'1'S04490 
5'1'S04500 
SYS04510 
SYS04520 
SYS04530 
SYS04540 
5Y504SS0 
5YS04560 
5'1'504570 
SY504580 
SYS04590 
SYS04600 

C 
230 IF(INT2P.OR.INT2N) GOTO 250 

IF(VLC2(I).GT.0.0.AND.VLC2(I-1).LE.0.0) 
INT2P-.FALSE. 
GOTO 240 

235 INT2P-. TRUE. 
SUM2-0.0 
QUART2-0 

240 IF(VLC2(I).LT.0.0.AND.VLC2(I-l).GE.0.0) 
INT2N-.FALSE. 
GOTO 250 

245 INT2N-.TRUE. 
SUM2"0.0 
QUART2-0 

GOTO 235 

GOTO 245 
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C 
c ................ SIMILARLY FOR BLUE BRANCH 
C 

250 IF(INT3P.OR.INT3N) GOTO 270 
IF(VLC3(I).GT.0.0.AND.VLC3(I-l).LE.0.0) GOTO 255 
INT3P-.FALSE. 
GOTO 260 

255 INT3P-. TRUE. 
SUM3=0.0 
QUART3-0 

260 IF(VLC3(I).LT.0.0.AND.VLC3(I-l).GE.0.0) GOTO 265 
INT3N-.FALSE. 
GOTO 270 

265 INT3N-. TRUE. 
SUM3s:0.0 
QUART3-0 

270 CONTINUE 
WRITE(6,796) ONl,ON2,ON3,POSI1,POSI2,POSI3,INTlN,INT2N,INT3N, 

+NEGI1,NEGI2,NEGI3,INT1P,INT2P,INT3P 
C 
C •.•.••••.•••••••. CHECK FOR ATTEMPTED POS. & NEG. INTEGRATION 
C 

C 

IF(INT1P.AND.INT1N) GOTO 150 
IF(INT2P.AND.INT2N) GOTO 150 
IF(INT3P.AND.INT3N) GOTO 150 

C ••••••.••••••.••• INTEGRATION CAN ONLY PROCEED IF THE SIGN OF THE 
C MEASURED POINTS REMAINS IN THE CORRECT SENSE 
C ( CHECKING FOR END OF HALF CYCLE) 
C OTHERWISE THE INTEGRATION IS ABANDONED 
C 
C ................. FOR RED BRANCH 
C· 
C 

C 

IF(INT1P) GOTO 271 
IF(INT1N) GOTO 272 
GOTO 274 

271 IF(VLC1(I).GT.0.0) GOTO 273 
INT1P-.FALSE. 
SUM1'"0.0 
QUARTl-O 
GOTO 275 

272 IF(VLC1(I).LT.0.0) GOTO 273 
INTIN=.FALSE. 
SUMI-O.O 
QUARTl=O 
GOTO 274 

273 CONTINUE 
SUMl-SUMl+VLCl(I) 
QUARTl-QUARTl+l 

274 CONTINUE 

C .................. FOR YELLOW BRANCH 
C 

IF(INT2P) GOTO 275 
IF(INT2N) GOTO 276 
GOTO 278 

275 IF(VLC2(I).GT.0.O) GOTO 277 
INT2P-.FALSE. 
SUM2-0.0 
QUART2=0 
GOTO 278 

276 IF(VLC2(I).LT.0.O) GOTO 277 
INT2N-.FALSE. 
SUM2"'O.0 
QUART2-0 
GOTO 278 

277 CONTINUE 
SUM2=SUM2+VLC2(I) 
QUART2=QUART2+1 

278 CONTINUE _ 
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C 
C ................... FOR BLUE BRANCH 

SYSOS320 
SYSOS330 
SYSOS340 
SYSOS3S0 
SYSOS360 
SYSOS370 
SYSOS380 
SYSOS390 
SYSOS400 
SYSOS410 
SYS05420 
SYSOS430 
SYSOS440 
SYSOS4S0 
SYSOS460 
SYSOS470 
SYSOS480 
SYSOS490 
SYSOSSOO 
SYSOS510 
SYSOSS20 

C 

C 

IF(INT3P) GOTO 279 
IF(INT3N) GOTO 280 
GOTO 282 

279 IF(VLC3(I).GT.O.0) GOTO 281 
INT3P=.FALSE. 
SUM3"O.0 
QUART3"0 
GOTO 282 

280 IF(VLC3(I).LT.0.0) GOTO 281 
INT3N-.FALSE. 
SUM3'"0.0 
QUART3"0 
GOTO 282 

281 CONTINUE 
SUM3=SUM3+VLC3(I) 
QUART3=QUART3+1 

282 CONTINUE 

WRITE(6,797) SUM1,SUM2,SUM3,QUART1,QUART2,QUART3 SYSOSS30 
C SYSOSS40 
C ..............•. SET FURTHER FLAGS IF THE INTEGRATION LIMITS ARE REACHEDSYS05SSO 
C ( UNLESS THE INTEGRATION LIMITS ARE SO SMALL THAT SYSOSS60 
C CONDUCTION WOULD START BEFORE THE 1/4 CYCLE POINT) SYSOSS70 
C SYSOSS80 
C 'POSIl' INDICATES ALLOWANCE OF CURRENT FLOW IN RED SYSOSS90 
C BRANCH OF COMPENSATOR AS RESULT OF INTEGRATIONSYSOS600 
C IN POSITIVE HALF-CYCLE OF 'VLCR'. SYSOS610 
C SYSOS620 
C 'ON1' RED BRANCH ON SYSOS630 
C SYSOS640 
C SYSOS6S0 

IF(QUARTl.LT.QCYC) GOTO 285 SYSOS660 
IF(SUMI.LT.PLIMI) GOTO 284 SYSOS670 
IF(NEGIl) GOTO 285 SYSOS680 
ONI-.TRUE. SYSOS690 
POSIl-.TRUE. SYSOS700 
INTIP".FALSE. SYSOS710 
SUH1-O.O SYSOS720 
QUART 1-0 SYSOS730 

284 IF(SUMl.GT.NLIM1) GOTO 285 SYSOS740 
IF(POSIl) GOTO 285 SYSOS7S0 
ONl-.TRUE. SYSOS760 
NEGIl=. TRUE. SYSOS 7 70 
INT1N=.FALSE. SYS05780 
sum .. o.o SYS05790 
QUART1=O SYS05800 

C 
C ................ SIMILARLY FOR YELLOW BRANCH 

SYSOS810 
SYS058Z0 
SYSOS830 
SYS05840 
SYSOS8S0 
SYS05860 
SYSOS870 
SYS05880 
SYS05890 
SYSOS900 
SYSOS910 
SYSOS920 
SYS05930 
SYSOS940 
SYS05950 
SYSOS960 
SYS05970 
SYSOS980 
SYS059.90 
SYS06000 
SYS06010 
SYS06020 
SYS06030 
SYS06040 
SYS060S0 
SYS06060 
SYS06070 
SYS06080 
SYS06090 
SYS06100 

C 
285 IF(QUART2.LT.QCYC) GOTO 295 

IF(SUM2.LT.PLIM2) GOTO 290 
IF(NEGI2) GOTO 295 
ON2-.TRUE. 
POSI2"'. TRUE. 
INT2P".FALSE. 
SUM2"0.0 
QUART2-0 

290 IF(SUM2.GT.NLIM2) GOTO 295 
IF(POSI2) GOTO 295 
ONZ=.TRUE. 
NEGI2=.TRUE. 
INT2N".FALSE. 
SUH2=0.0 
QUART2"0 

C . 
C •...•........... SIMILARLY FOR BLUE BRANCH 
C 

295 IF(QUART3.LT.QCYC) GOTO 305 
IF(SUM3.LT.PLIM3) GOTO 300 
IF(NEGI3) GOTO 305 
ON3-.TRUE. 
POSI3-. TRUE. 
INT3P-.FALSE. 
SUM3-0.0 
QUART3-0 

. _______ 300JF(StJM3..!.G:r,NLIM3) GOTO 305 
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IF(POSI3) GOTO 305 
ON3-.TRUE. 
NEGI3-. TRUE. 
INT3N2.FALSE. 
SUM3-0.0 
QUART3=0 

305 CONTINUE 
WRITE(6,796) ONl,ON2,ON3,POSll,POSI2,POSI3,INTIN,INT2N,INT3N, 

+NEGll,NEGI2,NEGI3,INTIP,INT2P,INT3P 
IF(POSll.AND.NEGll) GOTO 150 
IF(POSI2.AND.NEGI2) GOTO 150 
IF(POSI3.AND.NEGI3) GOTO 150 

310 CONTINUE 
C 
C .....••.......... CALCULATE THE 'HALF STEP' VALUES NEEDED FOR 
C THE RUNGE-KUTTA PROCESS 
C 
C SIMPLE LINEAR INTERPOLATION IS USED 
C 
C 
C .......•......... SYSTEM VOLTAGE 
C 

C 

HVSA- VSA(I) + «VSA(I+l) + VSA(I»/2.0) 
HVSB- VSB(I) + «VSB(I+l) + VSB(l»/2.0) 
HVSC- VSC(I) + «VSC(I+l) + VSC(I»/2.0) 

C ...•.•.••...•.••. PER-UNIT FURNACE CURRENT 
C 

C 

HIR- IR(l) + «IR(I+l) + IR(I»/2.0) 
HIY- IY(I) + «IY(I+l) + IY(I»/2.0) 
HIB- IB(I) + «IB(I+l) + IB(I»/2.0) 

C ....•........•••. PER-UNIT FURNACE CURRENT GRADIENT 
C 

C 

HOIR- DIR(I) + «DIR(I+l) + OIR(I»/2.0) 
HOlY- OIY(I) + «DIY(I+l) + OIY(I»/2.0) 
HOIB- OIB(I) + «OIB(I+l) + OIB(I»/2.0) 

C ................. SET ZERO VALUES FOR RED BRANCH CURRENT ILCI 
C 60 RED BRANCH DI/DT DILCI 
C IF THE BRANCH IS 'OFF' OR IF THIS IS THE FIRST STEP 
C FOR THE 'ON' COMPENSATOR. 
C 

C 

IF(ON1) GOTO 315 
OILCl(I)-O.O 
ILC1(I)-O.O 
GOTO 320 

315 KI-Kl+1 
IF(Kl.EQ.l) ILC1(I)-O.O 

320 CONTINUE 

C .•...•.••.•...•.. SIMlLARLY FOR YELLOW 
C 

IF(ON2) GOTO 325 
DILC2(I)-0.0 
ILC2(I)-O.O 
GOTO 330 

325 K2-K2+1 
IF(K2.EQ.l) ILC2(I)-0.0 

C WRlTE(6,895) 
C WRlTE(6,777) LC,I,VLC2(I),DILC2(I),ILC2(I) 
C 777 FORMAT(5H LC-,F8.6,9H & FOR I.,I3,6H VLCY-,F8.5,7H DILC2-,F8.5, 
C +6H ILC2'",FB.5) 

330 CONTINUE 
C 
C ................ SIMILARLY FOR BLUE 
C 

IF(ON3) GOTO 335 
DILC3(I)=0.O 
ILC3 (I )·0.0 
GOTO 340 

335 K3-K3+1 
IF(K3.EQ.l) ILC3(I)-0.0 

340 CONTINUE 

SYS06110 
SYS06120 
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SYS06210 
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SYS06300 
SYS06310 
SYS06320 
SYS06330 
SYS06340 
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SYS06360 
SYS06370 
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SYS06390 
SYS06400 
SYS06410 
SYS06420 
SYS06430 
SYS06440 
SYS06450 
SYS06460 
SYS06470 
SYS064BO 
SYS06490 
SYS06500 
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SYS06520 
SYS065JO 
SYS06S40 
SYS065S0 
SYS06560 
SYS06570 
SYS06580 
SYS06590 
SYS06600 
SYS06610 
SYS06620 
SYS06630 
SYS06640 
SYS06650 
SYS06660 
SYS06670 
SYS066BO 
SYS06690 
SYS06700 
SYS06710 
SYS06720 
SYS06730 
SYS06740 
SYS06750 
SYS06760 
SYS06770 
SYS06780 
SYS06790 
SYS06800 
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SYS06820 
SYS06B30 
SYS06840 
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C 
C .•••.••.•••••••..•. CALCULATE VALUE FOR COMPENSATOR DI/DT IF THIS IS 
C THE FIRST STEP FOR CURRENT CONDUCTION 
C 
C .................. FOR BRANCH ONE 
C 

