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Abstract

The Canadian Ministry of Transport recommends that powerline
crossings on river valleys be marked by white flashing lights. In remote

areas a power supply for these lights can be difficult to obtain.

A warning beacon system which uses the leakage current of seémi-
conductive glaze insulators to power a capacitive discharge flashtube is
described. Consideration is given to the rélevant characteristics of flash=

tubes and semiconductive glaze insulators.

Tests which have been conducted to confirm the viability of the

system are described.



iii

TABLE OF CONTENTS

Page

ABSTRACT .‘ ii
TABLE OF CONTENTS ) idii
LIST OF TABLES iv
LIST OF ILLUSTRATIONS ' v
ACKNOWLEDGEMENT ' . vi
I. INTRODUCTION 1
IT. CAPACITIVE DISCHARGE FLASHTUBES A
III. SEMICONDUCTIVE GLAZE INSULATORS 8
IV. TRANSFORMER - DESIGN CONSIDERATIONS 11
V. TRANSFORMER - MODEL 24
VI. BEACON POWER SUPPLY AND CONTROL CIRCUITS 32

6.1 Beacon Power Supply Circuit 32

6.2 Single Flashtube Control Circuit 32

6.3 .Control Circuit for Three Flashtubes 37
VII. OBSERVED BEACON PERFORMANCE 41
VIIi¢CONCULSIONS AND SUGGESTIONS FOR FURTHER WORK ' 44
APPENDIX A. STRAY CAPACITANCE IN THE TRANSFORMER 45
APPENDIX B. MAGNETIZING IMPEDANCE OF THE TRANSFORMER 50
APPENDIX C. CONTROL CIRCUIT WAVEFORMS 52

REFERENCES 56



v

List of Tables
Page
Table I. Power Available into a Battery Pack. 42

Table II. Battery Pack Charge Characteristic. 42



List of Illustrations

Figure _ Page
3.1 6-Unit Semicon String Model on a 230 kV Line 10
4.1 Bobbin for Primary Winding . 14
4.2 Lamination Strain Calculation 16

S 4.3 Photograph of Transformer Core Assembly 18
4:2 Photograph of Transformer : 19
4.5 Transformer Connection to 230 kV Line 21
4.6 Model for Transient Analysis of the Circuit of Figure 4.5 22
4.7 Transient Voltage at Node H in Figure 4.6 23
5.1 Stray Capacitance in the Transformer . 26
5.2 Transformer Model 27
5.3 Power Delivered to a Resistive Load Using a Single Semicon String 28
5.4 Power Delivered to a Resistive Load Using Two Semicon Strings 30
5.5 Current Distribution for RL= 22 MQ 31
6.1.1 Beacon Power Supply 33
6.2.1 Single Flashtube Control Circuit 34
6.2.2  Waveforms of Control Circuit ) 36
6.3.1 Sychronizing Signal Generator for Three Single Flashtube Units 38
6.3.2 Three Lamp Control Circuit 40
7.1 Battery Pack Charge Characteristic 43
A.I Stray Capacitances . 46
B.1 Transformer Magnetizing Impedance _ 51

c.1 Discharge Capacitor Charging Circuit 53



vi’

ACKNOWLEDGEMENT

I wish to thank Dr. A.D. Moore. for his assistance throughtout the

course of my stay at the University of British Columbia.

Valuable advice on the construction of the transformer was pro-
vided by Mr. H. Burgess of the British Columbia Transformer Company Limited.
Mr. R.A. Briggs of Cor-Mag Company supplied the material used in the trans-

former core.

Thanks are also due to Mr. A. Reed of the British Columbia Hydro
and Power Authority for his advice and his assistance in arranging for

testing of the prototype.

The technical staff of the University of British Columbia deserves
a great deal of credit. In particular I would like to thank Mr. D. Daines
and Mr. D. Fletcher for constructing the prototype, and Mr..A. MacKenzie
for his assistance in testing the prototype and in dealing with bureaucratic

red tape.
The manuscript was typed by Mrs. 5.Y. Hoy.

I would also like to thank Dr. H.W. Dommel for reading the thesis,

and for the use of his cemputer program,

This research was supported in part by NRC grant A-3357, and by

a grant from the British Columbia Hydro and Power Authority.



I. INTRODUCTION

It is common practice for small aircraft to use river valleys
as navigation aids, especially during periods of low visibility. The hazard
introduced by power lines crossing the valleys is well recognized. At
present these obstructions are marked, in most cases, by painting the towers
on each side of the valley, and by suspending reflective spheres from the
catenary. To increase the visibility of the lines the Canadian Ministry of
Transport [l] recommends that high intensity white flashing lights be mounted
on the towers at crossings. Three lights, one located at the top of the
tower, one at the level of the lowest point of the catenary, and one midway
between, serve to provide an indication of the position of the power cables.
As stated in the Ministry's recommendations [1]

The white lights shall flash sequentially; first the

middle 1light, then the top light and last, the bottom

light. The off interval between the top light and

the bottom light shall be twice as long as the interval

between the middle light and the top light. Interval

between the end of one sequence and the beginning of

the next shall be about 10 times the interval between

the middle and top light. Each light unit of the

system shall flash at a rate of 40 to 60 per minute;

60 per minute preferable.

