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SUMMARY .
The development of an advanced outdoor wvalve requires coordinated
research in the areas of light-triggered self-protecting thyristors,
light triggering systems, insulation, cooling and mechanical design
aspects. This thesis addresses the first two areas primarily, with
a conceptual discussion of the remainder.

Using the experience gained from evaluation of a prototype thyristor
and computer modelling of turn-on behaviour, a light-triggered thyri-
stor with immunity to damage from weak optical triggering and dv/dt
triggering was designed, manufactured and evaluated. The optical turn-
On  process was investigated by measuring currents and voltages in the
gate structure during turn-on, and this vielded insights not obtained
through conventional measurement techniques. The mechanism by which the
thyristor was immune to weak triggering damage is explained, and
techniques for optimising the design of the gate structure are
proposed.

The most significant achievement, however, was the first demonstration
of the feasibility of self-protection against forward recovery failure
damage. Using the Selective Failure Zone technique, thyristors were
made to gate themselves into conduction under forward recovery failure
conditions. Furthermore, this was achieved without the need for complex
structures or high levels of irradiation. The performance of the
devices was limited by the inrush capability of the Zcnes, but it is
believed that this can be improved by conventional means.

A light triggering system was developed using sem@conducto? lasers, and
this incorporated several improvements over prior art in terms of
optical performance and flexibility. 1In addition, other features of an
outdoor valve are discussed, including 1nsu1a§1on and coo;lng systems
as well as practical considerations such as maintenance philosophy.

The work was carried out at GEC Transmission and Distyibution Projects
Ltd, Stafford, and Marconi Electronic Devices Ltd, Linceln, as part of
a-gémpany—wide development program supported by the Department of Trade

and Industry.

High Voltage Direct Current Transmission; Thyristor Valve;
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: Resistance versus time characteristic used to model

thyristor turn-on.

: Basic circuit used for computer modelling.
: Single amplifying gate, 105R control resistor.
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: Treble amplifying gate, 80R, 20R and 5R control
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CHAPTER ONE: INTRODUCTION TO THE PROJECT.

1.1 INTRODUCTION.

HVDC Transmission is the transmission of electrical power at high
voltage by direct current (DC) rather than the more usual alternating
current (AC). AC is normally used in power networks because it is
naturally produced by rotating generating machines, and can be readily
transformed from one voltage to another. This facilitates long distance
transmission at high voltage (to reduce losses) followed Dby
distribution to consumers at low voltage. Since all modern generators
produce AC, the transmission of power by DC therefore requires
rectification (AC to DC) at one end of the line and inversion (DC to
AC) at the other. The converters required to carry out this rectifica-
tion and inversion are expensive, but despite this there are situations
where the use of DC transmission is attractive. These situations are
explained in Section 1.2 below, and a brief introduction to converter
technology is also given. The history of HVDC transmission is summari-
sed in Section 1.3, and GEC's involvement in the field is set out in

Section 1.4.

The conversion from AC to DC and back again requires high-voltage high-
current switches operating at the same frequency as the AC system.
Originally mercury-arc valves were used for this purpose, but today the
switching function is performed by series strings of semiconductor
thyristors. A short history of the development of thyristor valves is
given in Section 1.5, and Section 1.6 then introduces the concept of

the advanced thyristor valve, with which this thesis is concerned.
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Section 1.7 describes the structure of the thesis, and the author's

contribution to the work is outlined in Section 1.8.
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1.2 APPLICATIONS OF HVDC TRANSMISSION.

The following paragraphs outline the situations where transmission by

DC may be preferred to AC, for either economic or technical reasons.

a) Very Long Distance Transmission.

All modern power systems are based on 3-phase AC, and consequently an
AC transmission line requires a minimum of three conductors. 1In
contrast, a DC line only requires two for the same power level, and
over several hundred miles the saving of this third conductor can more
than offset the costs of the converter stations. If it is acceptable to
use ground or sea as a return path, only one conductor 1is required,
yielding even further savings. It is possible to calculate a "break-
even" distance beyond which DC is cheaper than AC, but this can be
misleading since the figure is very sensitive to parameters specific to

each situation.
b) Cable Transmission.

Underground and undersea cables have a very high capacitance to ground
per unit length, and for AC transmission this capacitance has to be
charged and discharged twice every cycle. For a few tens of miles of
cable, this charging current can reach the full rated capacity of the
conductor, which effectively limits the maximum distance over which AC
can be transmitted. Beyond this, DC must be used, which only requires

charging the cable capacitance when the line is first energised.

Ccables are also much more expensive per mile than overhead lines, and

so the cost considerations of a) apply again, but with breakeven

distances reduced to the order of tens of miles.
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c) Interconnection of Asynchronous Power Systems.

If power is to be exchanged between two power systems that are
asynchronous (either of different frequency or the same nominal
frequency but unrelated phase), only DC can be used which by nature is
asynchronous. If the two systems are geographically remote, a DC
transmission line or cable may be employed, but sometimes the rectifier
and inverter are located in the same building with AC connections to

both sides. This is known as a back-to-back link.
d) Others.

There are other technical advantages of DC which may lead to its use in
preference to AC in some situations. These stem largely from the fact
that the power flow along a DC line is much more controllable than that
of an AC line, and this may be beneficial or essential iIn some
circumstances. This controllability can be used to stabilize a power
system and in some cases increase the usable power capacity of an

existing AC connection.

If a fault occurs at the end of an AC line, the line will wusually
contribute around 10 times its rated current into the fault, whereas a
DC link will automatically sense the fault and stop transmission within
one cycle. This means that extra power can be brought into a system

using DC without increasing its fault-current level (and therefore the

rating required of the system switchgear).

e) Conclusions.

Although there are some cases where DC is the only possible means of

transmission, in most situations the justification for using HVDC is
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based on a combination of technical and economic factors. Many of the
most obvious applications for HVDC have already been carried out, and
so the majority of potential new business is in the area of marginal
applications, where it is either DC versus AC, or DC versus "do
nothing". This has led to an increasing emphasis on the economics and
technical performance of HVDC equipment, and the advanced valve

described in this thesis will, if successful, improve converter

technology in both of these areas.
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1.3 THE HISTORY OF HVDC TRANSMISSION.

The very first power systems all operated with direct current, an
example being Edison's Pearl Street network which was installed in
1882 [1.1]. However, the advent of transformers, polyphase circuits and
induction motors rapidly led to the use of AC in preference to DC. 1In
spite of this, the advantages outlined in Section 1.2 were still
recognised, and at least 19 DC transmission schemes of up to 20MW were
installed in Europe between 1880 and 1911. These schemes formed part of
AC power systems, and they used series connection of DC generators and
motors to achieve reasonable transmission voltages. At the receiving
end the motors were used to drive AC generators. However, this
technology could not really be extended to the levels of power transfer

that became desirable, and the last system was dismantled in 1937.

Between the wars, some novel techniques for AC-DC conversicn were
proposed, but the first practical approach was based around a thyratron
valve. A 5.25MW prototype system using this technology was built by
General Electric (USA) in 1936. In 1940 the thyratrons were replaced

with mercury-arc valves ("ignitrons"), but system operation was discon-

tinued in 1945.

Some experiments using mercury-arc converters were carried out in
Switzerland (by Brown-Boveri) and Germany (by Siemens and AEG) around
the time of the Second World War. However, after the war development of
mercury-arc valves was pursued only by the USSR, English Electric (now
GEC) and ASEA of Sweden, of which ASEA was the most successful. HVDC
transmission is particularly suited to the geography of Sweden, since
the main hydroelectric sites are in the north and the principal load

centres in the south. There are also attractive applications for
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undersea cables.