IF(.NOT.ON1) GOTO 341 
DILC1(I)- KL1*(VSA(I) 

+ - RTOT*(IR(I)-IY(I)+2.0*ILC1(I)-ILC2(I)-ILC3(I» 
+ - LTOT*(DIR(I)-DIY(I») 

341 CONTINUE 
C 
C .................. FOR BRANCH 'IVO 
C 

IF(.NOT.ON2) GOTO 342 
DILC2(I)- KL1*(VSB(I) 

+ - RTOT*(IY(I)-IB(I)-ILC1(I)+2.0*ILC2(I)-ILC3(I» 
+ - LTOT*(DIY(I)-DIB(I») 

342 CONTINUE 
C 
C .................. FOR BRANCH THREE 
C 

C 

IF(.NOT.ON3) GOTO 343 
DILC3(I)- KL1*(VSC(I) 

+ - RTOT*(IB(I)-IR(I)-ILC1(I)-ILC2(I)+2.0*ILC3(I» 
+ - LTOT*(DIB(I)-DIR(I») 

343 CONTINUE 

C ••..•.••••.•••••.. CALCULATE VALUES FOR V7,V8 & V9 SINCE DILC1,2,3 
C & ILC1,2,3 ARE NOW KNOWN FOR THIS VALUE OF 'I' 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

IF(I.EQ.ICON) GOTO 345 
VLC1(I) - VSA(I)-RTOT*(IR(I)-IY(I) 

+ + 2.0* ILC1(I) - ILC2(I) - ILC3(I» 
+ -LTOT*(DIR(I)-DIY(I) 
+ + 2.0*DILC1(I) - DILC2(I) - DILC3(I» 

VLC2(I) - VSB(I)-RTOT*(IY(I)-IB(I) 
+ - ILC1(I) + 2.0* ILC2(I) - ILC3(I» 
+ -LTOT*(DIY(I)-DIB(I) 
+ - DILC1(I) + 2.0*DILC2(I) - DILC3(I» 

VLC3(I) - VSC(I)-RTOT*(IB(I)-IR(I) 
+ - ILC1(I) - ILC2(I) + 2.0* ILC3(I» 
+ -LTOT*(DIB(I)-DIR(I) 
+ - DILC1(I) - DILC2(I) + 2.0*DILC3(I» 

c ................. CALCULATE THE CONSTANT A,B,C,D FOR THE RUNGE-KUTTA 
C PROCESS WHICH CALCULATES ILC FROM D ILC/DT. 
C 
C FIRST SET CALCULATED VARIABLES TO ZERO 
C 

345 CONTINUE 
A1-0.0 
A2 2 0.O 
A3-0.0 
B1=0.0 
B2-0.0 
B3-0.0 
C1-0.r 
C2-0.J 
C3-0.0 
D1-0.0 
D22 0.O 
03-0.0 

SYS06850 
SYS06860 
SYS06870 
SYS06880 
SYS06890 
SYS06900 
SYS06910 
SYS06920 
SYS06930 
SYS06940 
SYS069S0 
SYS06960 
SYS06970 
SYS06980 
SYS06990 
SYS07000 
SYS07010 
SYS07020 
SYS07030 
SYS07040 
SYS07050 
SYS07060 
SYS07070 
SYS07080 
SYS07090 
SYS07100 
SYS07110 
SYS07120 
SYS071JO 
SYS07140 
SYS071S0 
SYS07160 
SYS07170 
SYS07180 
SYS07190 
SYS07200 
SYS07210 
SYS07220 
SYS07230 
SYS07240 
SYS07250 
SYS07260 
SYS07270 
SYS07280 
SYS07290 
SYS07300 
SYS07310 
SYS07320 
SYS07330 
SYS07340 
SYS073S0 
SYS07360 
SYS07370 
SYS07380 
SYS07390 
SYS07400 
SYS07410 
SYS07420 
SYS07430 
SYS07440 
SYS074S0 
SYS07460 
SYS07470 
SYS07480 
SYS07490 
SYS07S00 
SYS07510 
SYS07S20 
SYS07S30 
SYS07540 
SYS07SS0 
SYS07S60 
SYS07570 
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C 

C 

C 

C 
C 
C 
C 

C 

C 

C 
C 
C 
C 

C 

C 

Al=TSTEP*DILC1(I) 
A2=TSTEP*DILC2(I) 
A3=TSTEP*DILC3(I) 

IF(.NOT.ON1) GOTO 350 
B1 • TSTEP* KL1*(HVSA 

+ -RTOT*(HIR-HIY 
+ +2.0*(ILC1(I)+Al/2.0) - (ILC2(I)+A2/2.0) - (ILC3(I)+A3/3.0» 
+ -LTOT*(HDIR-HDIY» 

GOTO 355 
350 B1 • 0.0 
355 CONTINUE 

IF(.NOT.ON2) GOTO 360 
B2 • TSTEP* KL1*(HVSB 

+ -RTOT*(HIY-HIB 
+ -(ILC1(I)+A1/2.0) +2.0*(ILC2(I)+A2/2.0) - (ILC3(I)+A3/3.0» 
+ -LTOT*(HDIY-HDIB» 

GOTO 365 
360 B2 • 0.0 
365 CONTINUE 

IF(.NOT.ON3) GOTO 370 
B3 • TSTEP* KL1*(HVSC 

+ -RTOT*(HIB-HIR 
+ -(ILC1(I)+A1/2.0) - (ILC2(I)+A2/2.0) +2.0*(ILC3(I)+A3/3.0» 
+ -LTOT*(HDIB-HDIR» 

GOTO 375 
370 B3 • 0.0 
375 CONTINUE 

IF(.NOT.ON1) GOTO 360 
C1 • TSTEP* KL1*(HVSA 

+ -RTOT*(HIR-HIY 
+ +2.0*(ILC1(I)+B1/2.0) - (ILC2(I)+B2/2.0) - (ILC3(I)+B3/3.0» 
+ -LTOT*(HDIR-HDIY» 

GOTO 365 
360 C1 • 0.0 
365 CONTINUE 

IF(.NOT.ON2) GOTO 390 
C2 • TSTEP* KL1*(HVSB 

+ -RTOT*(HIY-HIB 
+ -(ILC1(I)+B1/2.0) +2.0*(ILC2(I)+B2/2.0) - (ILC3(I)+B3/3.0» 
+ -LTOT*(HDIY-HDIB» 

GOTO 395 
390 C2 • 0.0 
395 CONTINUE 

IF(.NOT.ON3) GOTO 400 
C3 • TSTEP* KL1*(HVSC 

+ -RTOT*(HIB-HIR 
+ -(ILC1(I)+B1/2.0) - (ILC2(I)+B2/2.0) +2.0*(ILC3(I)+B3/3.0» 
+ -LTOT*(HDIB-HDIR» 

GOTO 405 
400 C3 • 0.0 
405 CONTINUE 

IF(.NOT.ON1) GOTO 410 
D1 • TSTEP* KL1*(VSA(I+1) 

+ -RTOT*(IR(I+1)-IY(I+l) 
+ +2.0*(ILC1(I)+C1) - (ILC2(I)+C2) - (ILC3(I)+C3» 
+ -LTOT*(DIR(I+1)-DIY(I+1») 

GOTO 415 
410 Dl • 0.0 
415 CONTINUE 

IF(.NOT.ON2) GOTO 420 
D2 • TSTEP* KLl*(VSB(I+l) 

+ -RTOT*(IY(I+l)-IB(I+1) 
+ -(ILC1(I)+C1) +2.0*(ILC2(I)+C2) - (ILC3(I)+C3» 
+ -LTOT*(DIY(I+1)-DIB(I+1») 

GOTO 425 
420 D2 • 0.0 
425 CONTINUE 

SYS07560 
SYS07S90 
SYS07600 
SYS07610 
SYS07620 
SYS07630 
SYS07640 
SYS07650 
SYS07660 
SYS07670 
SYS07660 
SYS07690 
SYS07700 
SYS07710 
SYS07720 
SYS07730 
SYS07740 
SYS077S0 
SYS07760 
SYS07770 
SYS07780 
SYS07790 
SYS07800 
SYS07S10 
SYS07S20 
SYS07S30 
SYS07840 
SYS07S50 
SYS07860 
SYS07870 
SYS07680 
SYS07890 
SYS07900 
SYS07910 
SYS07920 
SYS07930 
SYS07940 
SYS07950 
SYS07960 
SYS07970 
SYS07960 
SYS07990 
SYS06000 
SYSOa010 
SYS08020 
SYSOa030 
SYS06040 
SYS080S0 
SYSOS060 
SYS08070 
SYS08080 
SYS06090 
SYS08100 
SYS08110 
SYS08120 
SYSOS130 
SYS08140 
SYSOS1SO 
SYSOS160 
SYSOS170 
SYSOS1S0 
SYSOS190 
SYS08200 
SYS08210 
SYSOS220 
SYSOS230 
SYSOS240 
SYS08250 
SYS08260 
SYSOS270 
SYS08280 
SYS08290 
SYS08300 
SYS08310 
SYS08320 
SYS08330 
SYS08340 
SYSOa350 
SYS08360 
SYS06370 
SYS083S0 
SYS08390 
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C 
C 
C 
C 

IF(.NOT.ON3) GOTO 430 
D3 - TSTEP* KL1*(VSC(I+l) 

+ -RTOT*(IB(I+l)-IR(I+l) 
+ -(ILC1(I)+Cl) - (ILC2(I)+C2) +2.0*(ILC3(I)+C3» 
+ -LTOT*(DIB(I+l)-DIR(I+1») 

GOTO 435 
430 D3 - 0.0 
435 CONTINUE 

C •..•.•••.••...•.. CALCULATE THE NEXT COMPENSATOR BRANCH CURRENTS 
C (RUNGE-KUTTA) 
C 

C 

ILCl(I+l)- ILCl(I) + (AI + 2.0*Bl + 2.0*Cl + Dl)/6.0 
ILC2(I+l)- ILC2(I) + (A2 + 2.0*B2 + 2.0*C2 + D2)/6.0 
ILC3(I+l)- ILC3(I) + (A3 + 2.0*B3 + 2.0*C3 + D3)/6.0 

C ...•.•••••••••••. CHECK THAT BRANCH CURRENTS ARE ZERO WHEN 
C FLAGS INDICATE SO 
C 

IF(ON1) GOTO 440 
IF(ILCl(I+l).NE.O.O) GOTO 150 

440 IF(ON2) GOTO 445 
IF(ILC2(I+l).NE.0.0) GOTO 1S0 

445 IF(ON3) GOTO 450 
IF(ILC3(I+1).NE.0.0) GOTO ISO 

450 CONTINUE 
C 
C •••..•••.••••••.. CALCULATE LINE COMPENSATOR CURRENT VALUES FROM 
C THE DELTA-CONNECTED BRANCH VALUES 
C 

C 

ILCR(I+l) • ILCl(I+1) - ILC3(I+l) 
ILCY(I+l) - ILC2(I+1) - ILCl(I+l) 
ILCB(I+l) - ILC3(I+1) - ILC2(I+l) 

C ..••••.••••••.•.• ALTER FLAGS IF CURRENT ZERO CROSSINGS ARE DETECTED 
C ( ALSO IF FIRST 'ON' POINT IS THE LAST POINT IN A 
C HALF CYCLE LEADING TO CONDUCTION IN ALL OF NEXT 
C HALF CYCLE ) 
C 