One of the major prbblems encountered when attempﬁing to developv
such a warning beagod system is.ﬁroviding‘a source of power for_the lights.
Where a low voltage distribution nétwqu is nearby this problem does not
arise, but many river crossings exist in remote areas where no such network
is available. Several methods have been deve;oped to solve this problem,

all consisting of a way of obtaining power from the high voltage line it-

self. The amount of power required depends upon the type of beacon desired.



A typical unit approved by the Federal Aviation Authority of the United States
consumes in excess of 200 W. The xenon flashtube units used on aircraft

operate at approximately 25 W.

The current flowing in a power line will induce a current in any
nearby conductive lobp. This principle has been used by H.J. Dana [2] to
provide power for a mid-catenary neon warning light. In this system an
iron core is clamped around the conductqr. A many-turn secondary on the
core is connected to a neon tube, which produces a steady red light. It
would appear that this technique could also be used to power a flashing
light system. However, since the current in the line fluctuates over a

wide range, the amount of power available is not well defined.

L'Institut de recherche de 1'Hydro-Quebec (iREQ) has developed a
system which obtains power from the high voltage line using electrostatic
coupling between the overhead ground wire and the line [3,4]. Overhead
ground wires are strung above the power lines to provide lightning protec-
tion. Capacitance exists between the overhead ground wire and the lines,
the value of which depends upon the physical dimensions involved and the
atmospheric conditions. For the line configuration studied by IREQ, this
capacitance is 6.5 pF/m. To collect the energy coupled to the overhead
ground wire by this capacitance, the wire is electrically isolated from
the towers, and connected to a step-down transformer. IREQ has‘obtained
5 kW/km from a 735 kV line, and has used a single span to power a beacon
containing two 100 W incandescent lamps. The amount of power available . .-
from a capacitive system depends upon .the line voltage rather than the
currenf, and should thus fluctuate less than the power ogtained by inductive

coupling.



Overhead ground wires are only used in very few places on the
power lines of the British Columbia Hydro and Power Authority, so that the
use of a system of the type developed by IREQ would require considerable
modification of the existing lines. "The system described in this thesis,
which was developed in cooperation with the British Columbia Hydro and
Power Authority, uses the leakage current of semiconductive glaze insulators
to supply power for a xenon flashtube warning beacon. This leakage current
depends upon the line voltage and the atmospheric conditions.. Because the
characteristics of the insulators and flashtubes have a significant influ-
eﬁce on the design of the warning beacon system, they will be considered

before the system itself is described.



II. CAPACITIVE DISCHARGE FLASHTUBES

A flashing light can be obtained from a flashtube, or by switch-
ing an incandescent lamp on and off. Capacitive discharge flashtubes are
superior to flashed incandescent lamps for use as warning beacons due to

their higher luminous efficacy, higher effective intensity, and longer life.

Luminous efficacy is the total visible luminous flux output (in
lumens) divided by the total power input (in watts) [5]. Xenon flashtubes
produce between 10 and 50 lumens per watt, with a typical value of 35 1m/W.

Incandescent lamps normally produce approximately 10 1m/W.

At low levels of illumination, the effective intensity of a flash-

ing light is given by [6]

ta
I = JEI I(t) ‘_it
E a + (tz—t

7

where I(t) is the light intensity at time t, (lm), a is the Blondel-Rey
constant normally taken to be 0.2 seconds, ti, ty (seconds) are chosen so

as to maximize IE.

For a capacitive discharge lamp, tl and t2 are the beginning and end of the

discharge and (tz—tl) is much less than 0.2 s. Thus, for such a lamp

A flashed incandescent lamp usually has a .duration (tz—tl) gfeater than 0.2s.
Consequently, given a discharge lamp and a flashed incandescent lamp with
the same value of integrated intensity, the discharge lamp will be more

effective.



Incandescent lamps have a short life which is reduced considerably
by the continuous heating and cooling of the .element resulting from switch-

ing the unit on and off.

Flashtubes are subject to two main failure mechanisms. Cracking
or cfazing of the'wail of the tube can occur if the current density of the
arc is too high. Blackening of the tube caused by sputtering of the cathode
material due to bombardment by high velocity atéms'of the fill gas will also
occﬁr. Both of these failure mechanisms depend upon the applied energy per
flash; it has been found that reducing the energy by half results in a ten-
fold increase in thé life of the tube. Lifetimes . of 108 flashes are possible,
so that a warning beacon operating at a rate of one flash per second could

last longer than three years.

Inert gases are normally used in flashtubes, since their outermost
atomic orbits are full of electrons, making them readily excitable. Of the
inert gases, xenon is most often used because it has the largest collision
cross-section and the lowest excitation and ionization potentials, as well

as an output spectral distribution which most closely approximates daylight.