In 1954 ASEA constructed a 20MW mercury-arc valve link between the
Swedish mainland and the island of Gotland. This used a single
conductor cable, with the return path being through the sea and earth.
It can be regarded as the first commercial application of HVDC, since
it was considered to be more economical than providing extra thermal

generation on the island.

The next scheme to go into operation after Gotland was the 160MW link
between England and France ("Cross Channel 1"), also built by ASEA.
Following this a number of mercury-arc schemes were constructed by

ASEA, English Electric and the USSR, as listed in Table 1.1.

The late 1950's saw the invention of the silicon controlled rectifier,
or "thyristor". After several years of development, thyristor voltage
and current ratings reached levels that were usable for HVDC, and it
was these devices that provided the next milestone in the historical
development of HVDC. Although initially the capital cost of thyristor
valves was approximately equal to that of mercury-arc valves, the
thyristor alternative offered lower maintenance and an elimination of
some undesirable operational features of mercury-arc devices (such as
"arc-back"). The Nelson River Bipole 1 scheme, completed between 1974

and 1977, was the last scheme to be built with mercury-arc valves.

In 1970 ASEA added a thyristor valve "extension” to the Gotland Link.
In 1971, English Electric replaced a valve of the Cross—Channel link

with an oil-immersed thyristor valve. The first scheme to be completely

designed and built with thyristor valves was the 350MW Eel River back-

to-back link, connecting the New Brunswick and Hydro-Quebec power
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systems. This scheme, commissioned in 1972, marked the return of
General Electric (USA) to the field of HVDC transmission after an
absence of over 20 years. The good experience gained on Eel River
persuaded electric utilities that thyristor valves were superior to
mercury-arc valves, and no new orders for mercury-arc schemes were

placed after this.

The next HVDC scheme to be commissioned after Eel River was the Cabora-
Bassa link between Mozambique and South Africa. This scheme was built
by a German-Swiss consortium of Brown-Boveri, AEG and Siemens, known as
the HVDC Working Group. It is of particular historical interest because
it was originally designed around mercury-arc valves, but in 1969 the
decision was made that the Working Group would develop their own
thyristor valves. In the absence of any prior experience the valves
were designed as outdoor oil-immersed units. For later schemes, the
Working Group changed to an indoor air-insulated valve design, as

adopted by GE for the Eel River scheme. Cabora-Bassa was commissioned

in stages between 1977 and 1979.

A summary of HVDC schemes in service is given in Tables 1.1 and 1.2.

Since the adoption of thyristors, the main developments in HVDC have

been in the thyristors themselves and the converter control systems.

The Eel River thyristors were rated at 2.6kV, 600A, whereas devices are

now available at around 5KV, 3000A or higher, representing an almost

ten-fold increase in switching power. This has had a major impact on

the cost of valves. The valve control systems have been refined and

extended in scope to provide features such as better protection, fast

recovery of transmission after system faults, and modulation of the
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real and reactive power flows in the link to enhance AC system
stability. In Section 1.5, the development of thyristor valve tech-

nology is discussed in more detail.
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1.4 THE ROLE OF GEC IN HVDC TRANSMISSION.

At the end of the 1960's GEC merged with English Electric, and the work
of English Electric in the field of HVDC transmission now continues
under the auspices of GEC Transmission and Distribution Projects Ltd
(TDPL). English Electric had constructed the following HVDC transmis-

sion schemes:

- Italy-Sardinia, 200MW at 200kV;
- Kingsnorth, 640MW at +266kV;
- Nelson River Bipole 1, 1620MW at +450kV;

- Thyristor valve replacement in the first Cross-Channel link.

Since the merger, GEC has constructed the second Cross-Channel link,
which at 2000MW and +270kV is the largest submarine HVDC link in the

world. The company is now constructing a back-to-back link in Alberta,

Canada.

Wwhilst construction of the Cross-Channel link was underway, the company
started a major development exercise to bring its HVDC technelogy up to
and beyond the present state-of-the-art. This development exercise
covered all aspects of HVDC technology, and the work described in this
thesis forms part of the overall development program. Many of the
incremental innovations developed by GEC are being incorporated into

the back-to-back link currently under construction; amongst the novel

features of this contract are the absence of a DC smoothing reactor

and the use of single-circuit water-glyco! cooling. The company
presently employs approximately 500 people, and is also involved in the
areas of sgtatic reactive power compensators, industrial rectifiers,

traction equipment and AC system studies.
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1.5 THE DEVELOPMENT OF THYRISTCR VALVE TECHNOLOGY .

This section briefly reviews the historical development of thyristor
valves, with particular reference to the types of insulation and
cooling systems adopted. This emphasis is adopted because the advanced
valve concept to be introduced in Section 1.6 incorporates a change
from the now conventional indoor, air-insulated approach to the use of
outdoor valves. This has important implications for the insulation and
cooling technologies applied in the valve. Whilst there have been
developments in thyristors and valve electrical circuit design, these
have been incremental in nature, and the basic electrical features of
an HVDC valve have changed little. 1In particular, although there have
been dramatic improvements in thyristor performance in terms of
voltage, current and other ratings, today's devices are functionally

identical to those employed in the Eel River valves in 1972.

Appendix One includes a literature review of the various valve
insulation and cooling techniques that have been adopted in the past.
The type of valve insulation system used is strongly influenced by the
fact that conventional thyristors require an electrical gate pulse to
trigger them into conduction. Since the thyristor may be at a potential
of several hundred kV from ground, communicating a gate pulse to the
thyristor presents difficulties. Some early valve designs employed high
voltage pulse transformers to bridge this insulation gap, but these
were fairly rapidly superseded (partly due to poor reliability) by

local electronic circuits deriving their power supply from the voltage

across the thyristor. Firing pulses were issued to the thyristor in

response to signals received from ground level by a fibre-optic link.
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Optical fibres are ideal for this high-voltage, high-interference

environment.

In addition to providing normal trigger pulses, these local electronic
circuits are also used to protectively fire the thyristor if it is in
danger of being damaged (see Chapter 2). This makes the circuits fairly
complex, with a correspondingly high component count. Although they
have proved more reliable than the pulse transformer system, their
component count still gives them a failure rate which 1is significant
given the number of thyristors in a converter. In order to accommodate
this (as well as the less frequent failure of other components), it is
standard practice to include extra "redundant" thyristor levels into
the valve, so that the valve can continue to operate with one or more
thyristor levels failed to short-circuit. The converter is normally
shut down annually to allow failed units to be replaced. This

requirement for regular access has been a major constraint in the

development of valve insulation systems.

Tn the early days of thyristor valve technology, two distinct design
philosophies were developed. ASEA and GE adopted indoor designs based
around air insulation and forced air cooling, whereas the HVDC Working
Group and English Electric opted for oil-insulated designs, cooled by

forced circulation of the oil. Toshiba and Hitachi in Japan also

licensed this technology from the Working Group. However, practical

experience with oil-insulated valves soon indicated that, because of

the complexity and consequent unreliability of the electrical equipment

described above, air-insulation was to be preferred because of its

greater ease of access for maintenance. The use of indoor, air-

insulated valves was therefore adopted by all manufacturers in the

field.
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The next major step in the development of valves was the introduction
of water cooling. Although HVDC converters are very efficient overall,
the losses in individual thyristors can be hundreds or thousands of
watts, and this heat has to be removed efficiently to keep the silicon
temperature down to an acceptable level. Water is intrinsically more
effective than air as a cooling medium due to its higher thermal mass
per unit volume, and it had already been used for mercury-arc valves.
When applied to thyristor valves it not only allowed the construction
of much more compact equipment, but also gave useful reductions in the

electrical power consumption of the cooling plant itself. Water cooling

of thyristors is now used by almost all manufacturers.