IF(POSIl) GOTO 460 
IF(ILCI(I).LE.O.O.AND.ILCI(I+l).GE.O.O) GOTO 45S 
GOTO 470 

455 NEGII-.FALSE. 
ONl-.FALSE. 
Kl=O 
GOTO 470 

460 IF(ILCI(I).GE.O.O.AND.ILCl(I+l).LE.O.O) GOTO 465 
GOTO 470 

465 POSII-.FALSE. 
ONI-.FALSE. 
KI-0 

470 CONTINUE 
C 

IF(POSI2) GOTO 480 
IF(ILC2(I).LE.0.0.AND.ILC2(I+l).GE.0.0) GOTO 475 
GOTO 490 

475 NEGI2-.FALSE. 
ON2-.FALSE. 
K2a O 
GOTO 490 

480 IF(ILC2(I).GE.0.0.AND.ILC2(I+1).LE.0.0) GOTO 485 
GOTO 490 

485 POSI2-.FALSE. 
ON2-.FAL5E. 
K2"0 

490 CONTINUE 
C 

IF(POSI3) GOTO 500 
IF(ILC3(I).LE.0.0.AND.ILC3(I+l).GE.0.0) GOTO 495 
GOTO 510 

495 NEGI3-.FALSE. 
ON3-.FALSE. 
K3"0 
GOTO 510 

500 IF(ILC3(I).GE.0.0.AND.ILC3(I+1).LE.0.0) GOTO 505 
GOTO 510 

505 P0513-.FAL5E. 
ON3-.FAL5E. 
K3"0 

510 CONTINUE 

5Y506400 
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SYS08490 
5YS08500 
5YS08510 
5Y508520 
5Y508530 
5Y508540 
5YS08550 
5YS08560 
5YS08570 
5Y506580 
SYS08590 
5Y506600 
SY508610 
SY508620 
SYS08630 
SYS08640 
5YS08650 
5YS08660 
5Y508670 
5YS08680 
5YS08690 
5YS08700 
SY508710 
5Y506720 
5Y508730 
5Y508740 
SYS087S0 
5Y508760 
5YS08770 
5YS08780 
5Y508790 
5YS08800 
5Y508810 
5YS08820 
5Y508830 
SYS08840 
SY508850 
5Y508860 
SYS08870 
SYS08880 
SYS08890 
5YS08900 
5YS08910 
5YS08920 
5Y508930 
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5YS09070 
5YS09080 
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SYS09210 
SYS09220 
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C 
C .......•.•....... CALCULATE DI/DT FOR THE COMPENSATOR BRANCH CURRENTS. 
C THESE ARE NECCESSARY FOR THE NEXT RUNGE-KUTTA STEP 
C (SINCE A. TSTEP * DI/DT ETC.) 
C AND THEY ARE NEEDED FOR THE CALCULATION OF VOLTAGES 
C --- DI/DT(I+1) NOW 
C IS USED AS DI/DT(I) IN THENEXT RUN THROUGH THE 
C COMPENSATOR LOOP. 
C 
C 

C 
C 

C 
C 

C 
C 

512 CONTINUE 
DILC1(1+1) 

+ 
+ 
+ 

DILC2(1+1) 
+ 
+ 
+ 

• KL1*(V5A(I+1) 
-RTOT*( IR(I+1) - IY(I+1) 

+ 2.0*ILC1(1+1) - ILC2(I+1) 
-LTOT*( DIR(I+l) - DIY(I+1») 

• KL1*(VSB(I+1) 
-RTOT*( IY(I+1) - IB(I+1) 

- ILC1(1+1) +2.0*ILC2(I+l) 
-LTOT*( DIY(I+1) - DIB(I+1») 

DILC3(1+1) • KL1*(V5C(I+1) 
+ -RTOT*( IB(I+1) - IR(I+1) 

- ILC3(l+1» 

- ILC3(I+1» 

+ - ILC1(I+1) - ILC2(I+1) +2.0*ILC3(I+1» 
+ -LTOT*( DIB(I+1) - DIR(I+1») 

C ..•...........•.. CALCULATE LINE VALUES FROM BRANCH DI/DT 5 
C 
C 

C 
C 

C 
C 

DILCR(I+1) • DILC1(I+1) - DILC3(I+1) 
DILCY(I+1) • DILC2(I+1) - DILC1(I+1) 
DILCB(I+1) • DILC3(I+1) - DILC2(I+1) 

IF(ON1.OR.ON2.0R.ON3) WRITE(6,798) VLC1(I),VLC2(I),VLC3(I), 
+ILC1(I),ILC2(I),ILC3(I),DILC1(I),DILC2(I),DILC3(I) 

C .... , ............ CALCULATE THE LINE VOLTAGES FOR THE NEXT STEP OF 'I' 
C THIS IS POSSIBLE NOW THAT ILC(I+1) & DILC(I+1) 
C ARE KNOWN. 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

VLC1(1+1) • VSA(I+1)-RTOT*(IR(I+1)-IY(I+l) 
+ + 2.0* ILC1(I+l) - ILC2(I+1) - ILC3(I+1» 
+ -LTOT*(DIR(I+1)-DIY(I+l) 
+ + 2.0*DILC1(I+1) - DILC2(I+1) - DILC3(I+1» 

VLC2(1+1) • VSB(I+1)-RTOT*(IY(I+1)-IB(I+1) 
+ - ILC1(1+1) + 2.0* ILC2(I+l) - ILC3(I+1» 
+ -LTOT*(DIY(I+1)-DIB(I+1) 
+ - DILC1(I+1) + 2.0*DILC2(I+1) - DILC3(I+l» 

VLC3(1+1) • VSC(I+1)-RTOT*(IB(I+1)-IR(I+1) 
+ - ILC1(I+1) - ILC2(I+1) + 2.0* ILC3(I+1» 
+ -LTOT*(DIB(I+1)-DIR(I+1) 
+ - DILC1(I+1) - DILC2(I+1) + 2.0*DILC3(I+l» 

C ...•....•..•.•... INCREMENT I 
C 
C 

C 
C ................. CHECK IF 'I' GREATER THAN THE LAST VALUE OF 'I' 
C PREVIOUSLY SET FOR COMPENSATOR OPERATION 
C 

IF(I.LT.ICOFF) GOTO SlS 
COMPON • .FALSE. 

515 CONTINUE 
IF(I.LT.POINTS) GOTO 210 

520 CONTINUE 

5YS09230 
SYS09240 
SYS09250 
5YS09260 
5YS09270 
SYS09280 
SYS09290 
SYS09300 
SY509310 
SYS09320 
SYS09330 
5Y509340 
5Y509350 
5Y509360 
5YS09370 
SYS09380 
5Y509390 
SY509400 
5Y509410 
SYS09420 
5Y509430 
5Y509440 
SY509450 
SY509460 
SYS09470 
5Y509480 
5YS09490 
SYS09500 
5YS09510 
5Y509520 
5Y509530 
SYS09540 
5Y509550 
5Y509560 
SYS09570 
SYS09580 
SYS09590 
5YS09600 
SYS09610 
SY509620 
5YS09630 
5Y509640 
SYS09650 
SYS09660 
5Y509670 
SYS09680 
SYS09690 
SYS09700 
SYS09710 
SYS09720 
SYS09730 
SYS09740 
SY509750 
SYS09760 
SYS09770 
SY509780 
SYS09790 
SY509800 
SY5098l0 
SY509820 
SY509830 
SYS09840 
5YS09850 
SY509860 
5Y509870 
SYS09880 
5Y509890 
5YS09900 
SY5099l0 
SY509920 
SYS09930 
SY509940 
SYS099S0 
SYS09960 
SYS09970 
5Y509980 
SYS09990 
SYSlOOOO 
SYSIOOIO 

355 



C 
C 
C 

SYSI0020 
SYSI0030 
SYSI0040 

C ................. ANALYSIS SECTION SYS10050 
SYS10060 
SYSI0070 
SYSI0080 
SYSI0090 

C 
C 
C 
C 

C 

IF(SPEC.OR.SPEC3) CALL FOSPEC(POINTS.1,2048,CVRY) 
IF(SPEC3) CALL FOSPEC(POINTS,1,2048,CVYB) 
IF(SPEC3) CALL FOSPEC(POINTS,1,2048.CVBR) 
IF(SPEC.OR.SPEC3) CALL FOSPEC(POINTS,1,2048,MVRY) 
IF(SPEC3) CALL FOSPEC(POINTS,1,2048,HVYB) 
IF(SPEC3) CALL FOSPEC(POINTS,1,2048,MVBR) 
IF(NOPLOT) GOTO 125 

C ................. NPERSQ IS THE NO. OF CYCLES PER PLOTTING SQUARE 

SYSIOIOO 
SYS 10110 
SYSI0120 
SYSI0130 
SYS10140 
SYSI0150 
SYSI0160 
SYS10170 
SYS10180 
SYSI0190 
SYS10200 
SYSI0210 
SYS10220 
SYS10230 

C IF A LONG PLOT IS OUTPUT. 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

NPERSQ"5 
LONG-.TRUE. 

******** ******** ******** ******** ***.~**** 
DATA TITLA/'FURNACE ','& COMPEN' ,'SATOR LI', 'NE CURRE', 'NTS 
DATA TITLIA/' IR (KA)',' , / 
DATA TITL2A/' 1Y (KA)',' , / 
DATA TITL3A/' IB (KA)',' '/ 
DATA TITL4A/'ILCR (K', 'A) '/ 
DATA T1TL5A/' ILCY (K',' A) '/ 
DATA TITL6A/'ILCB (K' ,'A) '/ 
CALL GRAF6(POINTS,6,IR,IY,IB,ILCR,1LCY,ILCB, 

+TITLA,TITLIA,TITL2A,TITL3A,TITL4A,TITL5A,TITL6A,LONG,NPERSQ, 
+GINFOB,GINF02,GINF03,1.7S,l.75,l.75,O.OO,o.oo,0.OO) 

SYSI0240 
SYS10250 

'/SYSI0260 
SYS10270 
SYSI0280 
SYSI0290 
SYSI0300 
SYSI0310 
SYSI0320 
SYSI0330 
SYSI0340 
SYSI03S0 
SYS10360 
SYSI0370 

******** ******** ******** ******** ******** SYSI0380 
DATA TITLF/'MEASURED',' AND CAL' ,'CULATED ','LINE VOL', 'TAGES '/SYSI0390 
DATA TITLIF /' VRY M (',' KV) , / SYS 10400 
DATATITL2F/'VYBM(','KV) '/ SYS10410 
DATA TITL3F / 'VBR M (',' KV) , / SYS 10420 
DATA TITL4F/ 'VRY C (', 'KV) '/ SYSI0430 
DATA TITLSF/ 'VYB C (' .'KV) '/ SYS10440 
DATA TITL6F / 'VBR C ('.' KV) , / SYS 10450 
CALL GRAF6(POINTS.6.MVRY.HVYB.MVBR.CVRY.CVYB.CVBR. SYS10460 

+T1TLF,TITLIF,T1TL2F,T1TL3F,TITL4F,TITLSF,TITL6F,LONG,NPERSQ, SYS10470 
+GINFOB.GINF02.GINF03.5S.0.SS.0.S5.0,S5.0,S5.0.5S.0) SYSI0480 

SYSI0490 
SYSI0500 

******** ******** ******** ******** ******** SYSI0510 
DATA TITLE/'COHPENSA' ,'TOR BRAN', 'CH VOLTA', 'GES AND', 'CURRENTS'/SYSIOS20 
DATA TITL1E/'VLC1 ','(KV) '/ SYSI0530 
DATA T1TL2E/'VLC2 ','(KV) '/ SYS10540 
DATA T1TL3E/'VLC3 ','(KV) '/ SYSI0550 
DATA T1TL4E/'1LC1 ','(KA) '/ SYSIOS60 
DATA TITL5E/'ILC2 ','(KA) '/ SYSIOS70 
DATA T1TL6E/'1LC3 ','(KA) '/ SYSI0580 
LONG-. FALSE. SYS10590 
CALL GRAF6(POINTS,6,VLC1,VLC2,VLC3,ILC1,ILC2.ILC3, SYSI0600 