There are three main criteria to be considered when applying a
flashtube. The first two, flash duration and anode voltage are interrelated.
Flash durations of less than 10 us are possible. However, to obtain signif-
icant light output from such a flash, a high anode voltage (perhaps 15 kV)
would be required, rgsulting in a high current demsity and attendant problems
in tube design. In addition, a shift in the spectral distribution of the
light output towards ultraviolet would occur. For consistent operation at

low anode .voltages (i.e. about 200 V), low fill pressure is necessary.



This results in low energy-handling capability, low luminous efficacy, and
a spectral shift towards infrared. ‘Practical figures for warning beacon
applications are anode voltage between 300 V and 2 kV and flash duration

of 100 us to 10 ms.

The third criterion is triggering method. Flashtubes are operated
with anode voltages well below self-ionization voltage levels, which are
.typically greater than 500 V per inch of arc length. Three methods are
commonly used .for initiating the arc: external shunt triggering, internal
shunt triggering, and series .injection triggering. External shunt triggering
consists of'applyiﬁg a high voltage (greater than 4 kV) pulse to a wire or
conductive film on the outside of the flashtube. This ionizes some of the
fill gas atoms, initiating the arc. The pulse is usually generated by dis=u
charging a small capacitor through the.primary of a pulse transformer, the
secondary of which is connected to the trigger terminal of the tube. Inter-
nal shunt .triggering differs only in that the trigger pulse is applied to a
third electrode inside the flashtube.  This allows a lower voltage pulse

to be used, but increases the complexity of the tube.

In series injection triggering, the secondary of the trigger
transformer is placed in series with the anode of the flashtube. The
trigger pulse raises 'the anode voltage above the self-ionization voltage
of the tube. The other circuit components musﬁ withstand the trigger
‘voltage, and the pulse transformer secondary must be capable of carrying « :
the discharge current. Series injection triggering doés'not apply high
voltage to the outside of the tube as in external shunt triggering, and

thus possible blackening of the glass is avoided.
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The system described herein uses external shunt triggering and an
anode voltage of. approximately .350 V. This allows the use of readily avail-

able, reasonably priced flashtubes.



III. SEMICONDUCTIVE  GLAZE INSULATORS -

When a contaminated insulator becomes wet, its breakdown voltage
is greatly reduced. It has been found that the surface may be kept dry if
it is maintained at a temperature a few degrees above ambient. This can
be done by coatingithe insulator with a conductive glaze. The current flow-
ing through the glaze'provides the desired heating effect. Modern insulators
of this type use an antimony-doped stannic oxide glaze, and are referred to

as "semiconductive glaze insulators" .(or "semicons').

One such insulator has been developed by the Canadian Porcelain
Company Limited.in cooperation with- the Hydro-Electric Power Commission of
Ontario [7]. It has a deep bell shape which shields much of the surface
from direct wetting, enabling the drying effect of the semiconductive glaze
to be effective even during heavy rain. This insulator has a 60 Hz with-
stand voltage of 30 kV per unit when heavily conéaminated, which is approxi-
mately double that of a conventional glaze insulatof. The shorter strings
which may thus be used allow the design of more compact transmission lines,
as well as the upgrading of existing lines to higher voltage while maintain-

ing adequate ground clearance.

Standard glaze insulators have a 60 Hz impedance of approximately
85 M2, which is due to a pin to cap capacitance of about 30 pF. A bell-
shaped, semiconductive glaze insulator has, in addition to pin to cap
capacitance, a resistive path along its surface, and'capacitance between
the inside and outside surfaces. This distributed R-C network may be re-

presented approximately by a resistor and a capacitor in parallel.



Since the resistance of the semiconductive glaze has a negative
temperature coefficient, low resistance insulators are prone to thermal
runaway. Lf the resistance of the glaze is too high, the desired heating
effect is lost. These considerations limit useful insulators to d.c. re-
sistances between 20 and 100 MQ. For this range of d.c. resistances, the
parallel resistance and capacitance of the lumped model lie between 13 MR

and 60 MQ, and 110 pF and 80 pF respectively.

When the insulators are connected together to form a string,
capacitance between units and capacitance from each unit to ground must be
considered. By measuring the voltage distribution in a string of insulators
using a calibrated-sphere gap, Rau [8] has been able to devélop the model ...
for a six unit string. shown in Figure 3.1. Rp'and CP represent the semicon
insulators. The currents shown were obtained by computer analysis using

a source voltage of 132.8 kV (230 kV line to line), and Rp=35 MQ, Cp= 80 pF.
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IV, TRANSFORMER - DESIGN CONSIDERATIONS

In order to use the leakage current of a semiconductive glaze
insulator string to power a warning beacon, some means of collecting the
current and transforming it to a usable level is required. The low voltage
end of the semicon string is normélly connected to.the tower, allowing the
leakage current to flow to ground. Collecting the current may be accomplish-
ed by inserting a number of standard glaze insulators between the semicon
string and the tower, and tapping off at the low voltage end of the semicons.
The number of standard glaze insulators required is determined by the maxi-

mum expected voltage at the tap—off point.