Because of the ease of access for maintenance and repairs, air
insulation has been the standard technology for valves for the past
decade, and it 1is likely to remain so for several years to come.
However, during the early 1970's it was believed that there might be a
need for valves that were more compact than could be achieved with air-
insulated technology. In cities where the electricity demand was
growing and expected to exceed the capacity of the existing AC network,
the use of HVDC infeeds to strengthen the system would be preferable,
for the reasons explained in Sections 1.2b) and d). Because of the high

cost of land in such urban areas. these HVDC converters would need to

be extremely compact.

To meet this anticipated requirement for compact converters., Gk

embarked on a programme to develop outdoor. SFe-insulated. metal-clad

HVDC equipment, including thyristor valves. This was intended to vield

significant savings in land requirements over conventicnal air-insula-

ted equipment. The valves were constructed using conventional electri-
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cally-triggered thyristors with local electronic circuits, and the
thyristors were cooled by circulating liquid Freon through enclosed
heatsinks. Freon was used because the insulating properties of the SFe
gas would not be degraded if there was a leak in the cooling circuit.
The valve enclosures had a large removable panel to give access to the
thyristor equipment for maintenance, and a spare valve was provided so
that transmission cculd be maintained while a valve was being serviced.
Valve maintenance was to take place in a special building provided on

site.

Although a prototype installation rated at 100MW was completed in 1977,
at least six vears later it was still not commissioned, and so it must
be presumed that unexpected difficulties were encountered with the
equipment. Whilst this prototype station was under construction, some
other manufacturers produced conceptual designs for schemes using
metal-clad valves, but none pursued developments beyond that stage. At
least one argued that if air-insulated valves were suitably designed,
there was little saving in space to be achieved by using metal-clad
technology, and that there was much more scope for space reduction in
other areas of converter station eguipment (most notably AC harmonic

filters).

In spite of earlier predictions, the demand for compact urban converter
stations did not materialise, and commercial installations continued to
use air-insulated valves. Interest in compact valves died away until
the early 1980's, when the Kansai Electric Power Co (a Japanese
utility) and the Mitsubishi Electric Co started work on a Joint
development programne to build high pressure SFe-insulated HVDC equip-

ment. The OE valves had used SFs at cnly slightly abcove atmospheric
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pressure in order to avoid strict US pressure vessel regulations;
however, the Japanese design used SFe at several times atmospheric
pressure, which allowed the valves to be more compact, and enabled the
thyristors to be cooled by blowing the gas over open finned heatsinks.
The cooling capacity of pressurised SFs is substantially greater than
that of air, so that reasonably compact heatsinks could be used. No

separate coolant circuit was therefore necessary.

As with the GE design, a spare valve was provided, but due to the
increased need for cleanliness associated with high pressure gas
insulation, valves requiring maintenance were to be returned to the
factory. This equipment was developed because it was expected that
Japan would move towards the use of large nuclear generation "parks" in
remote areas, feeding urban loads via long HVDC lines with compact
converter stations at the receiving end. Two prototype installations

were completed in 1983, but as vyet there has been no commercial

application of this technology.

At the time of writing, the most common valve technology still embodies
air insulation and water cooling. SFe-insulated/SFe-cooled valves and
air-insulated/Freon-cooled valves have been offered commercially, but

without success to date.
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1.6 THE ADVANCED VALVE CONCEPT.

The finite failure rate of the present generation of thyristor wvalve
electronics incurs important economic penalties for the wutility. As
mentioned earlier, it 1is necessary to provide regular maintenance
intervals for the valves, which results in a loss of revenue to the
utility due to non-operation of the equipment. Another consequence is
that a benign environment must be provided to permit access for
maintenance. Furthermore, in order to allow for component failures it
is necessary to include extra redundant thyristor levels into a valve,
increasing the capital cost and conduction losses. If a means can be
found of eliminating the complex local electronics provided for
thyristors in the present generation of equipment, this would consider-
ably improve valve reliability, since the remaining valve components
are inherently much more reliable. This is clear from the fact that,
in general, the local electronics package is considered to have a
failure rate five to six times higher than the rest of the thyristor-
level components combined. If this source of wunreliability was
eliminated, lower levels of redundancy, longer intervals between

maintenance and a more economic valve environment could be used.

There are several ways in which this desirable situation could kLe

achieved:

- Integrate all of the functions presently provided by the local
electronics onto the power thyristor slice, and use direct optical

triggering. Such a device (as yet not in existence) is referred to as

a light-triggered self-protecting thyristor;
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- Re-design the triggering and protection philosophy so that those
functions still needed at thyristor-level can be provided by simple
"passive" components (ie, not requiring a power supply);

- Some combination of the above.

The advantages of eliminating thyristor-level electronics are recogni-
sed by all HVDC manufacturers, and in attempting to achieve this
objective, all three of the above approaches have been tried. If a
valve without complex local electronics could be developed, its
reliability should be comparable with other major items of conventional
equipment such as power transformers and circuit breakers. The valves
could then be treated in the same way as these other items of
equipment, ie, enclosed in steel tanks filled with either liquid or
gaseous dielectric. This would protect the valves from contamination,
and also enable them to be installed outdoors rather than in a special
building. The main purpose of this encapsulation would not be to
achieve compactness (although this benefit may also accrue), but to
reduce the cost of civil works necessary for the converter station, and
make the valves compatible with other items of metal-clad equipment.
Such valves could be built and tested at the manufacturer's works, in
order to reduce construction and commissioning times and minimise the

risk of contamination or damage at site.

HVDC schemes today still only account for a tiny fraction of the total
installed capacity of transmission equipment, and because of the
special envirommental facilities required by the valves, the converters
are in a different class to conventional power system equipment. If the
advanced valve described above became a reality, this would help to

make HVDC converters a standard piece of equipment for electric
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utilities. The purpose of the work described in this thesis is to

advance the technologies necessary to achieve that goal.
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1.7 THESIS STRUCTURE.

Chapter Two describes the present generation of valve technology based
upon conventional electrically-triggered thyristors. Chapter Three then
outlines the various technologies needed for the advanced valve concept
to become a reality, and describes briefly some of the interdependen-
cies between them. The need to cocrdinate work in the different

technological areas of the advanced valve project is explained.

The development of a light-triggered self-vrotecting thyristor is the
main technolegical breakthrough necessary for the advanced wvalve to
become a reality, and therefore work was concentrated in this area.

Chapters Four to Six describe this work as follows:

- Chapter Four: Development of the Thyristor, Stage 1. Description of
the principles of light triggering and self-protection, the design
philosophy of the first prototype thyristor., and the evaluation work

carried out up to the point at which the author became involved.

- Chapter Five: Development of the Thyristor. Stage 2. Description of
the evaluation work <carried out by the author, or urder his

supervision, on the first prototype design.

- Chapter Six: Development of the Thyristor, Stage 3. Description of
the design, manufacture and evaluation of a new set cof test
structures aimed at demonstrating the principles of light-trigger-
ing and self-protection (Note that "structures” in this context
refers to special designs of silicon devices, some of which are not

thyristors in the conventional sense of the term).

During the project, an optical system capable of firing a valve made up
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of light-triggered thyristors was developed, and this is described in

Chapter Seven.

Chapter Eight then reviews and summarises the work carried out in the
project, and draws conclusions concerning the successfulness of each

aspect of the work.

In addition to the main technical work covered in Chapters Four to
Seven, consideration was also given to the insulation and cooling
systems that would be used in an advanced outdoor valve. The results of
these considerations are given in Appendix ©One. In Appendix Two,

aspects of the mechanical design of an outdoor valve are discussed.
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1.8 AUTHOR'S CONTRIBUTION.

Because of the scope of the project and the nature of the work
involved, it was neither practical nor desirable for the author to work
in isolation. On the contrary, the need to communicate and work with
people from different technological specialities was essential for a
successful outcome, and this is discussed further in Chapter Three.
This section sets out the author's contribution to each of the areas

covered in the thesis.

a) Thyristor Development.