+TITLE.TITLIE,TITL2E,TITL3E,TITL4E,TITL5E,TITL6E,LONG,NPERSQ, SYSI0610 
+GINFOB,GINF02,GINF03,5S.0,55.0,55.0,0.00,O.OO,O.OO) SYSI0620 

125 CONTINUE SYSI0630 
SYS10640 
SYSI0650 
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C SYS 10660 
C ........•..•.. THE FOLLOWING SECTION USES CALLS TO SUBPROGRAM 'DEMOD' .SY510670 
C THIS SUBPROGRAM USES PREVIOUSLY CALCULATED VALUES OF 5Y510680 
C FREQUENCY AND RMS VALUE TO FIT A TRUE SINUSOID TO THE SY510690 
C ARRAY OF TIME-SERIES DATA GIVEN AS THE FIRST PARMIETER. SY510700 
C THE FOURTH PARAMETER SHOUT.n 1IF. AN ARRAY OF ZER05 OS SY510710 
C ENTRY & ON EXIT 5HOULD CONTAIN THE 'DEHODULATED' DATA. 5Y510720 
C THE FIFTH PARAMETER 5HOULD BE ZERO ON ENTRY & ON EXIT5Y510730 
C SHOULD CONTAIN A TI~m VALUE USED TO GIVE SYNCHONIISATION.SYSI0740 
C SY510750 
C SY510760 

IF(NODMOD) GOTO 140 SYSI0770 
TUSEDcO.O . SY510780 
CALL DEMOD(POINTS,MVRY,AVFREQ,VRRH5,DMVRY,TU5ED) SY510790 
IF(.NOT.DMOD2) TUSED-O.O SY510800 
CALL DEMOD(POINTS,CVRY,AVFREQ,CVRRMS,DCVRY,TUSED) SYSI0810 
TUSED2 0.O SY510820 
CALL DEMOD(POINTS,MVYB,AVFREQ,VYRMS,DMVYB,TUSED) SY510830 
IF(.NOT.DMOD2) TUSED-O.O SY510840 
CALL DEMOD(POINTS,CVYB,AVFREQ,CVYRM5,DCVYB,TU5ED) SY5108S0 
TUSED-O.O SYSI0860 
CALL DEMOD(POINTS,MVBR,AVFREQ,VBRMS,DMVBR,TUSED) SY510870 
IF(.NOT.DMOD2) TUSED-O.O 5Y510880 
CALL DEMOD(POINTS,CVBR,AVFREQ,CVBRMS,DCVBR,TUSED) SYSI0890 
IF(SPEC.OR.SPEC3) CALL FOSPEC(POINTS,I,2048,DCVRY) 5YSI0900 
IF(SPEC3) CALL FOSPEC(POINTS,l,2048,DCVYB) SY510910 
IF(SPEC3) CALL F05PEC(POINT5,l,2048,DCVBR) SY510920 
IF(SPEC.OR.SPEC3) CALL FOSPEC(POINTS,I,2048,DMVRY) SY510930 
IF(SPEC3) CALL FOSPEC(POINTS,l,2048,DMVYB) 5YSI0940 
IF(SPEC3) CALL FOSPEC(POINTS,I,2048,DHVBR) SYSI0950 

130 CONTINUE SYSI0960 
IF(NOPLOT) GOTO 140 SY510970 

C SY510980 
C 5Y510990 
C Ith .... .;.;.;d' --. --- "' •• "'*"'** *"'*'Irlr"'** 5Y511000 

DATA TITLB/'HEASURED',' AND DEH', 'ODULATED',' WAVEFOR', 'H5 '/5Y511010 
DATA TITL1B/'VRY (KV',') '/ 5YSII020 
DATA TITL2B/'VYB (KV',') '/ 5Y511030 
DATA TITL3B/'VBR (KV',') '/ 5Y511040 
DATA TITL4B/'DVRY (K', 'V) '/ 5Y511050 
DATA TITLSB/'DVYB (K', 'V) '/ 5Y511060 
DATA TITL6B/'DVBR CK','V) '/ 5Y511070 

C LONG-. TRUE. 5Y511080 
IF(DMOD2) CALL GRAF6(POINTS,6,MVRY,MVYB,MVBR,DMVRY,DMVYB,DMVBR, 5Y511090 

+TITLB,TITLIB,TITL2B,TITL3B,TITL4B,TITLSB,TITL6B,LONG,NPER5Q, 5Y511100 
+GINF01,GINF02,GINF03,5S.0,SS.O,SS.O,1S.0,15.0,15.0) 5Y511110 

IF( . NOT .DHOD2) CALL GRAF6(POINT5,6 ,MVRY ,MVYB ,HVBR ,mlVRY ,DHVYB, 5Y511120 
+DMVBR,TITLB,TITLlB,TITL2B,TITL3B,TITL4B,TITL5B,TITL6B,LONG,NPER5Q,5Y511130 
+GINFOB,GINF02,GINF03,5S.0,SS.O,S5.0,15.0,15.0,lS.0) 5Y511140 

C 5YS 11150 
C 5Y511160 
C /t1t,',It/,hAIt -*. _.*- 'Irlr"'__ "'******* SY511170 

DATA TITLC/'CALCULAT', 'ED AND ','DEMODULA', 'TED WAVE', 'FORM5 '/5Y511180 
DATA TITLlC/' CVRY , , ' (KV) , / 5Y511190 
DATA TITL2C/'CVYB .','CKV) '/ 5Y511200 
DATA TITL3C/' CVBR ' , ' CKV) , / 5Y511210 
DATA TITL4C/'DCVRY ','CKV) '/ SYS11220 
DATA TITLSC/,'DCVYB ',' CKV) '/ SYS11230 
DATA TITL6C/'DCVBR ','CKV) '/ SY511240 

C LONG-. TRUE. 5Y511250 
IF(DMOD2) CALL GRAF6(POINTS,6,CVRY,CVYB,CVBR,DCVRY,DCVYB,DCVBR, 5YSl1260 

+TITLC,TITL1C,TITL2C,TITL3C,TITL4C,TITL5C,TITL6C,LONG,NPER5Q, 5Y511270 
+GINF01,GINF02,GINF03,SS.O,5S.0,5S.0,IS.0,IS.0,IS.0) 5Y511280 

IF(.NOT.DHOD2) CALL GRAF6(POINTS,6,CVRY,CVYB,CVBR,DCVRY,DCVYB, SY511290 
+DCVBR,TITLC,TITLIC,TITL2C,TITL3C,TITL4C,TITLSC,TITL6C,LONG,NPER5Q,SY511300 
+GINFOB,GINF02,GINF03,5S.0,SS.O,SS.O,IS.0,lS.0,lS.0) 5YS11310 

C 5Y511320 
C 5Y511330 
C -*-- ~*- **.".,,-* "'***"'*** *******'" 5Y511340 

DATA TITLD/'BOTH DEH','ODULATED',' WAVEFOR','H5 ' , '/5Y511350 
DATA TITLID/'DMVRY ','(KV) '/ 5Y511360 
DATA TITL2D/'DMVYB ','(KV) '/ 5Y511370 
DATA TITL3D/'DHVBR ','(KV) '/ 5Y511380 
DATA TITL4D/'DCVRY ','(KV) '/ 5Y511390 
DATA TITL5D/'DCVYB ','(KV) 'i 5Y511400 
DATA TITL6D/'DCVBR ','(KV) '/ 5Y511410 

C LONG-.TRUE. 5Y511420 
IF( .NOT .DHOD2) CALL GRAF6(POINT5,6 ,DHVRY ,DMVYB ,mlVBR,DCVRY ,DeWB, 5Y511430 

+DCVBR,TITLD,TITLID,TITL2D,TITL3D,TITL4D,TITLSD,TITL6D,LONG,NPER5Q,5Y511440 
+GINFOB,GINF02,GINF03,IS.0,IS.0,IS.0,IS.0,IS.0,lS.0) 5Y511450 

IF(DHOD2) CALL GRAF6(POINTS,6,DMVRY,DMVYB,DMVBR,DCVRY,DCVYB,DCVBR,5YSI1460 
+TITLD,TITLID,TITL2D,TITL3D,TITL4D,TITLSD,TITL6D,LONG,NPER5Q, SY511470 
+GINF01,GINF02,GINF03,1S.0,lS.O,lS.O,15.0,1S.0,IS.0) 5Y511480 
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C 
C ......••.•.•••.... CALLS TO GRAF6 BELOW OUTPUT MANY MORE CYCLES 
C THAN CAN BE PLOTTED ON THE 'IMLAC' SYSTEM. 
C 
C 
C 

C 
C 
C 

GOTO 140 
135 NPERSQ"'25 

LONG-.TRUE. 

THE PLOT CODE MUST BE SENT TO THE DRUM PLOTTER 

SYS 11490 
SYS 11500 
SYS 11Sl0 
SYS11520 
SYS11530 
SYS 11540 
SYS 115S0 
SYSl1560 
SYS1l570 
SYS 11580 
SYS 11590 
SYSl1600 WWWftWftWft Wft"'''''''''''''W _wwww"'w "'w'I,,~ft"''''W "'ft,~ft"'ft"'''' 

DATA TITLG/'MEASURED',' AND CAL', 'CULATED ','LINE VOL', 'TAGES '/SYS 11610 
DATA TITL1G/'VRY M C', 'KV) 'I 
DATA TITL2G/'VRY C (', 'KV) 'I 
DATA TITL3G/'VRY M C', 'KV) 'I 
DATA TITL4G/'VRY C C', 'KV) 'I 
DATA TITL5G/'VRY M C', 'KV) 'I 
DATA TITL6G/'VRY C C', 'KV) 'I 
CALL GRAF6(POINTS,2,MVRY,CVRY,MVRY,CVRY,MVRY,CVRY, 

+TITLG,TITL1G,TITL2G,TITL3G,TITL4G,TITL5G,TITL6G,LONG,NPERSQ, 
+GINFOB,GINF02,GINF03,5S.0,55.0,55.0,S5.0,5S.0,55.0) 

SYSl1620 
SYS 11630 
SYSl1640 
SYS 11650 
SYS 11660 
SYSl1670 
SYSl1680 
SYSl1690 
SYS11700 
SYS1l710 
SYSl1720 

C 
C 
C * ___ • _*._.* **"'*_W'" "'''''''''''''''''''* WftftWftftW. SYSl1730 

DATA TITLH/'DEMODULA', 'TED LINE', 'VOLTAGES',' , , '/SYSl1740 

C 
C 

DATA TITL1H/' m!VRY (',' KV) , I 
DATA TITL2H/'DCVRY C' ,'KV) 'I 
DATA TITL3H/'DMVRY (' ,'KV) 'I 
DATA TITL4H/'DCVRY C', 'KV) 'I 
DATA TITLSH/'DHYRY C' ,'KV) 'I 
DATA TITL6H/'DCVRY C' ,'KV) 'I 
CALL GRAF6(POINTS,2,DHYRY,DCVRY,DHVRY,DCVRY,DHVRY,DCVRY, 

+TITLH,TITL1H,TITL2H,TITL3H,TITL4H,TITL5H,TITL6H,LONG,NPERSQ, 
+GINFOB,GINF02,GINF03,1S.0,1S.0,15.0,15.0,15.0,15.0) 

C ....•..•.•.••.•... END OF MAIN PROGRAM EXEPT 
C 

FOR FORHAT STATE~!ENTS 

C 
GOTO 140 

160 WRlTEC6,791) 
GOTO 140 

150 WRITE(6,799) 
140 CONTINUE 
999 FORMATCIH ,3CFI0.6,IX),2X,3CFI0.7,1X),2X,3CF10.4,lX» 
998 FORMATC1H ,3(F7.3,1X),1X,3(F7.4,lX),3CIX,F6.3» 
997 FORMATCI152H"'ww- CHECK-O ON EXIT FROM 'VZEROS' 
996 FORMAT(I/52H--* CHECK-O ON EXIT FROM 'VZEROS' 
995 FORMATCI152H-*"'''' CHECK=O ON EXIT FROM 'VZEROS' 
994 FORMATC1H ,6(F8.3,2X» 
993 FORMAT(///20H INPUT DATA DETAILS, 