A transformer was designed to convert the leakage current to a
higher level at a lower voltage.. 20 kV was chosen as the maximum primary
voltage. This is the normal operating voltage across each semiconductive
glaze insulator, and therefore produces less than a twenty per cent disturb-
ance in the voltage distribution across a six unit string. In addition, it
is high enough to allow a useful amount of power to be obtained, but not so
high as to unduly complicate the transformer design. For this primary volt-
age, two standard glaze insulators are required between the semicon string . .

and the tower.

Grain-oriented silicon steei (type M-4) was used to make the
core of the transformer. This material has high permeability at high flux
density in the rolling direction, as well as low loss. It has a thickness
of 0.011 inches and is coated with an insulating layer of magnesium silicate,
thus allowing many laminations to be used in a core without giving rise to

eddy current problems.
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.For sinusoidal excitation, the voltage-flux density relationship

for a coil is
lel =NA w B

where V_is the peak value of the applied voltage (volts)
N is the number of turns
A is the cross-sectional area of the flux path (m2)
w is the angular frequency of the applied voltage (radians/g) *

B, is the peak flux density (Tesla)

M-4 type silicon steel enters saturation at Bp * 1.7 Tesla. At this flux
density level, loss is approximately 0.77 W per. pound of steel. For a coil
with a core of magnetic :.material, A=ouA; where A; is the cross-sectional

area of the core and o is the "stacking factor" which accounts for insula-
tion and air space between .the laminations of the core. For M-4 type steel
0=0.966 when the laminations are subjected to a pressure of 10 psi. .Machine-
wound toroids. should approach this pressure, and since this was the type of
core considered for the transformer, a value of 0=0.95 was used in the cal-
culations. Because the iron loés of the transformer is directly proportional
to the amount of steel used, it is desirable to minimize A;. However, if

. Ay is too small, an impractical number of turns (N) would be required. With

a cross-section of one square inch, the number of primary turns should be

Vi

- B _ 3
N= ohe B 72 x 107 turns.

This value of N was thought to be reasoﬁable.
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The primary was wound with 32 AWG magnet wire, since this was
about the smallest size that could be handled conveniently using the avail-
able coil winding equipment. The insulation on this wire is rated to with-
stand 800 V. In order to allow for imperfect winding, flows in the insulation,
and possiﬁle overvoltages, an operating voltage of 50 V between adjacent
windings (25 V per layer) was chosen. To obtain this value, the primary was
wound on six two-segment bobbins. At a primary voltage of 20 kV, the voltage
per turn is 0.39V. Thus to obtain 25V per layer, the layers.mus;'be composed
of about. 63 turns. Each of the 12 segments of the coil ﬁust have 6000 turns,
so that approximately 95 layers are required. On the.basis that 32 AWG wire
could be wound 103 turﬁs per inch, bobbins of the dimensions shown in Figure
4.1 were constructed. A slot:beneath the central flange was provided so
that the two segments of the coil could.be joined at the inside of the wind-
ing. The two segments were then woﬁﬂd in opposite directions, thus giving
two coils connected in series without the insulation problems inherent in

running a lead from the inside layer of the winding to the outside.

A toroidal shape for the core was chosen for several reasons.
In order to take advantage of the high permeability of M-4 type steel, the
magnetic flux must be aligned with the rolling direction of the material,
aﬁd the reluctance of any air gaps must be minimal. A toroid wound from a

continuous strip of steel fulfils both of these requirements.

The lower limit on the size of the core is fixed by the necessity
of fitting ﬁhe windings onto it. A toroid provides the greatest enclosed
area for a given‘amount of material, and one with an inside diameter of
seven inches was found to be large enough for the coils used. Since the

density of silicon steel is 7.65 gm/cm3, the weight of the core is 6.6 pounds,
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and thus a loss of 5.1 Watts at a flux .density of 1.7 Tesla was expected.

After any cold working of grain-oriented material,.a-stress-relief
anneal is required to restore its magnetic properties. Since the temperatures
used in the annealing process woﬁld destroy both the coil forms and wire in-
sulation, it is important that the insertion of the core into the coils
in&olve no cold working. 'The stress produced in ﬁhe material by winding it
into a seven inch inside diameter toroid may be calculated as follows. Con-

sider a small section of the inside layer and let

r, = radius to inside of layer
rz = radius. tovoutside of layer
. - rl+r2
n . 2.

8 = the angle subtended by the section
(see Figure 4.2). Before winding, the length of the segment was rne. After

winding, the outside ofithe segment has a length of r26.

change in length.
original length

Strain
rzefrne
r O
n

r —rl

r2+rl

3.5 inches

]

3.511 inches

H
1]

Therefore strain = 1.569 x 10—3

The modulus of elasticity for M-4 type silicon steel in the rolling direc-
tion is 19 x lO6 psi. Therefore the stress is 31.5 x 103 psi. Since the

yield strength is 48 x lO3 psi, this stress is within the elastic limits
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of the material, and consequently no stress-relief anneal should be required

after winding.