Tt was originally conceived that the development of the light-triggered
self-protecting thyristor would be carried out at Marconi Electronic
Devices Ltd (MEDL) in Lincoln, with TDPL's involvement in the work
consisting mainly of discussion of reguirements and conmunication of
results. Chapter Four describes the work carried out at MEDL under this
arrangement . The author was involved in this discussion and communica-
tion as part of the development team at TDPL. However, in the course of
the work, it became apparent that a closer level of technical liaison
was required between MEDL and TDPL. The author was therefore seconded
to MEDL for a period of four months, spending four days a week at MEDL
and the remaining day at TDPL reporting on progress and maintaining

links at Stafford.

It was during these four months at MZDL that much of the evaluation cf
the first prototype thyristor was carried out. In this period the
author was primarily responsible for the evaluation of the light
triggering and forward recovery protection functions, with assistance

and safety cover from cthers who had little or no pricor experience of
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thyristor evaluation. Preparation of thyristor samples and investiga-
tion of built-in overvoltage protection was carried out by MEDL staff,

with the author acting in an advisory role.

At the end of the four months, tne staff at MEDL had become
sufficiently competent to carry out evaluation work with only general
supervision and direction. The author therefore continued to vigit MEDL
one day a week to guide the ongoing work. Chapter Five describes the
work carried out in this period as well as the original four months

secondment at MEDL.

When the time came to design the new set of test structures (Chapter
Six), the author was heavily involved in the conceptual design of these
devices. The detailed design and calculations were carried cut by MEDL
staff. These devices were evaluated both at MEDL and the GEC Engineer-

ing Research Centre at Stafford, under the supervision of the author.

b) Light Triggering System Development.

Development of the valve light triggering system was subcontracted to a
technology consultancy, PA Technology in Cambridge. At the start of the
work, the author's involvement was simply attending the progress
meetings with the consultants. However, by the end of the develcpment
(which lasted over a year! the author had main technical respcnsibility
at TDPL for the work being carried out, and was involved in the
strategic technical decisions as well as the development of the system
philosophy. This was a deliberate policy on the part of TDPL management
to ensure that the companv gained experience as well as the prototype

aystem. The work carried out is descriked in Chapter Seven.
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¢) Valve Insulation, Cooling and Mechanical Design.

The discussion of the insulation, cooling and mechanical design aspects
of an outdoor valve given in Appendices One and Two was prepared by the

author through study of the literature and consultaticn with GEC

experts in the appropriate areas.



_46_

1.9 CONCLUSIONS.

This chapter has introduced the technology of HVDC transmissieon in
terms of its applications and history, and covered the role cf GEC in
the field. The development of thyristor valves up to the present day
has been described, and the concept of the advanced valve, with which
this thesis is concerned, has been introduced. This has set the gleobal
context for the project. Chapters Two and Three go into more detail
concerning the present state-of-the-art and the technologies required
for the advanced valve, whilst Chapter Four opens the major technical

content of the thesis.

The structure of the thesis and the author's contribution to the work

have been outlined.
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CHAPTER TWO: CONVENTTONAL THYRISTOR VALVE TECHNOLOGY.

2.1 INTRODUCTION.

Chapter 1 introduced the general principles of HVDC transmission and
the concept of the advanced valve. 1In order for the issues and
technical challenges involved in the advanced valve to be understood
more clearly, particularly with respect to the light-triggered thyri-
stor, this Chapter explains the conventional design cof thyristor valves

for HVDC transmission.

For an HVDC scheme, the operating voltage is selected to minimise the
total cost of the scheme, including losses. For a long-distance
transmission scheme, this usually results in a transmission voltage of
several hundred kV, whereas for a back-to-back scheme, several tens of
kV is more common. However, in both cases the operating voltage is well
beyond the capability of any single semiconductor device, and therefore
it is necessary to connect many thyristors in series to construct a
suitable thyristor valve. These valves are then arranged in 12-pulse

bridges (ie groups of 12 valves) in order to carry cut the rectifica-

tion and inversion; see Figure 2.1.1.

This Chapter discusses the cperating stresses on the thyristor in an
HVDC valve, some of which are inherent in the oreration of a converter
bridge, whereas others arise from the need to commect devices in series
in order to achieve the desired operating voltage. More detail on this

subject can be found in Reference [2.1].
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2.2 THYRISTOR-LEVEL CIRCUIT DESIGN.

Associated with each thyristor in a valve is a set of components which,
together with the thyristor, make up what is known as a thyristor
level. The functions of these components are introduced under the
following headings: The Off-State Thyristor; Thyristor Turn-On;

Thyristor Turn-0ff; Thyristor-Level Electronics.

a) The Off-State Thyristor.

If thyristors are connected in series as shown in Figure 2.1.1, the
first problem that is evident is that of unequal sharing of voltage
when the thyristors are not conducting. Each thyristor will have a
different leakage current characteristic, and therefore since the same
current must flow through each device, the voltage will not be shared
equal ly between them; see Figure 2.2.1. It is therefore necessarv to
provide a grading circuit in order to smooth out the voltage distribu-
tion. If a resistor of suitable value is connected across each
thyristor, then the current down the resistor chain will effectively
dominate the variations in leakage current between thyristors, and an
even voltage distribution will be impcsed on the thyristor string. See

Figure 2.2.2.

These resistors (known as "DC grading resistors") will provide grading
for a direct voltage across the valve. However, if a rapidly changing
voltage is applied across the thyristors, it will be distributed
according to the stray capacitance in each level. Due to the physical
design of the valve, it is likely that each level will have a different
stray capacitance associated with it, and since the same current must

flow through each stray capacitance, once again an uneven voltags



..49_

distribution will result. In order to enforce even distribution of
transient voltages, it is therefore necessary to connect a capacitor
across each thyristor level. (Alternatively, it may be connected across
a group of thyristor levels of near-identical stray capacitance). The
value of this capacitor is such that it dominates the effect of local
variations in stray capacitance, and it is referred to as the "Fast

Grading Capacitor": see Figure 2.2.3.

b) Thyristor Turn-OCn.

If a thyristor is forward biased and is given a gate pulse, it will
start to conduct. However, the whole thyristor does not turn on
immediately, but rather it takes a finite time for the conducting area
to spread from the gate region to occupy the full area of the device.
During the early stages of turn-on, the area of silicon that Iis
conducting is small, and so it is vulnerable to damage due to excessive
current densities even though the total level of ocurrent may be

relatively small.

In an HVDC converter, the thyristor valve is fed from the secondary
winding of a transformer whose reactance is fairly high (typically 10 -
20%). Therefore the rate of rise of current from the transformer into
the thyristor at turn-on is relatively slow, normally a few amps per
microsecond. However, there are several sources of capacitance directly
coupled to the wvalve: in addition to the fast grading capacitors
described in the previous section, there is substantial stray capaci-
tance in the transformer winding and, to a lesser extent, iIn the
busbars and valve structure. When all this capacitance is referred to
one thyristor level, its value can reach as much as luF; see Figure

2.2.4. The inrush current from this capacitance at turn-on would easilv
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be sufficient to destroy the thyristor.

It is therefore necessary to include inductance in the circuit to limit
the rate of rise of current from tihe stray capacitance at turn-on. A
conventional linear inductor cannot be used, since this would give the
valve unacceptable operating characteristics. A saturating reactocr is
therefore used, which has a high inductance at the low currents present
during the early stages of turn-on, but has low or zerc incremental
inductance at rated current. This is shown in Figure 2.2.5. (As with
the fast grading capacitor, one reactor may be used to serve a number

of thyristor levels).