+/22H -------------------- , 
+/22H -------------------- , +//149H RED YELLOW 

·CHANNEL 1 ft",,,,,~ft) 

·CHANNEL 2 "'ft"''''''') 
·CHANNEL 3 ftft"''''ft) 

BLUE, 
+150H ---------- .- •• --- •• - ••••••••• -
+/116H NO. OF ZEROS ,3(IIO,2X), 
+1116H NO. OF CYCLES ,3(I10,2X), 
+1116H FREQUENCY ,3(F10.2,2X),III) 

992 FORMAT(1113H POINTS -,15,11) 
991 FORMAT(1146H SENSE OF CROSSING POINTS ... +1 - +'VE GRADT., 

+/46H --.------------- •• - •• -.-. 0 - UNDEFINED , 
+/46H -1 - ·'VE GRADT , 
+1159H ----------DATA---·-··-· ···-··-···CALC···· ••••• , 
+/55H J R Y B R Y B,/) 

990 FORMAT(lH ,I2,8X,I2,5X,I2,5X,I2,12X,I2,5X,I2,5X,I2) 
899 FORMAT(111111119H LOOP NO.,I2,IIH DELTA -,F8.4,5H RADS, 

+/21H - •• -.----. ERROR-,F9. 5 ,17H(ADS AND AVSUH - ,flO. 5) 
898 FORMAT(lH2-I4,5(F9.5» 

SYS11750 
SYS1l760 
SYS11770 
SYS11780 
SYS 11790 
SYSl1800 
SYS11810 
SYS11820 
SYS11830 
SYS11640 
SYS 11850 
SYS 11860 
SYS11870 
SYS 11880 
SYS 11690 
SYS 11900 
SYS11910 
SYS11920 
SYS1l930 
SYS11940 
SYS11950 
SYS 11960 
SYS1l970 
SYS11980 
SYS11990 
SYS12000 
SYS12010 
SYS12020 
SYS12030 
SYS12040 
SYS 12050 
SYS12060 
SYS12070 
SYS12080 
SYS12090 
SYS12100 
SYS12110 
SYS12120 
SYS12130 
SYS12140 
SYS121S0 
SYS12160 
SYS12170 
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897 FORMAT(lH ,F6.4,4X,F7.5,4X,I2,7(5X,Ll» SYS12180 
896 FORMAT(//30X,25H ******"'**"''''**'''**'''**''', SYS12190 

+/30X,25H "''''*_*itM,UIoU**, SYS12200 
+/30X,25H * PROGRAM RUN FOR *, SYS12210 
+/30X,25H * *, SYS12220 
+/30X,15H * TSTEP -,F7.5,3H "', SYS12230 
+/30X,15H * LIMIT -,F7.S,3H *, SYS12240 
+/30X,15H * LOOPS -,I3,7H *, SYS12250 
+/30X,16H * LIST - ,Ll,8H *, SYS12260 
+/30X,16H * PLOT - ,Ll,8H *, SYS12210 
+/30X,16H * LONG - ,Ll,8H "', SYS12280 
+/30X,16H * SPEC - ,Ll,8H "', SYS12290 
+/30X,16H '" SPEC3 - ,Ll,8H "', SYS12300 
+/30X,16H * DMOD - ,Ll,8H *, SYS12310 
+/30X,16H • DMOD2- ,L1,8H *, SYS12320 
+/30X,25H '" *, SYS12330 
+/30X,25H "'.) SYS12340 

895 FORMAT(//48H THIS IS THE TEST LINE $$$$$$$$$$$ $$$$$$$$$$$) SYS12350 
894 FORMAT(//23H $$$$$$$$$$$$ LABEL ,I4,15H $$$$$$$$$$$$$) SYS12360 
893 FORMAT(//lH ,6(FIO.4,2X),/lSX,3(FIO.4,5X» SYS12370 
892 FORMAT(//lH ,2X,2HVR,12X,2HVY,12X,2HVB,12X,2HIR,12X.2HIY.12X.2HIB.SYS12360 

+/53H V7 V8 V9 ) SYS 12390 
891 FORMAT(1153HJ & ZERO CROSSING TIMES ..... R,RCALC.Y.YCALC.B.BCALC)SYS12400 
890 FORMAT(lH .I2,4X.3(F9.5,2X.F9.S.4X» SYS12410 
800 FORMAT(72X) SYS12420 
799 FORMAT(52H "''''***** FLAG ERROR IN COMPENSATOR SECTION "''''''''''''''''''') SYS12430 
798 FORMAT(lH .3(F9.4,3X),3(F9.4,2X),/37X,3(F9.4,2X» SYS12440 
797 FORMAT(6H SUM1-,F9.3,6H SUM2-.F9.3,6H SUM3-.F9.3, SYS124S0 

+lOH QUART1-,I2,8H QUART2-,I2,8H QUART3-,I2) SYS12460 
796 FORMAT(lOH ONl - .Ll.10H ON2 - .Ll.lOH ON3 - .Ll. SYS12470 

+3X,lOH POSI1 - .Ll,10H POSI2 - .Ll.lOH POSI3 - .Ll. SYS12480 
+/10H INTIN - .Ll.lOH INT2N - .Ll.10H INT3N - .Ll. SYS12490 
+3X,lOH NEGIl - ,Ll.lOH NEGI2 - ,Ll.lOH NEGI3 - ,Ll, SYS12500 
+/lOH INTIP· .Ll,lOH INT2P - .Ll.lOH INT3P •• Ll) SYS12S10 

795 FORMAT(lH .F7.S.4X.F7.l.4X.F7.l,4X,IS.4X.I5) SYS12520 
794 FORMAT(lH .8A8) SYS12530 
793 FORMAT(30X.2SH '" COMPENSATOR *, SYS12540 

+/30X.2SH '" DETAILS: •• SYS12SS0 
+/30X.25H "'.. SYS12S60 
+/30X,16H '" LC - .F7.S.3H "'. SYS12S70 
+/30X.16H * POSLIM- .F7.1.3H "', SYS12S80 
+/30X.16H '" NEGLIM- .F7.1.3H *, SYS12590 
+/30X.16H '" ICON - .IS.5H *. SYS12600 
+/30X.16H * ICOrr- ,IS.SH *, SYS12610 
+/30X.25H .... A ................. "I •• itit.**. SYS12620 
+/30X.2SH Ait"AitAA.IoAAitIoAAAIo"'''''II/) SYS12630 

792 FORMAT(/I' GINF02 : '.8A8/' GINF03 : 1.8A811) SYS12640 
791 FORMAT(1150H ****** ILLEGAL INPUT OPTION COMBINATION "'''''''''''''''') SYS12650 

STOP SYS12660 
END SYS12670 
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~ ",. I:IU888833 8BC3 

Ni\ME 
NOL1ST 

GLOBA1. 
o .. :LOBAL 

I''' Q!! l. 
24 - 0ct - 03 12: 27 : ~J 

~h4risto r _ f iri ng_ routine 

CO~ 

fir8~u~ 
COUEBASEQQ.oATABASEQQ.CONSTBASEQ9 

Af,SUME OSIDATABASEQQ 

~ECTION pascalprocedure.CLASS-INSTR99 

: ~HXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXXKXXXXXXXXXXXxxxxxxxxxxxxxxx 

lasse"bley routine to fire thyristors .• , .. " 12-pulsr. 
;~ alled fro" '"ain prog after voltage zero detected 
I algorith" subtracts sin!! value frD" "easured value and lntegrat~ s 
: testing value against a li"it,Fires thy, when li"lt reached 

:only outputs a short pulse for thyristor firing 

: loo p delay values set to values suitable ror nol co"pensator . Values 
Ifor the other two co"pensators "ust be set in RAM after download 

; nositivl! half cycl!! 
: :' 

tirSsub 
fireL LEA S1. sin!! l 

XUR BX.BX 
MOV CH. £B? II 

~tartl MOV DX.£BFBB8H 
our OX. AX 
,IIW CL. £8FH 
SUI~ CL, !.I 
;" 01'< AH . AII 
IN AL.OX 
HO" CL. £ B9H 
S IIR CL. 1.:1. 
OW CII. £ BBH 
J E I at.l 
I,n : e ll 

l" b1 i'lUU CL. lS I] 
CMF' hL. Ll 
~'It : n p'll 
SUB AI . . , I 

, <1<11 Aim BX. AX 
Jiol~ (':" 1") 1, 

; . ': ·:3 1 ~"B LL. AI 
I'IUV r.,_ . ".1 
'-'U ' ' :X. A X 
JA ~ .. t" 
.'I I IV AX. I:: X 

;12- pulse thyristor firing routin!! 
IPositive half cycle sect io n 

: load .ddress of adc 
I i nitiate conversion 
: conversion del.y 

: 5e t ah to zero 
: i nput sa .. p I t! 
: J po p delay to .d jus t s."pling frequency 
; si n e curve based on 7 4 us ecs sa"ple ti" ~ 

: test wh~ther o ne ot first nin!! RaM ples 
: J u~P to Iabl if after n i ne sa"pl p ~ 

:HOV c urrent value of sin e cu rve fro .. "e"ory 
: dpcide wh et h e r ? s<J"'p 1 e ( sine , IMp to neq l -.- , 

i f i t is, 
:subtract s i ne fro~ sa", ~I . 

: ~ dd diff!!r en c l! tp sun"ation st o re 

rt }AL • sub tra c t AL f ro .. CL 
:pllt cliffe r-e r. r.e l.ntlJ HI 

'Fs t AX aqainst BX- - if AX)BX .. a ~ e AX=BX so 
: tt. a t ~''; ]5 s pt to z p.r l) 1n the slIt.1. r " C ' H ' D 

') 

) 

) 

) 

) 

) 

w 
C1' 
~ . 



: I 

ASH 8886/898~ 
V ~ l. 1~ -30 (8569) 

5 3 08000035 2BO!l 
~4 ~0080837 81FE7C10 
5 5 0000003B 72~C: 

5h ~0000830 81FEBF10 
5 7 00000041 771 6 
~d ~0000943 81FB8091 
59 00000047 770J 
., 0 1il0000049 46 
61 0000004A EIlB' : 
~2 0 000004C BA00F0 
63 0908904F B01i1 l 
t, q 1';0008051 EE 
65 000000~j2 Bll" ) 
6 6 00008054 0 2E9 
67 00000056 B000 

:68 b0089058 EE 
09 
'; 0 
7 1 
~.". ::! 