A toroid of 7 inch inside diameter and 91 layers (i.e. 1 inch of
magnetic material) was wound from a continuous strip of 1 inch wide M-4
type steel supplied by the Cor-Mag Company of Burlington, Ontario. After
the toroid had been .annealed, the primary coil forms were mounted in a

circle, and the core was wound through the forms.

Two secondary windings were added to the transformer after the
core had been wound through the primary. These were wouﬁd using 24 AWG
magnet wire, The first has 1018 turns providing a peak voltage of 400V,
which can be used to charge either the discharge capacitor of the warning
beacon or a high voltage battery pack. The second winding has taps at 76,
89, 102, 115, 127, 140 and 153 turns, and is used to tune the magnetizing
impedance of the transformer to approximately unity power factor. Figure &

4.3 is a photograph ~ of the completed core assembly.

To provide sufficient dielectric strength between the various
parts of the transformer, the core and coils are immersed in oil. For this
purpose a steel can surmounted by a standard 35 kV bushing was constructed.
A terminal block mounted above the .level of the oil allows connections to
the low-voltage windings to be made. The core is mounted in the can using
"U"-shaped aluminum standoffs lined with plexiglass (these can be seen in
Figure 4.3). The plexiglass provides electrical isolation between the
core and the can, thus reducing the effect of stray capacitance between the
primary and the core. Figure 4.4 is a photograph of the completed trans-

former.



Figure 4.3 - Photograph of Transformer Core Assembly.
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Figure 4.5 shoﬁs the manner in which the transformer is connected
to the line. Two strings of semiconductive glaze insulators connected in
parallel are shown since this is the configuration used in the final proto-
type. Because the capacitance of standard glaze insulators is much less_
than that of semiconductive glaze insulators, the transformer may be squect-
ed to transient high voltage levels if the line is switched on at a peak
of the voltage waveform. The behaviour of the transformer under these con-
ditions is difficult to predict, but its interwinding capacitance should
reduce the level of the transient. Thus a worst case value of the over-
voltage can be obtained by representing the trénsformer as an open circuit
under ﬁransient conditions. The resulting circuit model is shown in Figure
4.6. The voltage waveform at node H which results when the line is switched
on at peak voltage was obtained by computer analysis.and is shown‘in Figure
4.7. The peak level of 77 kV is abouf 3 times the normal operéting voltage,
indicating that some sort of protection for the transformer is required.

A spark gap is mounted on the transformer can to provide this protection.
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V. TRANSFORMER - MODEL

In order to predict the performance of the transformer, a series
of measurements were made to determine a circuit model for it. The model .
is applicable in the steady state when the voltages are below the saturation

level of the transformer.

Standard short circuit tests gave values for the total copper
loss and leakage inductance. The leakage inductance was assumed to be
evenly divided between the two windings, while the copper loss was split in

proportion to their d.c. resistances.

Because of the low core loss and high magnetizing inductance,
stray capacitance has a significant influence on the open circuit input
impedance of the transformer. In addition to the interwinding .capacitance,
‘capacitances between the primary and core, primary and can, and core and
can must be considered. Under the assumption of perfect coupling and neg-
ligible core loss, it can be shown (Appendix A) that the effective steady
state capacitance is

C.+C C
- 02 0
eff t 3 Cl
41+ =)
0

- where Ct is the totél interwinding capacitance
C. is the capacitance from primary to core
C., is the capacitance from core to can
C, is the capacitance from primary to can
Since the secondaries operate at a potential close to ground, the capacitz

ance between the core and the secondaries is included in Cl' By measuring
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the interwinding capacitance of a two¥segment coil 1like those used to form
the primary of the transformer, Ct was found to be 42 pF. The other stray
capacitances were measured with a capacitance meter. The results are shown
in Figure 5.1. Using these values (CO= 134 pF, Cl=109 pF, C2=98 pF) gives

Ceff=101 pF.

Standard open circuit tests were used to determine the magnetiz~—

ing impedance. It can be shown (Appendix B) that

2 2+ /byt 2R274_ 472p2 (427 - ,2R2 7202 231
Zw_CefmeZ * /(i4w Ceff‘Rmz 4Z.Rm (w°Z ~ w Rm + w,Z‘Ceff Rm)]

202 _ . 2D2 Ls2n2 2
2 [wez ,w.Rm + w'Z Cefme ]

where Lm is the magnetizing inductance (H)
Rm is the real part of the magnetizing impedance (Q)
Z is the magnitude of the magnetizing impedance (@)

w is the angular frequency of the applied voltage (rad./s )