Having put inductance in the valve, however, we have now created an
oscillatory circuit between the stray capacitance across the valve and
the inductance in the valve. 1In order to limit wundesirable current
oscillations, damping is therefore included in the circuit. This Iis
achieved either by connecting a resistor across the inductor (possibly
with a series diode to prevent inrush current bypassing the inductor),
or by using an imperfect, "lossy" inductor which has a parasitic

resistance. See Figure 2.2.6.

¢c) Thyristor Turn-Off.

At the end of the conducting period, the current through the thvristor
is brought to zero by the action of the external circuit. However, the
thyristor is not a perfect switch, and some reverse current will flow
through it before it regains the ability to block reverse voltage. The

form of this current flow is shown in Figure 2.2.7.

At the point when the thyristor starts to block reverse voltage (point

Ty in Figure 2.2 7) there ig significant reverse current flowing
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through the thyristor, and therefore energy is stored in the circuit
inductance. At time Ti, this energy starts to transfer into the
thyristor level capacitance, and would produce a large reverse voltage
transient. To limit the magnitude of this transient, a damping circuit
is connected across the thyristor consisting of a resistor in series
with a capacitor. See Fiqure 2.2.8. During the recovery event, energy
is dissipated in the damping resistor as the capacitor charges up,

which reduces the magnitude of the voltage overshoot.

In addition to damping the recovery transient at turn-cff, the damping

circuit also performs several other functions, as follows:

- Since the circuit has a relatively low impedance at intermediate
frequencies (10's to 1000's of Hz), it makes an important contribu-

tion to achieving even voltage distribution in the valve.

- Another consequence of its relatively low impedance at high freguen-
cies is that when rapid rates of change of voltage are applied to the
valve (for example due to a flashover), it forms a potential divider
with the valve inductance such that only a small proportion c<f the
dv/dt appears across the thyristor itself. The majority of the
transient voltage is supported by the inductance, which allows time

for the thyristor to be protectively triggered into conduction.

- Figure 2.2.7 showed the reverse recovery current flow in a thyristor.
In practice, the integral of this reverse current (known as the
thyristor "stored charge") will be different for each thyristor.
Since the total current flow in each level must be the same, the
difference current flows in the thyristor-level capacitance, produ-
cing a voltage offset on the level. The damping capacitor is sized to

keep this offset to acceptable levels.
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- When the thyristor turns on, the damping capacitor discharges into
it, giving an initial step of current with a decay time constant
usually of several tens of microseconds. This helps to prevent the
thyristor current falling too low at any point during the oscillatory
inrush transient. If the current does fall too low, the conducting

area of the device may stop spreading, or even start to shrink.
d) Thyristor-Level Electronics.

For the valve to function, the control system must be able to send a
gate pulse simultaneously to each thyristor in the wvalve at the
required time. However, the thyristor level may be at a potential of up
to 500kV or more to ground, and therefore it is impractical to have an
electrical connection between the control system at ground level and
the thyristor. Fibre-optic comunication is therefore used to bridge

this potential difference.

However, the use of fibre-optics means that there must be an active
receiver at the thyristor level, as well as a means of supplying gate
pulses to the thyristor. These functions are implemented by local
electronic circuits, the power for these circuits being derived from
the current flowing in one of the passive components in the thyristor

level. See Figure 2.2.9.

By using this methoed to power the thyristor-level electronics, two
limitations are incurred. Firstly, it normally takes several cycles of

power frequency voltage to charge up the power supvlies, and sc the

—
—
Hh

valves cammot be operated as soon as voltage is appl a rapid

t

response is reguired from the converter, it may thersfore be necessary

to keep the valves energised continuously, which Incurs losses in the
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grading circuits. Secondly, in some situations it may be necessary to
supply multiple gate pulses to the thyristor with little or no voltage
appearing on the valve between them. In this case, the energy storage
in the power supply must be sufficient to deliver these pulses without
running down. Thig requires a large energy storage capacitor. One of
the advantages of direct light triggering of thyristors is that the
triggering energy is supplied from ground level, and therefore the

valves are not subject to these limitations.

Given that a power supply is available at the thyristor-level, it is
then convenient to provide various protective circuits local to the
thyristor. Section 2.3 outlines the stresses that are experienced by a
thyristor under normal and abnormal operating conditions, and describes
the different protection strategies that are employved to prevent the

thyristors being damaged.
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2.3 STRESSES ON THE THYRISTOR.

Section 2.2 introduced the basic factors to be considered when
designing an HVDC valve, some of which centred around the need to
protect the thyristors from potentially damaging stresses. This section
discusses in more detail the nature of these stresses, and the
techniques used to restrict them to acceptable levels. Some of these
stresses are normal operating phenomena which are repetitive, whereas
others are transient conditions which may only occur a few times during

the life of the equipment.
al) Protection Techniques.

Before considering how to protect the thyristor in any particular
situation, it is useful to sumarise the three general technigues which

are used to protect the thyristors from damage. These are as follows:

- Passive circuit design;
- Thyristor design;

- Local electronic protection.

By careful design of the valve and the power circuit passive components
in the converter, it is possible to reduce some of the stresses that
may appear on the thyristors. 1In addition, the thyristor characteri-
stics can be designed to give improved immunity to damage in some areas
(although usually at the cost of some deterioration in other parame-
ters). Finally, local electronic circuits can be provided to protect
the thyristor, as follows. Many thyristor failure modes involve
spurious turn-on of the thyristor, and damage can be avoided if this is
pre-empted by a proper gate pulse being sent to the device. This

requires the rapid detection of a potentially dangerous situation and
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the sending of a gate pulse. Whilst this unscheduled turn-on of the
thyristor may cause a temporary disturbance to converter operation,

this is accepted in order to prevent damage to the device.

In many cases, all three of the above technigques are used in
combination to protect the thyristor, and this requires coordination
between the thyristor design, the valve design and the electrcnics
design in order to achieve an optimised result. This need for
coordination applies to the advanced valve design as well, and is

discussed in this respect in Chapter Three.
b) Stresses on the Off-State Thyristor.
Overvoltage Stress.

In normal operation, the off-state thyristor experiences voltages which
are typically 50 - 60% of its rating. There is therefore no danger of
overvoltage damage to the thyristor under these circumstances. However,
various situations can arise where the thyristor Is stressed to the

limit of its capability. The most important cases are as follows:

- Where one thyristor in a valve does not receive normal gate pulses;
- Where switching surges or lightning impulses are transferred from the
AC system onto the valves via the converter transformer;

- Where a flashover occurs inside the valve hall.

In the first case, if all but one of the thyristors in a valve are
fired, the remaining thyristor will petentially be exposed to the full
valve firing voltage, which could be hundreds of kV. This would destroy
it instantly, and so to prevent this, twe techniques are used in

combination. Firstly, the local electronics detects the overveltage
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before it reaches a destructive level, and sends a gate pulse to the
thyristor. Secondly, the valve inductors and damping networks are
designed to act together to limit the rate at which the voltage
increases across the off-state level. This allows time for the

electronics to fire the device and collapse the voltage on the level.

Switching surges and lightning impulses can appear across the valve in
either polarity. In the reverse direction, the thvristor cannot be
turned on to protect itself, and so a zinc-oxide surge arrester is
connected across the valve to limit the magnitude of the wvoltage. The
surge arrester is a highly non-linear resistor which carries minimal
current at normal voltages, but has a very low incremental resistance
at high voltages. By conducting hundreds or thousands of amps for a
very short period, it limits the voltage transient across the valve.
The level at which it limits the voltage determines the number of
thyristors in the valve, and is known as the surge arrester protection
level. Although the transient voltage may not be evenly shared within
the valve (due for example to grading component tolerances), the more
highly stressed thyristors are normally allowed to go into reverse
avalanche. This prevents them supporting any further increase in
voltage, whilst the voltage on the less highly stressed levels is still
rising. The end result is near-perfect voltage distribution, which
reduces the nunber of thyristors needed for a given surge arrester
protection level. Thus the thyristor avalanche capability is used in
conjunction with the passive converter components (in this case the

surge arrester) to limit the stress on the device.