:1 , 74 
I~ 

7 6 
?, 
7 8 
7 '1 
8e 
h I 
82 
I:U 
84 
I . .... • 
, ., ~J 

86 
"J} 
88 
1:J9 
9 0 
<r,- 1 

92 
''' .. -. 
9 4 
· r .... ' 

'-16 
'I · 

98 
.! 'i 

10e 
I t il 
102 
U f.I 
104 

110880059 BA00FB 
0000005 C F.:f
!1E1IUI8950 B10F 
0000005F 0 2E'.' 
fl 0000961 32E4 
00000863 1: ," 
0 8000064 B189 
00000866 0 2E '1 
110800068 3C87 
001il0006A 7 2 J ~, 
0 00 0006C 8A0C 
0000906E 3ACl 
118080070 7 207 
00909972 2 11(.1 
1:10 9 80074 0308 
0800007 6 E98CfI~ 1 

0B808879 2 AC8 
8000087B BACI 
t'!10 0 007D 3 808 
800 0807f 771<J! 
i10800981 8BC3 
90000983 28lJ·j 
~B099885 81FE93 10 
88090 9 8'1 7211 .~ 

u 880ge8 B 81 FB0082 
0 808ee8F J 7 (or 
:''''!300e91 4 6 
800 0 0992 EBL: , 
91t0 0 88 94 BA0 0 F0 
00008097 BI1I!1 '1 
U0 089099 1:.£ 
888 880YA U1111 

sub 1 
c:nnt 

rt o?)( t 

ftrea 

lab2 

30d2 

n" C1 ~ 

s uh ~ 

r o n 1-2 

' -' ''')0' 2 

f i r a b 

SIJI::: [ IX . AX 
e MP 51. £lB7CH 
Jfl ne ,(1, 
e MP 51. £lBBFH 
JA lab~ 

e M!' BX.£BIB8H 
JA firp- iI 
JNC 51 
JMP 9t.<l"U 
MOV ox. £BFBBBH 
MOV AL. fBlIl 
(IUT OX. AL 
HOI) l:L . fH' .. 
~UR CL. eL 
HOI) AL.tI30U 
(lilT [)X . AL 

MOV DX.t9F80I!1H 
OUT OX. A;. 
MOV CL.t8FH 
SHH CL .CL 
XIJR AH.AH 
IN AL.D " 
1'10') CL. tB9H 
SUf, eL. n . 
eMP AL .tB7H 
J B "nti l 
MlIl) CL. [51] 
eMf' AL. C' _ 
I n n e q2 
SUB AI _. :, l 
ADL> [lX. AX 
JMP con ' . ~ 
~;LlB CL. AL 
HOI) 1-. '- . 1.1 . 
I MP l:X . AX 
J A suh :' 
.;ov AX. I;; X 
SlI8 ax. H '. 
l iolP 5 1.£.1 8 93U 
J::: rtP ..... ' 

,,,,r' [ IX . f0 20BH 
J H 11 r- " r 

I rK 5 1 
J MP I "~ 
PlOI) l'J(. £ 1'11· 01'18U 
HOV AI • i l" I. I 
• ' 11 1" (' AL 
Hil I) C, . • E 1"11 

Pa~ ~ 
~ 4- Uct -B3 12: 2 7123 

:test 51 for) 68 degrees 
I saMple again if' 5 1 ( 60 degree!;; 
.test 51 for ( 158 degrees 
lif ) 150 degrees disallow 1st pulse 
: test ax against first liMlt 
lJUMP to firea when liMit exeeded 
: IIpdate pointer to ,oine curve 

I fire thyristor ... on« short pulse 

: continue the integration process until a 
l2nd liMit gives a 2nd firing pulse 

:get next s'Mple 

;SAMple loop delay 

: test for end of half- cycle 

: Mav current value of sine curve frOM MeMory 
: i f ?£UMp Ie ( s i n .. , j MP t o ne lll 

:sub t ra c t si ne frOM saMp Lp 
: ~~ d differe nce to S UMMation s tore 

: Ll ) AL • su btra c t AL frOM CL 
: pllt di ffer enr.e intt) AI_ 
: tp~ t AX a g a i nst BX--i f AX )BX I'Ia ke AX=BX s o 
: th a t BX is set t o zera i n t h e subtracti n n 

. t pst!:il fo r 'le degrees 
;sa" ple aqa in i l ,,1 ( '1B deq , e~ ~ 

tP s t ex aqainst secon d liM i t 
: -,U.·l D ttl fir e b .. I,,,n :~ n'l Li hl.t e)(ee <1,," 
: ·. o dd\e pOJ nter to s ine cu rve 

. t If" l hur .lstor .. . Co n" shor t flU Ise 

.J 

j 

w 
a
N 



~ ~M ~UD6/aea8 

VIH . 18- 3B ( 8~H')H ' 

1l't~'J !18e10009C D2E.9 
HI6 e8e0009£ 81m., 
HII ~11!1 0000A8 EE 
l l!! ~ · 
H I9 1I0e80BAl BABeFS en d l 
l HI e88 8 e 0A'! FJ 
I II ~0eeeaAS BHIF 
11 2 e08880AI 0 2£'; 
lLS fl0aeeeA9 EC 
114 e8eeBBAA 3C811 
I. I ;:' 0H8888AC 7/ F3 
11 " 
I. 1 ,' 
1 U :l 
11 ' ' 

1 ..2 0 
1 21 
J..' ~: 000 080AE SU368588 R fjrll!3 
123 ee8eB8B2 330a..: 
1 £ 4 H00888S4 B5e9 

( 125 8eee0BB6 BA8eFO s ta r t3 
1 ~'6 0B0088 B9 EF 
127 ee88B8BA 81 01 ' 
1. :;' \:1 0Be888BC 02E9 
129 808080B£ 32£'1 
J JO BI:!00e8Ce EC 
1.<1 "Ba88eCl Bl eS 
132 e e e eeBC3 02E'1 
j J 3 · ~ ee000C5 S8FOee 
134 0e0888CIJ 7 4 11:: 
1 ,\::; ~le0B88CA FECO 
13 6 000080CC SA!!;C 1 al,:5 
1. . / i<Jeeeee CE J ACI 
13S 00000008 72111l 
1 : ;~ 008e080 2 2ACl 
14a 08888804 3Cll.~ 
1 , 11 ;,"'0908 06 7702 
14 2 88880808 8l:L" 
14..1 £l880880A 2B08 ~ ltb3 

144 9009000C Ege6~' 1 

H::i U0e8e00F 2AC 8 "., .. :5 
146 80890\!jEl 8hl, 
J --i "- 11000e8E3 (,1308 r·1 <1:5 
148 988e80E5 8 1 FE ~ I I l con t j 

l-!9 1,l!:l0908E9 12eC 
1::,8 B0808B~B B 1 FE~OI i 
1'· 1 l1!'1e088EF 7 ;' 16 
1 ,- .... JL 88080BF l 8IFU~~~ 1 
l ~ . ..i "''''81t80F:> 77 03 
1 ~4 e 88B0&F/ -1 np ·' ,_ . 
J ~. ::, l100000FB £BBC 
156 880888F A BABel "" f j i" " ' I ~ 

I " ~q e 3 
24 -n ~t · -~3 12 : 271 23 

! ;t·m ct. , CL 
MOV At.., {li .Hi 
to UT [lX, AL 

MlIV OX, t eFaee .. : ] o .Jd 
OUT OX, i.; . 

.dc addrll!ss and input sa"plll! 

roIOV CL. £eFH 
SHH CI... 1:1. 
I N At, OX 
CMP AL.£80H Ichec k for zero crogstn~ 
.1A e ndl 

: ~a"e integration ~roce •• is followed 
lfor thll! nll!QlI!t i vlI! a lf c y c l ~ 

LEA 91 . 5 i ne2 
XOR eX. BX 

I neg h.lf c ycle routine Casically sl"e . 6---
,l-- jositlvlI! hllf cycle routine excep t -" 

MOV CU.£89H : -' - a positive contribution to 5 U""lt10n--
HOV DX. £eFBe0 11 l --store results fro" AL being - - - -
(lUT OX,AX : - - n uMerically s ".ller than sine curvlI!- -
HOV CL. £BFt I l - - to allow for fa c t that zero vol t~ - --
GIIR CL, CL : " c o rres ponds to an adc output of 12 B. 
XOR All , All 
I N AL. DX 
i10V CL.£8SH I Joop d e lay to ad j ust sa"pling freqency 
StiR CL. CL lsi ne curve baslI!d o n 74use c5 sa"p l e tiMp. 
CPlP C",£B8H 
J E 1 at. ,-i 
DCC C.t 
MOV L:L. [S [ 1 
CMP AL, CL 
JE: po~ :1 

SUE: AL. CL 
CMP ax . A:; 
J A sII b3 
HOV AX. I;X 
SUB BX,AX 
JMP con' -I 
SUB eL. AI 
MIN AI. . U 
,:IIlD EnC AX 
011 ' S f. [11 13 111 : o .-:t c; f 7'10 d p q r~<! -
., f ·! n "">(t 3 
Cl'l f ' :11. 1 l !.SO d ;h<!ln l P 3~~ de ~ r ~" ' 

., ' 4114 
CMI (;: X, OH~" : : "tE, t t, ,> nqni.n "; 't fl r -:; ' j \1\ • -

I~ f i rpc 
{ ,I ' ; 

I I'll ' co I .. r t. .s 
Hl 'V OX, £BFel" ,:1 tIl e I hqr 1 «; t')J • .• n Jt P !:h()T l , ... 1::' -

) 

) 

.I 

UJ 
CJ'.. 
UJ 

-J 



,,:-,'" ~ : \J 86/808B 
V~J.l , 18<~8 (85Ml, 

1:-" 11110000FO 8002 
151:1 e0e0e0~F Ue 
1',9 ~0(UI0100 IHllil 
160 e001!!010 ~~ 0 21 :" 
1 ,; 1 ~·t0080104 ($088 
162 08001!lHl6 \:::1 . 
l u 3 
j ,'>4 
1 o~, 

l 66 
j / , 7 011900107 BA00FB J a b4 
168 88800HIA fe r 
.l <;? 118000108 B10F 
171!! 0000011!1O 0 2£ 'J 
.l ; [ !J000010F 32£4 
17 2 00001Hll EO!. 
J 7.5 1'11'100011 2 BUl B 
17 4 00000114 0 2f.:'/ 
1 ' L 

. ' ,J l'l0000116 3C7l 
17 6 0000011B 17 ~i~, 
1 // i1000011A BA0C 
178 0000811C lAC I 
J. , -<.' I.l000011E 7 200 
1811 08000120 2ALl 
.1 II I l.f.l0 00122 3B08 
18 2 0000012't Il l'; ,·! 
J. B ~j m~000126 BBC3 
I B4 000001 2B 21H)II sub" 
J 0::. ~1000012A E9 0600 
186 000001 2 0 2AC ... po s ll 
11 ,/ l11100012F BACI 
18 8 000001.31 0 31) .;; adell 
I: "I 000001 33 BIFEIB11 c nn t't 
19 0 000001 31 72 1:i .~ 

.l "1 ~e0e01J9 81F00002 
192 . 8080131 30 7 7U . 
1 ~' 3 f. 1100013F 46 n Ex t4 
194 00000 140 H :V. . ..,, -:, 0 0 00014 2 SA00F0 f . rert 
19 6 00801'114 5 80",," 
t • '? 110990147 EE 
19 8 09000148 IH .I .' 
l . ', 1'00001'1A 02E9 
208 0000014C B0f1 ~ ' 
<, u l 11000014£ £ 1:. 
20 
": 'J 3 

. ~ " [J0 0 0014F l;A00FB F. rHU 
2135 880081 ~2 CI 
~' 1I6 U01i1001S3 S10F 
2117 000001 !iS 0 2 .: 
.:&8 !J88001 5 7 EC 

I ' ~oe 4 
2 4 - 0 ct-8 J 12 : 27: 2 3 

MliV AL. £ 1iI2H 
our DX .AL 
t'lOV ct. . £l0H 
SHR Cl.. r:L 
MO') AL. £ 00H 
our OX. AI.. 

MOV DX.£0FBeBH 
OUT OX,AX 
MliV Cl .£0FH 
SHR CL.CL 
XOR AH.AH 
IN Al.UX 
MOV CL,£09H 
SUfi: CL.CI. 
CMP Al , £73H 
JA end:) 
MOV . Cl. [SIl 
CMP AL. C!. 
J[: pos4 . 
SUB AL.. I ;L 
CMP BX.AX 
JA 6uh" 
MOl) AX .BX 
SUB BX .A X 
JMt> co nt4 
SUB CL. A I. 
MOV Al .CL 
AD D ex. A ... 
CMP SI. £11t8H 
J E: ne~ t ~ 

I Mf' [;X. £0200H 
JA ( i l'f' 1l 
I NC 5 1 
'/1'11 ' l .;h£! 
MUV OX. £ 0F0BBH 
MO \l AL. £e~: ; , 

, .... DY .AL 
MOV '_ l . £.1 "' ; 1 
: I IF< CL,C L 
MUV AI.. £0>i; I 
1,1 11 DX . AL 

r'I IV 1»)( -( BF8eSH 
!lU i I) ; . . ,.., ' 

~IIU (L . fBI · II 
S il l, / . 1 !. ! 