V2
in

Rm TP,
in

Vin

Z =7
in

where Vin is the applied voltage
I, dis the input current
in

P, i he input power
in s t put p

Figure 5.2 shows the complete transformer model. This model was used in
conjunction with the insulator string model of Figure 3.1 to predict the
power that could be obtained from a 230 kV line into a resistive load (RL).
Figure 5.3 is a grapﬁ of the power output versus load resistance obtained

by computer analysis. The maximum value of approximately 5.8 W is
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insufficient to supply é warning beacon. To obtain more power, two semi-
conductive glaze insulétor strings may be connected in parallel between the
line and the transformer primary. Figure 5.4 shows the power obtained in
this case, and Figure 5.5 shows the current distribution for RL=22.MSZT The
available power of approximately 18.5 W is sufficient to run a beacon of the

type used on aircraft,
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VI. BEACON POWER SUPPLY AND CONTROL CIRCUITS

6.1 Beacon. Power Supply Circuit

As mentioned above, the secondary of the transformer can be used
to charge either the discharge capacitor.of the warﬂing beacon or a high
voltage battery pack. A battery pack not only provides standby power in
‘the event of a 'line outage, but also increases the amount of power which
can be extracted from the line. This is because the combination of line
and semicon insulator string approximates a constant current source (due
to the high :iimpedance of the dinsulators). Since ﬁhe average voltage on
the discharge capacitor is lower than the voltage of an appropriate battery
pack, more power will be delivered to the pack than to the capacitor. For
these two reasons only the battery pack power supply will be considered ..

here.

Figure 6.1.1 shows the power supply circuit. A full-wave bridge
fectifier is used té charge the battery pack which is made up of 16 12V
sealed lead acid ("'gel cell') batteries. These batteries have the advans-
tages of standard lead acid batteries without the attendant maintenance
problems. Inductor L. increases the conducﬁion angle of the rectifier.

1

L2 is used to tune the magnetizing impedance of the transformer to approx-

imately unity power factor. The zener diodes prevent overcharging of the

batteries.

6.2 Single Flashtube. Control Circuit

Figure 6.2.1 shows the control circuit used with a single flash=«

tube. Programmable unijunction transistor Q) is used to form a relaxation
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oscillator with a period adjustable around the nominal value of 1 second.

When Q1 fires, SCR1 and the monostable (Q2,Q3) are triggered. Figure 6.2.2
shows the resulting waveforms. When the monostable resets Q4 fires, trigger-

ing SCR2 which fires the flashtube. It can be shown (Appendix C) that

i) peak current i_ = B . a/B tan (- )
BLl

am
ii) final capacitor voltage vcp = VB'[e B+ 1]

iii) energy delivered by battery E = C Ve Vep

where 8 = V —3;?—.a2 s o = - R ., and R is the total resistance of
L1C 2Ll

the charging circuit (i.e. battery output resistance, series resistances

of Ll and C). The energy lost in charging capacitor C is

E; = E - % Civ?

This compares favourably with a linear circuit in which the energy lost is

c v?
c

[

p and the final capacitor voltage is vcp= Vg, requiring a higher

voltage battery.

The use of an SCR allows charging the capacitor immediately before
the flashtube is triggered, which is advantageous because the capacitors
desgined for use with flashtubes are quite lossy. The snubber circuit

(Rl,Cl) prevents triggering of SCRl when the flashtubecdfgcharges capacitor C.

o
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6.3 Control Circuit for Three Flashtubes

The Ministry of Transport recommendations on warning beacons call
for three lights flashing in sequence. Two approaches to extending the
single flashtube cpntrol circuit to a .circuit for three flashtubes are given
below. The first has. the advantage of redundancy, while the second minimizes

the parts count.

Redundancy in a warning beacon system is advantageous when main-
tenance and monitoring of :the system's performance is difficult, as is the
case when the beacon is located in a remote area. . Three complete single
flashtube units, one supplied by each phase of the transmission line, pro=-
vide maximum redundancy. In the event of a failure in one of the units, or
an outage on a single phase of the line, two flashtubes remain operating.
To synchronize the three tubes so that they flash in accordance with the
MOT regulations, a central control circuit is coupled to the relaxation
oscillators of each of the single flashtube control circuits. These relaxa-
tion oscillators are set for a period somewhat longer than 1 second, and a
trigger signal is capacitively coupled to the gate of the PUT (Ql in Figure
6.2). This trigger signal forces the PUT to fire earlier than normal.

If the central control circuit fails, each flashtube reverts to single unit

operation. Figure 6.3.1 shows the central control circuit.

To minimize the parts count of the beacon system, all three flash-
tubes can be powered by a single battery pack. The battery pack can be
charged by a single transformer fed by six semicon insulator strings in

parallel on a single phase, or by three transformers (one on each phase)
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and a three phase rectifier. Figure 6.3.2 shows the required control

circuit. 1Its operation is similar to that of the two described above.