To keep the heat dissipated in the arrester during normal operation to

acceptable levels, its characteristic must be chosen so that it
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conducts very little current at normal voltages. This usually results
in an arrester protective level which is about 1.8 times the normal

peak working voltage.

If a switching surge or lightning impulse is applied in the forward
direction, the thyristors cannot be allowed to go into forward
avalanche because this would result in spurious turn-on, which would
almost certainly be destructive. Therefore the whole valve is allowed
to fire on its electronic overvoltage protection, before the transient
reaches the surge arrester protective level. This firing will occur
when the most highly stressed thyristor reaches its individual over-
voltage firing level; when this level triggers, it causes a "domino"
effect in the rest of the valve, otherwise known as "cascade firing".
To prevent frequent occurrence of cascade firing, the utility normally
specifies that it must not occur below a voltage of perhaps 1.5pu. The
relationship between this level and the (say) 1.8pu surge arrester
protection level determines the ratio between the overvoltage firing
level in the forward direction and the thyristor avalanche level in the
reverse direction. Allowing realistic grading errors for forward
voltages, this means that the overvoltage firing level must not be
below about 90% of the reverse avalanche level for an efficient valve
design. This has important consequences when attempting to incorporate

built-in overvoltage protection into the thyristor (Chapters Four and

Five).

A flashover in the valve hall is much more severe than a switching
surge or lightning impulse. The voltage across the valve terminals can
reach the surge arrester protective level in less than one microsecond.,
and so the interaction between the wvalve inductors and damping

capacitors becomes even more critical in holding off a forward wvoltage
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until the electronics has had time to fire the thyristors. If the local
overvoltage protection is implemented using Break-Over Diodes (BOD's),
then the current drawn by these devices through the impedance of the
valve inductors also helps to temporarily hold dowm the thvristor

voltage.
Dv/dt Stress.

In addition to overvoltage, an off-state thyristor can also be damaged
if a rapidly increasing forward voltage {(or "dv/dt") is applied to it.
This is because the dv/dt causes capacitive displacement currents to
flow in the thyristor, which can cause spurious turn-on to occur (see
Chapter Four). As with overvoltage, such turn-on is often destructive,

and is known as "dv/dt faiiure".

High levels of dv/dt across the valve can occur as a result of the

following events:

- firing of another valve in the converter from high voltage. The rapid
voltage collapse on the valve being fired is coupled onto the off-
state valves via stray capacitances, and in some cases will appear as
a forward dv/dt;

- Lightning impulses transferred from the AC system onto the valves via

the converter transformer;

O
[

- Flashovers in various locations, for example in the valve hall

inside the converter transformer.

As in the previous section, these events can appear as negative or
positive impulses on the valves. Negative dv/dt's are not a threat to

the thyristors, since they will not cause spurious turn-on.



_59_

Dv/dt turn-on in a thyristor is often a relatively slow process. This
is because it creates weak gating of the device, resulting in a long
turn-on delay time (perhaps several microseconds). Therefore if the
positive impulse is of a large prospective amplitude, then the valve
may fire on its overvoltage protection before damaging dv/dt turn-on
could occur. However, some impulses will be fast enough to cause dv/dt
turn-on without reaching the valve protective firing level. To prevent
damaging spurious turn-on in these situations, it is necessarv to
electronically sense the dv/dt and issue a gate pulse to the device.
This sensing is usually achieved by measuring the current flowing in

the fast grading capacitor (Section 2.2a).

The thyristor has an inherent capability to withstand dv/dt up to a
certain level without triggering, and this capability can be increased
at the expense of other characteristics such as forward voltage drop.
In addition, the valve circuit can be designed to reduce some of the
dv/dt's which may appear across the thyristor. These techniques are
used to ensure that the thyristors do not fire spuriously in response
to dv/dt's experienced in normal operation. However, it would be very
uneconomical to use these techniques to prevent dv/dt failure in all
circumstances, and in any case there would still be some situations in
which the capability of any practical thyristor would be exceeded.
Therefore electronic protective firing of the thyvristor is also used in

conjunction with these other techniques.

In practice, 1if a large-amplitude positive impulse appears across the
thyristor-level, the thyristor may be turned on either by dv/dt or

overvoltage protection, depending on which mechanism operates first.
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c) Stresses on the Thyristor During Turn-on.

The need to limit the rate of rise of current ("di/dt") into the
thyristor at turn-on has already been explained in section 2.2b. To
prevent excessive current density in the small area of the thyristor
that 1is turned on initially, saturable inductance is included in the
valve to limit the discharge of current from stray capacitances in the
circuit. In addition to this use of passive inductance, the thyristor
gate is made to turn on as large an area of silicon as is practical by
the wuse of techniques such as "anplifying gates" (see Chapter Four).
The design of the electronic gate unit is also an important part of
the protection strategy, since if the gate pulse sent to the thvristor
is too weak, then it may be destroyed even though the di/dt is within
its theoretical rating. This is because a relatively strong gate pulse
is needed to ensure that the whole of the thyristor gate is activated
during turn-on, even though some proportion of the gate (with corres-
pondingly reduced di/dt capability) may turn on in response to a weaker

signal.

Failure due to excessive current density during turn-on is Xknown as

"di/dt failure".
d) Stresses on the Thyristor During Conduction.

The passage of normal load current presents no threat to the thyri-
stors. However, large currents can flow in the valves if there is a
flashover in the converter bridge. Under these circumstances, currents
of around 10pu (possibly 20kA or more) may flow in the valves.
Conventicnal circuit-breakers are used to <clear these overcurrents
within three or four cycles by isolating the converter from the AC

system. On this time-scale, there is little risk of damage to the
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thyristors from the overcurrents themselves, because once the thvristor
is fully conducting, silicon temperatures of 300 to 400°C have to be
reached before thermal runaway occurs. A far more significant risk
exists from the voltage that may appear across the thyristor after it
has been heated by a fault current, since the thyristor voltage
rating falls off significantly between 100 and 200°C. It is the need to
withstand voltage after a fault current that determines the level of
current that can be tolerated. These current levels are controlled
primarily by the leakage inductance of the converter transformer, which
is an important design parameter. Voltage stresses after a fault

current are considered further in the next section.
e) Stresses on the Thyristor at Turn-Off.

At turn-off ("recovervy"), the thyristor is vulnerable to damage from
excessive voltage and forward dv/dt, as in the off-state (section b} ).
However, its wvulnerability to both these types of damage can be

increased for the following reasons:

- Although current has stopped flowing through the device, there are
initially high levels of free carriers in the silicon which have a
relatively long thermal recombination time.

- If the thyristor has just carried a fault current, 1its Jjunction
temperature will be increased above normal steady-state levels. This

causes a deterioration in most thyristor characteristics.

Recovery under Normal Conditions.

In normal conduction, the thyristor junctions are saturated with car-
riers. Immediatelv after current has ceased to flow in the device,

there are still high levels of free carriers in the silicen, with the
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result that the thyristor will turn on as soon as any forward voltage
is applied to it. After a certain period (typically 300us), the free
carrier levels have decaved to the point where the thyristor can
support forward voltage. However, its ability to withstand forward
dv/dt without spurious triggering remains substantially impaired, and
this ability takes much longer to be recovered fully (possibly 2ms). In
this period of recovery, there will be combinations of time and dv/dt
at which the thyristor will only just turn on spuriously. This "weak
spurious triggering" is the condition most likely to result in damage
to the thyristor, since only a very small area of the silicon turns on.