H t AI . OX 

: jntegration can continue for 2nd pulse 
lin neqative half - e~c l~ 

I -· ·store result s frOM AL being - ---
1--nuMericAlly SMaller than sine curve -
: _· .. ·to allow for fact that zero volts--
l--corresponds to an ade output of 1 2U. 

I loop delay to adjust saMpling freqency 
Isine curve based on 74usecs saMple t i Mp. 
I 
Icheck for end of half-cyc l e 

: past 2 70 degrees? 

tes t B~ agai nst s econd liMit 

I l l'e th4ris t o r . . . o ne short puls e 

la a~ a ~ r art dress an d i np u t saMple 

) 

') 

..i 

W 
0-..-



AS!', 808 6 / 8 08" 
1) 1,1 1. 1B--3 8 ( 0568) 

21'19 88000 15 8 3CI:l'l 
;'; 1 ~ 081i1B81 5 A 7 2f3 
211 000001 5C E9AlFT 
~ .. 12 ~1 f.j 00015F C28400 
2 1.~ 
~~ 14 
2 ] :" 
2 1 ,S 
:1 ;" 

2 1. tJ 
:: 1 9 
22~ 
~: ) 1 
2 "> . 
~ 

;::.' 3 
2 :.!-1 
2 .. !5 0 0880808 8284B789 

BC8E98n 
Y5 9 7 999C 
';IE. 

( . ~'l:o U08000 00 ABA2A5 A7 
A9ABAOAI 
81113B5B7 
BS' 

. :~'/ ~1iI80801A BBBOBFCl 
C2C4C61. . 
U'CBCCCE 
CI 

, :8 U08080 27 00020304 
0507 0 80'. 
[.o .:lOBOCOO 
Oll 

:..! '1 1i181i11i18034 OEOFOFE8 
E l £ I t:: 2 I ': ' 
L 'ECE 3 E3 
E: · 

• _~ lI 0 0 0 80841 E3 E3E3E3 
E3 E2E2E 
t:: 1l I1:.13E8 
rH' 

J1 008 8 804E OFOEODDC 
DBOA09f' . 
h' [j60~,0 4 

Os 
, 3.2 U8800 05B 01 00CEC O 

CCCI.CI.,L -
L::;t;Jc::ce 
llE.. 

',U 111i1~8086B BCBAB9B7 
B~B.i l:l l "1 
AL;;. AABA .... 
A4 

s inl!l 

CMf' AL . £B011 
.m e nd3 
JMF' f ir"' l 
m:T £ 4 

P a g~ 

2 4 - 0 c t - 83 12 : 27 123 

lc h l! ~ k f o r pos goinq ze ro crossi no ' 

) - - cycle ro u t in ~ . 

UECT I ON sd k88, const.CLASS-OATAQQ 

UHE 

UHE 

lW TE 

tW TE 

OYrE 

I :y n :: 

1 '1 11 -

:: f 1 t: 

1 (I 

r e fl!rence sine waye • .• Fl!ro· 
plUS/Minus 

f i rst .''''ple at 
sub!lI!qul!nt dt = 

Pt . • pl!r 1/2 eye. 

12 7 
HI5·JJ 

188uII 
7511s 
132 

130.1 3 2.135.137.140. 142.144.147.149. 151. 153. 1~6. 1~B 

168.162. 165.167.169.1 7 1.173. 175.177.179.18 1 . IB3. 18S 

1 87.18 9.191 . 193. 194. 196.198. 199. 201 .203.204. 20 6. 287 

280. 2 10 .21 1. 2 12.213.215. 2 1 .... . 2 17. 2 1 8 .219. 220 .221 . 22 1 

222 .2 2 J.22~ 224 . 2 2 5 . 225 . 226 . 2 26. 2 2 6. 236 . 2 27 . 2 27 . 2 27 

~~/. 227 . 227 . 227. 2 2 7 . 226. 226 . 22 6.225. 225. 2 2 4 . 2 24 .22 3 

. 2 J. 2 ~2 . 22 1. 220 .219. 2 18.217. 716. 2 15 . 2 14. 2 13 . 2 12.21 1 

.· ~9 . ~~U. 2B~ 2e~. 284 . 2 8 2. 2~e. 199. 1 ?7 . 19~ . 174 . 192 . 19R 

J : :II . l UI... 1B~. IB :S. 181. 1 , 9. 1/ / .17'1. 112. 17~ . 1 6 B. 166 .16-'1 

,.. c1,J £-' I \ ' j ' 

100 

) 

) 

) 

) 

..I 

.; 

..; 