39.
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‘'VII. OBSERVED BEACON PERFORMANCE

A series of tests of a single flashtube warning beacon prototype
have been carried out at the Research and Development Laboratory of the
British Columbia Hydro and.Power Authority. These tests used a step-up
transformer providing 80 kV as a power source. This. is the line to ground
voltage of a 138 kV line. A suitable semicon insulator string for use at
this voltage consists of four units. Since the voltage across the primary
of the beacon system step—-down transformer is approximately equal to the
voltage across each unit of the insulator string, the string can be reduced
to three units when connected to the transformer without increasing the volt-
age .across the individual units. Alternatively, the full four-unit string
may be retained, providing full insulation strength in the event of a trans-
former failure. Table I summarizes the power available from single and
double strings of three and four units. The differences between predicted
and observed power for four-unit strings may be explained by the fact that
the predictions were made using a higher line voltage and six-unit strings
and a resistive load instead of a rectifier and battery load. The prototype
beacon consumes 10.2 J of energy per flash, and thus requires two insulator

strings in parallel to remain operating.

To observe the charge characteristics of the battery pack in this
system, a ten percent charge was established on the batteries, and the
system was connected to two four-unit semicon strings in parallel. With
the flashtube operating, the batteries were observed to charge over a peri-

od of time. Table II and Figure 7.1 show the results.



Table I - Avai

lable Power
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Semicon Insulator | Transformer Direct Current Power (W) | Predicted
Configuration Primary Flowing Into A : Available
Voltage (kV) | 200V Battery (mA) . ~ Power (W)
1 4-unit string 14 23 4.6 5.8
2 4-unit strings 22 76 15 18.5
in parallel.
1 3?unit‘st£ing‘ - 31.5 6.3
.2 3-unit strings 25. 129 26
in parallel
. Table II ~ Battery Charge
o , Transformer v '
Elapsed Time(Hr:Min) 521?2221<kV) gﬁ:iii?%QA) | €3§E§£Z(V)
0:0 20.5 84.5 196.5
22:35 22.6 84.0 208.8
27.50 -~ - 209.5
30:10 22.3 82.0 209.1
56:57 23.0 81.8 214
76:30 23.0 82 218
102:00 23.0 80 220
172:40 23.0 79 221
199:10 23.0 - 79 221
222:00 23.0 79 221
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VIII. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

It has been demonstrated that sufficient power can be obtained
from the high voltage line through semiconductive glaze insulators to
operate a xenon flashtube warning beacon. Whether the light output of the
beacon is sufficient to satisfy the Ministry of Transport has yet to be

determined.

Performance of the system on a line (as opposed to in the labora-
tory) needs to be checked. In addition, tests at low temperatures should
be carried out, since the leakage current of the insulators will be lower
at reduced temperatures. The effectiveness of charging current supplied to

the batteries will also be less at lower temperatures.

Consideration should be given to increasing the value ofvthe in-
ductor in series with the battery pack (L1 in Figure 6.2) to a point where
it would prevent discharge of the battery through the flashtube in the
event of false triggering. This would increase the reliability of the

system,



APPENDIX. A - STRAY CAPACITANCE IN THE TRANSFORMER

A . . .
Let C = capacitance/radian from coil to core

<
L]

core voltage

ne>

capacitance from. core to ground

ne

capacitance/radian from coil to ground

ne>

total interwinding capacitance

2 of coil

ne>

inductance/radian

(see Figure A.l)

dl
do

difference in current in 2 parts of the coil d® apart

jwC(v(e) - vc) + ijCV(e)

o7
jwCyVy ='J [uC(V(8) - V)] de
0

i.e. sum of currents.in C flows through Cl

C 2m
V = —— f (v(e) -V )dse
0 « c

c Cl

27
G ['fo.v(e) ae - 2nv¢ ]

27
vV = J v(e)ds
R 1 0

27
C A
pre [O.V(e)de

assuming perfect coupling

27
av(e) _ . '{
—g = Jul 1o I(6)de
d2r ‘av(e)

362 jw [C+C 1 —F5
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27
-w? (C + Cy) L f - I(6)ds
0

= -2 (C + c.) LA
‘ 21
where A é J - I(e)de , a constant
0 .

4L _ 2
R L(C + C.)A®8 + const
dl . .
———-—1 = —jwCV. + jwV(0) (C + C.)
do c c’ .
6=0
dI ..
> g5 = “w? L(C+C.)AB - juCV,
2 62
I(8) = -w L(C+CC)A-§ - ijVc + B

B a..constant

47,

I (2m) = Im
+ B=1_+ w?L(C+ C.) A 13312+ jwCV -2
=1, W c 2 Jw! c'ﬂ'
2 . '
I(8) = Im + & L(C;CC)A [(27)2- 62] + jwCV.[21-8]
27
A= f‘.l(e)de
0.
W2L(CHCL) A+8#3 . >
- A= 2ql, + 3 + jwCV, 27
A = 2ﬂlm+ijVC2ﬂ2

e
1- 3 mowPL(CHCe)

ﬂsz(C+Cc)(4ﬂ2?62) ] + juCVe [2m-04+

1(6) 5
1- 3 m?L(CHC,)