Failure under these conditions is known as "Forward Recovery Failure".

For a conventional thyristor, nothing can be done to reduce the
likelihood of damage by this cause. There will always be a pericd
between on-state and off-state during which the thyristor will be
vulnerable. The duration of the period can be reduced by designing the
thyristor to recover quickly, but this incurs significant penalties in
device characteristics. Similarly, the valve circuit cannot be designed
to eliminate the possibility of this type of damage. It is therefore
necessary to program the thyristor's time-dependent recovery character-
istic into the local protection electronics to a greater or lesser

degree of accuracy. This protection system is known as Forward Recovery

Protection (FRP).

The simplest version of this protection is to reduce the overvoltage
firing level during the recovery period. This is based on the empirical
evidence that, even if spurious turn-on does occur, it will neot Dbe
damaging if the voltage at turn-on is less than a certain level

(typically 500V). However, the coarse nature of this approach results
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in the device being over-protected during much of the recovery period,
S0 that unnecessary protective firing may result. This will disrupt
operation of the converter. A more efficient technique is to program
the thyristor's voltage and dv/dt capability during recoverv into the
local electronics, so that the protection settings are continually
adjusted until true off-state is achieved. This minimises the incidence

of protective firing.

At the instant of recovery, there is a reverse voltage overshoot as the
circuit inductance goes into underdamped resonance with the wvalve
damping circuits. For severe short-term operating conditions, the peak
of this overshoot might be limited by the surge arrester. However, for
recovery at normal conditions, the thyristor retains its full reverse

voltage withstand capability at all times, and so there is no risk of

damage.

Although it 1is wusually conduction in the forward direction which
creates free carriers in the silicon, giving rise to the need for
forward recovery protection, conduction in the reverse avalanche mode
will also generate carriers in the device. The thyristor therefore
restarts 1its recovery process if it has gone into reverse avalarche,

and the electronic protection should alsc be reset accordirglv.

Recovery after a Fault Current.

At recovery after one loop of fault current (ie one power frequency
cycle of asymmetric fault current), the thyristor junction temperature
may be as much as 80°C hotter than it is under normal conditions. This
not only extends the time for recovery by a significant amount., but
even when true off-state is reached, the thyristor may have reduced

forward voltage and dv/dt withstand capabilities due to its elevated
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temperature. The valve circuit design, which is optimised for normal
operation, will offer no protection under these conditions, and so the
local electronics must reduce its overvoltage and dv/dt protection
settings appropriately in order to protect the device. As the silicon

cools, these settings can be restored to their normal levels.

From the thyristor's point of view, the best way to protect it after a
fault would be to trigger it as soon as any forward voltage appeared
across it. This would cause multiple locps of fault current to flow
(presuming that the initial fault was still present), which would be
cleared by the main circuit-breaker. However, this imposes arduous duty
on the circuit-breaker and the converter transformer which has to carry
the fault current, and so it is usually required that the valves do not
fire protectively after a single loop of fault current. The above
strategy is therefore unacceptable, and in effect, the valves must be
used to suppress the fault before the circuit-breaker opens. If the
valves are subjected tc severely distorted voltage waveforms after the
first loop of fault current, such that the thyristors are wvulnerable to

overvoltage or dv/dt failure, then it is accepted that the valves will

fire protectively.

If the valve does refire after one fault loop, then the thyristors may
be very hot after the second loop of fault current that will follow,
possibly 200°C or more. At these temperatures they cannot support any
significant forward voltage, and so the local electronics will trigger
them if the valve voltage does go positive. However, they will still
have to withstand the reverse recovery voltage transient at the end of
the second fault loop. At the end of the third fault loop, the circuit-

breaker contacts will normally be opening, so that the valves will be
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isolated from the AC system and will not be subjected to any voltage.
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2.4 CONCLUSIONS.

This chapter has provided a brief introduction to some of the
principles of conventional HVDC valve design technology, followed by a
consideration of the stresses on the thyristors in an HVDC valve. There
are three different techniques available for preventing damage to the
devices (ie passive circuit design, the design of the thyristor itself
and the provision of local electronic protection circuits), and the
ways in which these techniques are applied to keep each stress to
acceptable levels have been described. In particular, the chapter has
covered the functions which are presently implemented in the local

electronic circuits, ie:

~ The provision of adequate gate pulses to the device;
- Overvoltage protective firing;
- Dv/dt protective firing;

- Forward recovery protective firing.

It is these functions which must be provided either by the valve light
triggering system (in the first case) or by the thyristor itself (for

the others) if the local electronics is to be dispensed with in the

advanced valve.
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CHAPTER THREE: PROJECT STRUCTURE.

3.1 INTRODUCTION.

Chapter One has introduced the concept of an advanced thyristor valve
for HVDC transmission, and Chapter Two explained conventional wvalve
technology, some aspects of which will become obsolete in an advanced
valve. For the proposed advanced valve to become a reality, five

distinct areas of technology require development:

- The light-triggered self-protecting thyristor;
- The valve light triggering system;
- The valve insulation system;

- The valve cooling system;

The valve mechanical arrangement.

All of these technologies interact with each other to varving degrees.
Section 3.2 gives an introduction to the important issues in each of
these technology areas, and the interactions between them are then
described in Section 3.3. This illustrates the importance of effective

coordination and direction of work in each technology area.

ASTON  UNIVERSITY
LIBRARY ANUL
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3.2 IMPORTANT ISSUES IN EACH OF THE TECHNOLOGY AREAS.

a) The Light-Triggered Self-Protecting Thyristor.

In conventional valves, an important part of the local electronics is
the power supply which extracts energy from one of the thyristor-level
grading circuits (cf Figure 2.2.9). This energy is used to supply the
protection and triggering circuits. In order to eliminate the power
supply, some form of direct optical triggering of a device is
necessary. Two techniques can be used for this: the first involves
connecting a small, light-triggered pilot thyristor between the anode
and gate of a conventional electrically-triggered power thvristor, and
the second involves making the main power thyristor optically sensi-

tive. See Figure 3.2.1.

In the first technique, the pilot thyristor is fired optically from
ground level. This then draws current from the voltage across the main
thyristor, and uses it to trigger the electrical gate of that device.
This approach is attractive in that if a poor yield is associated with
an optically-sensitive structure, the cost implications of this can be
reduced by producing many small chips from one silicon wafer. In
addition, since the pilot thyristor is not conducting continually, its
temperature remains low, and certain ratings (such as dv/dt capability)
are more easily achieved at lower temperatures. In addition, a resistor
is normally connected in series with the pilot device in order to limit
the inrush current, so that turn-on duty in the light-triggered
thyristor is reduced. However, the pilot device must still withstand
the same voltage and dv/dt as the main thyristor, and if adequate yield
can be achieved on the optical structure, it may be more economical to

eliminate the extra pilot device, and integrate direct cptical trigger-
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ing onto the main power thyristor.

The technology for light-triggered pilot and main thyristors has
existed for several vears [3.1,3.2]. However, the difficulty with both
these techniques lies in the need to provide protection for the main
power thyristor during operation. Conventional valves use the local
electronic circuits to detect the dangerous conditions listed in
Chapter Two (ie forward overvoltage, excessive dv/dt and forward
recovery failure) and trigger the thyristor into conduction to protect
it. With direct optical triggering of the main thyristor, it is
impractical to have two optical inputs, one for triggering from ground
level and one for local protective triggering. Therefore anv need for
protective firing must be signalled to ground level sco that an optical
pulse can be transmitted back to the main thyristor. This process
causes a delay in the protective action, which introduces uneconomic

trade-offs in the valve design and renders the protection ineffective

in some situations.