W 
0-
U'1 



, \~,M 1:10B6/B088 
V01. 18- 38 (85,",0 , 

~~~ H0008875 A29F9D9B 
9996949 ~ 
n~808B88 

~.l iJ 

~. 5 00000082 B4B17F 
2 /; ~, 

2 37 
~~B 00009085 7C7A7775 

72786E6L: 
6~'676562 

60 
~j9 00008092 5E5C59S7 

555351lJr 
404B4947 
'1 5 

, ~ 40 0000909F 43413F30 
3C3A3B3:·' 
:5533323., 
~F 

. 41 0 00090AC 2E2C2B2A 
2927262 ~_' 

2 4232221 
2 1 

'1 ~2 000000B9 201FIFIE 
IDIDI C1L 
l ClClBIB 
H~ 

~ 4 J 0 00000C6 IBIBIBIB 
IBICI C1 ( 
llllDIEIE 
1/ ' 

44 ~00880D3 IF202122 
23242~2 , . 

:" :~B292A 

2B 
' 4~ ~~0900E8 2D 2E3031 

323436 _~ 

.1'/3B3C3E 

·1" 
. 46 U00000ED 4 2444547 

494B4D~M 

~ '~4~658 

to . t1 

~ ; ~00999FA 5C~F6163 
65686A~ ' 

0~~ l j ~7 6 

7 c.i 
, ~B ~8888 187 7A7D7 F 
2~' 

2 50 
~~o 1 

sine2 

I , I ll 

DYlE 

[:YTE' 

[:YTE 

[l YlE 

DYTE 

onE 

eyn: 

DYTE 

f:YTE 

I':Y TE 

t: 'nE 

:.: ' E 

1:1 11 

" , ilqe " 
24 '-Oct -'O:5 12 : 27: :,' .5 

16 2 ,15 9.157.155.153.150.148.146.143.141.139.136.134 

D2. 129.127 

124.122 .119.117.114.112.118.187.105.183.181.98.96 

94. 92.89.87.85.83.81.79.77.75.73.71.69 

6 7. 65.63.61.68.58.56.55.53.:51.58.48.47 

46.44.43.42.41.39.38.37.36.35.34.33.33 

3 2 . 31.31.30.29.29.28.28.28.29.27.27.27 

27 . 27. 27.27.27. 28.28. 28.29.29.38.38. 31 

3 2.32. 33. 34.35.36.37.38.39.40.41.42.43 

4~. 46. 4 B. 49 . 58.52 . 5 4 .55. 57.59.60.62.64 

t 6 . 68. 69 . 71. /~ . 75. 77.B0.B2.84.86. 88.90 

.... . 'I ::' . '17 . 9 ','. 101. Hl 4 . 106 . 100 . 1 It. 1 13 . 1 1 ~. 118. l L 0 

, " L , J : ':1 . 1? 

,) 

) 

j 

W 
0" 
0" 



ASM 8B86/8088 SYMBOL TABI .E PlIgv. 
?4-0ct- 83 12127123 I) flt, 1:1 - 38 ( 8569 ) 

Section - SDKSe.CONST. Class DATAQQ. Aligned to B900001H . . Size • 0090Bl~A 

;.' l IlE 1 -"'- - " .-- - -- - - - - 1d0089999 SINE2--- - - ---- - - --a0980885 

Se c tion PASCAL PROCEDURE. Class INSTR99. Aligned to 00008B18. Size - 000B816 2 

';1,01 - - ----- - -- ·- - - - - 00000026 
CON1-- - - -·- - - - -----80000037 
E~DI--- -- -- - - - - - - -1d00999Al 

FIRE 3- - - - - - - - -----909908AE 
l- ll (EO- - - - --- - ---- -88899142 
LABq - --- - - - - ------88880191 
~~XT~---- -- -- -----00900091 

PDS~ --- --- --------009081 20 
b l~2----- ---------B008808J 

AOD2----- - - -----·- - 90900874 
CONT2------ - - -----B00008B~ 

£N03-- - - ------ - - - -1d88BBI4F 
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MODELLING OF AN ELECTRI C ARC FURNACE 

11 n Turner. I' Watk inso ll nnd I C lJavi 5 

1'\c lInivcr !\ it~· of Liverpool, U~ 

INTRODUCIlON 

Electric arc furnaces provide a clean and efficient way of 
melting scrap metal for the production of steel. but they 
are well known for the effects that they can have on the 
supply system. particularly voltage fluctuations and 
consequent toogsten filament lamp flicker. There Is 
conslderahle interest In the use of shunt compensators 
for the control of these voltage variations. and a num be r 
of methods such as saturaled reactors and thyristor 
controlled devices have been employed. One of the 
requirements of such equipment Is that It should have a 
good speed of response(l). (2) and the work on modelling 
described In this paper Is part of an inveStigation of the 
aJvantages to be gained by the use of increased phase 
numbers for thyristor controlled shunt reactors. 

It Is naturally desirable in such a prog ramme to be able 
to model the furnace and supply system. both experiment 
ally and theoretically. in order to assess the merits of 
the different control conflgurations. but the random nature 
of the arc currents makes this a difficult task. Whil s t a 
number of authors have described theoretical models(J). 
very little is reported in the literature on the experi
mental modelilng. Dugan(4) describes a model using a 
transient network analyser with a harmonic current 
source to represent the furnace. However. as the author 
indicates this model does not attempt to Incorporate the 
random nature of the current variations. investigation s 
by Dixon(5) and others suggest that the pattern of 
variations produced by arc furnaces Is almost Independent 
of rating. which implies that results bas ed on one 
particular furnace are likely to be applicable to others. 

The model described in this paper makes use of the 
recorded current waveforms of a working furnace. thus 
Introducing the necessary random current variations which 
are needed to judge the compensator performance. 

Nature of the experimental model 

The basic concept on which the model I. based Is that the 
furnace be represented by a current sink which has a 
terminal current characteristic similar to that of a 
working furnace. whilst the electric31 supply Is 
represented by a constant voltage in series with a lumped 
parameter sys tem Impedance. The presence of trans
formers in the supply network. particularly those with 
s tar-delta connections. generales a coupling (6) between 
phases which. whilst II can be Ignored (or balanced 
sinusoidal operation. is Important for the unbalanced non 
s inusoidal current s of the arc furnace. This Is a topi c 
for which there appears to be little information available 
and one which needs further work . It Is incorporated 
into the model by the use of a slar-delta connected 
transformer in the supply system. although it Is 
recognis ed that the tran s former used may well not be an 
accurate representation of the full s ized device . TIll " 
coupling between phases means that the furnace and 
"ys lem must be modelled as a three phase unit rather than 
one s ing le phase model. TIle ratio o f reactance to 
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res ls tun ce of " Iypl " I ~ upl'l y n lwork (0 (n to r) I. hl q- h 
and Ihe require menl 10 . chi e ve a ~i mll a rly high va lUe o ( 
o in the mode l dem. nds the ulle o f lin ear Iron orcd 
Ind ucto rs . nd s uit able values o f basc curren t and voltoge . 
These ha se values impo sc conStrnlnt8 on the c hoice of 
current s in k. but the ava ila bility o f high powe r e lec tronl 
a mpliCle rs . s uch as thnse used In e lectro-mechanical 
vibra to r s . means tha t these requlre m nt S Cln be ac hie ved, 
mak in lf direc t coupled e lec trnnl c nmpllClers the mos t 
conve nient fo rm o f currenl s in k. T he driving o r in put 
s ignal tn the a mplifie r s could be de rived in I numbe r o r 
ways. Fo r example the current WAvefo rm of a (urnace 
could be s ubjec ted 10 II s pec tral an a ly s iS And the Input 
Signal then s ynthes is ed us ing a random but we ighted 
combination o ( the frequencies found in tit wave fo rm 
s pectrum . The a pproach ado pted fo r thl ll work i. to usc 
wave fo rm s r eco rded on a working (umace as the drivin g 
s ignal. and to thi s cod r cords made by the CFGB with 
the co -o pera tion o f the s teel m ake r s ha ve be n made 
a va ilable to the autho r s . in the fo rm o r digitis ed da ta on 
m agn ti c ta pe. The Information has been tran s fe rred (0 

a main (rame compute r. enabling sho rt sec tions to be 
chosen at will and tran s fe rred to the b nch top mode l. 
desc ribed in detail In the next lIec tion. This form of 
data handling has been us ed. II ln ce it a lso IIIOW8 

computational analYSis of the recorded dilla and easy 
access for comparison with the results of a computational 
model. work whi ch is progreu lng In parallel with the 
expe rimental modelling. 

11le narure of thi s current s ink mean s that whatever one 
does to the s ys te m voltag e or Impedan ce the current a t 
the terminals of the furnlce mode l will always be an 
exact copy of the recorded current. Thus when a 
compens ator is conneCted to the modellhe arc fum lce 
current s will rem ai n unchanged . Since the r ecorded d a ta 
is that of a furn ace operating without a compenll tor this 
approach will neg lec t the s mall changeS that will ari se In 
furnace current due to the ac tion of the compenutor. 
However. the random nature of the furnace currentft m e an s 
that it is doubtful whether these c hanges could be 
quantified. but naturally the currentS seen by the supply 
s YStem. and cons equently the sys tem voltages . will c hange 
wh en a com pensa tor Is flued . 

Detail s o f Ihe mode l 

The modei is based on the T empl cboro ug h Plant of Britis h 
Stee l Ltd . • fi gure I shows rhe s alient fea rures of the 
supply sys te m . TIle r eco rdings o f phase voltage and 
currco r we re r. ken a r Ihe JJk bus ba r by the CECB us in g 
the ir D.R. F .A.M.( 2) equipm ent ' nd (o r t,he r eco rdin gs 
used in Ihi s paper furna ce 2 was In o pe ration . Fo llo wing 
trans fe r of thi s dara to the main fram e compute r at 
Live rpoo l short sections o f recording can be se lec ted li t 
will and tran s fe rred to lit e mode l by paper ta pe . whe re it 
is he ld In RAM (figure 2) . The time s pan Of data he ld In 
the mode l is de pendent upon the s iZe of tlte memory. and 
a l present Is limit ed to 10 c yc les . but it is Int""ded to 
e" rend thi s soon. In addition to the three phD e curren ts 
one o f the vo lt ages Is a lso he ld In t he m emo ry nd liti s 
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can be displayed for comparison wilh the measured model 
volta~e. 

Synchronisation of the currents to the voha~e is achieved 
in two stages. whilst selecting the data in the mainframe 
com purer the values of current at rhe instant of red 
phase voltage zero are Idenrlfled and subsequenrly loaded 
inlO knnwn memory location in the RAM. 

The phase lncked lnop (fig. 2) circuit generates r,lIO 
interrupt signals. one of which is at 50Hz and coincides 
with the zero crossing of the red phase voltage. This Is 
used to output the appropriate values oC phase currents. 
The 5KHz Interrupt signal Is used to output the current 
values between zero crossing points. giving 100 samples 
per cycle. The dl'lital values oC current are passed to 
the voltage controlled current Ceedback amplifiers via 
three digital to analogue converters. The control of the 
system can be arranged to give either a single shot or 
repetatlve mode of operation. 

The base voltage oC the model Is 100 V line. and the 
amplifiers are capable oC sinking currents in excess oC 
3A. The resultS presented in the next section were taken 
when the model was initially constructed to demonstrate 
the Ceasibllity of the approach. At this time the star
delta transConner was not specifically designed Cor the 
task. Its Impedance was such to limit the base current to 
a value of l .• A. and it does not represent the variation 
of system Impedance with frequency (or rate of change of 
current). Similarly the variation of line Impedance with 
frequency Is not represen ted. however in this' case the 
system Impedance Is dominated by the super grid trans
former. The model Is currently being rebuilt with 
components to give a base value current of SA and a 
better representation of the system 1m pedances Including 
frequency variation. 

As indicated in the introduction the model Is part of an 
Investigation of the advantages to be gained by the use of 
increased phase numbers for thyristor controlled shunt 
reactors. Such a device would normally be connected to 
the 33 KV bus of the supply system and It Is the authors' 
intention to connect a compensator to the model at the 
terminals of the amplifiers representing the arc Curnace. 
In order that different control st rategiea can be readily 
Implemented It Is intended to make full use of mode In 
digital techniques In the compensator control system. 
which provide the facility for rapid reprogramming of the 
control algorithms. A number oC different techniques 
have been described(7) in the literature for assessing the 
flicker level of voltage variations and It is proposed to 
implement these techniques digitally. applying them to 
the voltage waveforms measured on the model once these 
have been tranSferred back to the main frame computer. 

Results 

In order to check the suitability of rhe amplifiers as 
currents sinks the model was initially run in single phase 
mode using one of the recorded phase currents. Figure 
3(b) shows the recorded phase current used as input to the 
amplifier whilst figure 3(a) shows the current waveform 
recorded on the model. over 5 cycles. and it is seen that 
they are in good agreement. 

The model was then developed Into the three phase form. 
and figure 4 and 5 show two phase currents both 
measured (upper trace a) and recorded (lower trace b) and 
again it is seen that .the. agreement p!'Lwee"- the....two..J!! 
good 
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Figure 6 shows one of the phase voltageM. the upper trace 
again being the measured value (rnm the model and the 
lower I race the recorded value. 11lis larter Wall d('rlved 
(rom Ihe output of one o( three voltages transformers 
connecred In srar at the 33 K V bl:s. whilst the fonner WBll 

recorded across one of three balanced resistors 
conoected In star ro the amplifier tenninals. The 
distortions ro the waveforms are evident and considering 
thst the srar-deha transformers In use when theoe 
recordings were made was not an exact represenlarlon of 
the super grid rransformer supplying the furnace (SGT •• 
figure I) rhe agreement between the t..., Is encourall'ing. 
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The Computational Modelling of an Electric Arc Furnace 

D R Turner and I C Davis 

The University of Liverpool 

Introduction 

Residents of steel towns are frequently aware of the effects of electric arc 
furnaces on the supply system voltage level - as witnessed by the flicker of tungsten 
filament lamps. However, for certain steel making processes, this type of furnace 
represents the best production method, and thus there is considerable interest in 
possible methods of controlling voltage fluctuations. Control of voltage by shunt 
reactive compensators - particularly for relatively slow voltage changes, has been 
employed by power system authorities for some time, and follOWing advances in 
solid state technology thyristor controlled static var compensators have been available for 
system voltage control (1). Along with saturated reactor compensators (2), 
thyristor controlled equipment (3) has been used by a number of installations to 
provide voltage and flicker control at arc furnace sites. One of the requirements 
of equipment used for this purpose is that it should have a fast speed of response. 
fOr thyristor controlled reactors, one possible way to reduce the response time is 
to increase the phase number, and the work described in this paper is part of a study 
of thyristor controlled reactors (T.C.R 's) with higher phase numbers. 

To evaluate the perfonnance of such equipment in the laboratory it is 
necessary to model, either computationally or experimentally the furnace and supply 
system. Both methods are being used by the authors, the experir.'lental model is 
described elsewhere (5), and both use a similar approach to the problem of the 
random nature of the furnace currents. 

A mnnber of workers have approached the modelling of arc furnaces in 
different ways. Granstrom (6) uses a value of arc resistance or current which is 
a function of time, using sinusoidal, square and random functions alone or in com
bination. Dugan (7) describes the use of a transient network analyser with harmonic 
current sources to represent the furnace, but comments that this does not rep
resent the random nature of the furnace currents. The method described in this 
paper makes use of recorded values of furnace currents as the input to the model, 
which re~resents the supply system by constant resistance and inductance. 
Macedo (8) has shown that the system is a dynamic one and that the impedance 
changes with time, and it is well known that the system impedance is a more 
complex function of frequency than (R + jwL) due to the capacitance of the liystem as 
well as the nature of other loads. Both these effects are ignored in the v ork 
presented in this paper but the model is to be extended to include system capacitance. 

Description of the Model 

Figure 1 shows the supply system to the Templeborough Plant of British 
Steel upon which both the computational and experimental models are based. The 
C.E.G.B. with the co-operation of the steel makers have recorded furnace currents 
and voltages at the 33 k V bus bars and these records have been made available to 
the authors, figure 2 shows a few cycles of one phase current for the start up of a 
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56 MVA furnace. The aim of the model is to calculate the voltage at the 33 k V 
busbars given the furnace currents. thus these form an 'input' to the computer 
model. 

Looking at figure 1, it is seen that the 33 kV busbar is supplied by star
delta transformers, and for the non-slnusoidal, unbalanced currents the delta 
connection introduces a coupling between phases, a topic which does not yet seem 
to have been considered in detail. For three phase transformers constructed on a 
sillgle three limbed core there are mutual inductances between the phases whlch act 
as another source of coupling important to unbalanced operation, but these are 
ignored in the results presented here. 

For a star-delta transformer shown in figure 3 the line currents on the 
delta side can be expressed slmply in terms of the branch currents by the 
relationship: 

where [c] = [1 
-1 
o 

C is a singular matrix thus its inverse does not exist, phYSically this means that 
the branch currents [I 68] cannot be expressed in terms of [ I l!. ] unless there is 
some additional condition, since any dt'culating current In the ~lta has no effect 
on the line currents. It is essential however that a relationship be derived in 
order to evaluate the line currents on the high voltage side of the Transformer 
since [I

AL
] are the"drlving function" of the model. It was expected that the 

instanteneous sum of the furnace currents would be zero and inspection of the 
recorded current waveforms showed this to be so within experlmental error, 
further any circulating currents in the delta must be due to zero sequence currents 
flowing on the high voltage star side of the transformer, and these are most 
likely to be slnusoidal in nature. Thus assuming that the circulating current is 
zero yields: 

(1) 

The line currents on the star side [ Iy] are related to the branch currents on 
the delta side [ I AS] by the transformer tums ratio. 

The voltages measured at the 33kV busbars are phase values determined by 
three star connected voltage transformers. Assuming that these are identical and 
that the sum of the currents at the star point Is zero then 

[v ] = ! . [1 
bP 3 -1 

o 

o 
1 

-1 
(2) 

and it is noted that this transformation is the transpose of that for the currents, 
equation (1). 
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Using a step-by-step technique with the furnace currents of the 33kV bus~ 
bars and their rates of change specified, the currents[ Iy] can be determined by 
equation (1), thus referring to figure 4 

= L . d • [ Iy] 
s -

dt 

[Val and[Vy]are related by the transformer turns ratio, thus from[~d 
using equation (2) the voltages [V J are found and then 

AI' 

= (V ] 
6p 

(3) 

As the computation continues the variation of (V t with time is determined. 
It is necessary to achieve the correct phase relationship between the busbar voltage 
and the furnace currents. This is achieved by labelling the current values which 
occur at the points of measured busbar voltage zero crossing and ensuring that 
these coincide with the calculated voltage zero crossings by adjusting the phase of 
the voltage( VB] • 

Results 

Figures 5 (a) and (b) show the predicted and measured phase voltages for 
the red and blue phases over 5! cycles, and the distortion of the voltage wave
form is clearly seen. . It is seen that whilst the magnitudes of the measured and 
predicted voltages are in reasonable agreement there is some discrepancy in the 
detailed shape of the waveforms, due to the limitations of the model mentioned 
earlier, this is obviously a topic which needs further investigation. 
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Figure 4 Equivalent Circuit 
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Figure 5 Predicted and Measured Phase Voltage -- 33kV Busbar 