1+

]
-
=

V(8) = Jw(CHCy) = _é%ﬁﬁ)_ + jwCv,

2w2L(C+Ce) (412-62) ]

8
1~ 3 m3?L(C+C,)
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. 2
Vigy —faz%;zrs——[[—sz(c+cc)e]‘ 2”Ig+J“CVC2“' - juCV.] + E%%Q—
J c 1= 3 T2w?L(CHC,) ¢
. 2mBw?LC I ‘
Vy = 8 [ Sge T Vel
1- 3 m2wL(CHC,)
PXil
V.= —S | yg)de
¢ Cyt2mC 0 :
v = 1 ' L 4m3w?LC? . _Ip
L Grw2Lc2 e [1- Sndu2n(erc )] 34
(C+2mC) [1- §ﬂ§&2L(c+cc)]
V.= 4m3wLCIy
. (C,+2mC) [1- gﬂéﬁzL(c+cc)] + 4mtw2Lc?
. . 2mBw3Le 1 4ntwLC
Veoy =3 Im 8 wC 7 ~ 8 -
‘ 1- §ﬂ3w2L(C+C¢) (C1+2mC) [1- §ﬂ3w2L(C+CC)]+4ﬂ%w2LC2
7 = v(2r)
in In
L am2e?Le (Cy+2mC) [1- §w3w2L(c+cC)]+4n*m2L02-4n5m2L02
o : ; _
1“ 1- §ﬂ3w2L(c+cC)_ wC[ (Cy+27C) [1- %ﬂ3w2L(c+cc)]+4n*w2Lc%]
4ﬂ2wL(Cl+2nC)
Zin =3 8 2
(Cq+2mC) [1- 3m3w?L(CHC,) I+4m*w?Le
Lo & 4721,
A
CO = 27C
C2 = ZWCC
oL wLO_ .
ziﬁ = l_waLo(CQ+{2)+;_w2L0G02

3 - 44C1+Cg) -
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7' - in

in 1+JthZ:.Ln

' j(L)LO
Zin = CotCo - Cp

o l"TU)ZL c + -

0 t 3 Cl
4(1+ T )

so that the effective open ¢ircuit input capacitance is

+
) Co 62 Co
Cegr = Cc 3 1
4(1+ —)

- 49,
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APPENDIX B - MAGNETIZING IMPEDANCE OF THE TRANSFORMER

Figure B.l shows a circuit maodel of the magnetizing impedance of
the transformer.
1

1 ‘ -1
Zin T L TRy Tt 3%Cess t Iung ]

- 2 -1
) july = W LyC ceRm + Ry ]
L JwlpRm

272 p2
.wAPm,Rm

(Romi2 $24,21.2
(Rn=w?L, C, ¢ Ry} 2+w?L2

21202, 21p2 _ 9.2 L 2 2 = 227202
W LGZ< 4+ Z<[RE ~ 2w meefme + Lm.Cefme I = w®LiRE

Lh (w222 - w2R% + w*zzciffR; ] - 1 (20?C_ R 7?) +,22R; =0

Ry * /éwQCfoRizu‘ 4228y, (w222-uwPRotu2200 R

2
20°C g Ry et R0

272_ 2p% L iilhp202 p2
2[wZ%-w Ry + w'Z Cefme]
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APPENDIX C — CONTROL.CIRCUIT WAVEFORMS

The circuit which charges the discharge capacitor may be repre-
sented by an underdamped RLC circuit with a step input (see Figure C.1).

The differential equation for the current is:

2
dci + R di + 1 i=0
ac2 Ly dt LlC
solving:
2 . R 1 .
rs + i r + L.C 0
- R R 2 1
= - + —— ———
t 2Ly © 7 ( 211 LC
A__R_ A 4,1 _ 2
let a = 2L s LiC a

then r = a2t iB

is= eat[A cosft + B sinBt]

i =0 >A=090
t=0
% = 0e®" B singt + Be®"B. cosBt
i, B
R
:t=0 1
'
BLy
v
i B eat sinft .
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~ Figure C1- Di‘.s'_c"hdrge Capacitor
| - Charging Circuit - =



the peak current occurs when Zi 0
. at .
i.e. when e (asinBt + BcosBt) =0
- - B

>  tanft o

S -1 B

t = 8 tan = ( o

LB - B
p BLy
at t = —%—-, i becomes negative. In the actual circuit (Figure 6.2) this is
prevented by SCRl, so that i remains at zero for t'i-ﬁ%— .

v = —l—-f ide
c c
_ \ ot .
= —BCL J e sinftdt
\ ot . ,
v = i [ e  (asinBt Bcoth)] + const.
Cc BC 1 0(,2’ + Bz
at t = 0, vo= 0
\Y
+ const. = ——B oy
(a2+62)CL1
1 at .
Ve = VB [ e e (asinBt-BcosBt)+1]
at t = S
B
o
= -V e ” o+ 1]
Vo = vcp =V [e

[91]
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