With the pilot thyristor technique, the electrical gate of the power
thyristor is still accessible, so that the protective functions could
be inplemented locally and therefore rapidly. However, if these
functions are provided conventionally using electronics, then the main
advantage of direct optical triggering (ie, improved reliability

through elimination of local electronics) has been conpromised if not

lost altogether.

Two solutions to this probklem are acceptable for the outdocr wvalve. The
first is to integrate all the protective functions onto the main
thyristor. so that the device protects itself in all credible situa-

tions. This 1is the ideal solution, Dbut requires important technical
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advances in several areas to be practical. The other solution, using a
pilot light-triggered device, is to provide protective functions
locally using highly simplified circuits which avoid delays in protec-
tive action. Whilst overvoltage and excessive dv/dt can be sensed more
or less easily using simple passive circuits, protecting against
forward recovery failure is much more difficult without active measur-
ing and logic circuitry. Indeed, there are no known practical methods
for achieving simple forward recovery protection. This thesis therefore
concentrates on the first approach (ie integrating all protective
functions onto the main thyristor) but eventually concludes that, for
the time being at least, a hybrid combination offers the best technical

and economic performance.

b) The Valve Light Triggering System.

Whichever of the solutions presented in the previous section is
adopted, an optical system ig required to trigger the thyristors (pilot
or main) into conduction. Light-triggered thyristors can be made to
turn on In response to triggering energies which are orders of
magnitude less than those required by their electrically-triggered
counterparts. However, these optical energies are still at the limits
of present optical technology, and therefore the design of the

triggering system needs careful consideration.

The specification for the light-triggering system is set out in Chapter

Seven, and centres on the following parameters:
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1

Optical performance (in terms of wavelength, pulse energy, power and

power density);

Reliability;

Lifetime and maintenance;
= Cost., which should be compatible with the objective that the overall
cost of an advanced valve should be no more than that of a

comparable valve using conventional technology.

Although several light-triggering systems have been developed by other
manufacturers (see Chapter Seven for details), none of these were
considered to be suitable for the advanced valve under consideration,
and so a novel system was developed during the project. This is

described in Chapter Seven.
c) The Valve Insulation System.

If a reliable optically-triggered valve can be constructed at accep-
table cost, it becomes desirable to encapsulate the valve. Considera-
tion must therefore be given to the dielectric that would bhe used

inside the valve tank. Various attributes of the dielectric are

important, including:

- dielectric strength;

- permittivity;

- toxicity;

- environmental acceptability;

- flanmability;

- availability;

- compatibility with other valve materials;
-~ cooling capacity;

- cost.
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A major consideration which affects the choice of insulant is whether a
separate cooling circuit is to be provided, or whether the insulant is
also to act as a coolant. If a separate cooling medium is used, then
the effect of leaks from the coolant into the insulant (and vice versa)

may be of substantial importance.

Many insulants have been evaluated in laboratories, but only a
relatively small number have achieved widespread use in electrical
equipment (see Appendix One). The acceptability of the insulant in the
market must therefore be considered, since if it is already emploved in
other equipment operated by the customer, it stands a much better
chance of gaining acceptance than if it is an unusual insulant with
little or no prior operating experience. Some undesirable attributes of
an insulant (such as flammability, long term degradation) can be coped

with, but at increased cost to the customer.

The subject of maintenance is also an important consideration in the
choice of insulant. Although maintenance of the valve should be infre-
quent, it cannot be ignored altogether, and so the choice cf insulant
must be compatible with the need for access to the equipment. Possible

contamination of the insulation svstem during maintenance must also be

borne in mind.

Finally, the behaviour of many insulation systems 1is significantly
different for direct voltage than for alternating voltage. This will be
an important influence in the design of the insulation svstem for the

valve, where both alternating and direct voltages are present.
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d) The Valve Cooling System.

Adequate cooling of the thyristors and other components in the valve is
a fundamental part of thyristor valve design. As explained in Chapter
One, the most common technologies in service today are air cooling and
water cooling. These are examples of the twec different tvpes of
philosophy that can be adopted, is, where the insulant is used as the
coolant, and where the coolant is separate to the insulant. If the
insulant is to act as the coolant, then in addition tc the attributes
outlined in the previous section, factors such as the specific heat
capacity, wviscosity and film heat transfer capability are alsoc impor-
tant. If a separate coolant is used, some of the considerations
outlined in the previous section still apply, since the coolant will be

flowing between points at different voltages, and therefore it must

have reasonable properties as an insulant.
e) The Valve Mechanical Arrangement.

This area covers features such as the mechanical design of the wvalve
and its tank, the number of valves per tank, and the critical areas of

maintenance philosophy and the provision of redundancy. All these

o]
Hh

features affect both the initial cost of the scheme and the cost
keeping it operational over the full design life (usually at least 25
vears). All manufacturers who have built outdoor valves have moved
using indoor air-insulated equipment (see Appendix Two), and the wmost
important reason for this Is the improved ease of access for mainten-
ance. If an advanced encapsulated valve is to gain acceptance, not only
must the general mechanical design of the valves be efficient, cost-

effective and "elegant", but also the need for maintenance must be

provided for in such a way that, should it prove necessary, it can be
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carried out relatively easily and quicklv. The provision of redundancy,
for example in the form of spare valves, may have a substantial impact
on the capital cost of the scheme, and therefore needs careful

consideration.
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The interactions between the areas of the project discussed above are
illustrated in Figure 3.3.1. There are two main "pools" of strong
interaction: that between the thyristor and the 1light triggering
system, and between the insulation, cooling, and mechanical design of
the wvalve. It should also be recognised that there are weaker 1inks
between these two pools. Within each "pool", it 1is impossible to
optimise one area of the technology in isolation from the others;
therefore it 1is necessary to understand the issues and trade-offs
involved in each area of the project in order to reach useful

conclusions in any of them.

The wide range of interacting technologies shown in Figure 3.3.1 made
it a very appropriate project to be carried out under the auspices of
the Interdisciplinary Higher Degree (IHD) Scheme of Aston University;
the purpose of this Scheme being to support research that extends
beyond the boundaries of any single conventional field of investiga-
tion. As a resulit, projects of this type may not enter into the level
of detail normally associated with a single-discipline PhD; however, it
is recognised that achieving effective multi-disciplinary research can
be an equally demanding and an equally valuable contribution to
knowledge. The discussive, as opposed to focussed, nature of this

thesis reflects its multi-disciplinary coverage, since all aspects of

the advanced valve project are covered to a greater or lesser extent.

In the course of the work, it became evident that the project was a

clear example of the need for an "IHD" approach. In particular, the

effectiveness of the initial work on the light-triggered self-protec-

ting thyristor (Stage 1 of the development) was impaired due to the
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"isolation" of expertise in the areas of thyristor design and wvalve
design. The author's background was in valve design, however, and so by
becoming involved in the thyristor development, the overall efficiency
of the research work was greatly improved. This improvement was a major
contribution to the technical success of the development. Another
important asect of the "IHD" dimension of the project was the need to
consider the managerial function, an issue that is reviewed in more

detail in Chapter Eight.

To highlight the need for a multi-disciplinary approach to the project,
the following discussion describes some of the important interactions

in the technology pools illustrated schematically in Figure 3.3.1.
a) The Thyristor and Light Triggering System.

The joint optimisation of the thyristor and light triggering system
centres around the characteristics of the photo-sensitive gate of the
thyristor. Altering the design of the thyristor gate affects both the
thyristor capabilities and the design of the light triggering system,

which in turn affects the overall cost and performance of the wvalve.

The nature of these effects is explained briefly below.

The most critical parameter 1is the optical sensitivity of the

thyristor, which has the biggest single impact on the cost of the light

triggering system. Sensitivity can be improved by wusing a smaller

optical gate, which increases the radiance required of the light

sources, or by reducing the dv/dt capability of the gate. This then

either requires costly dv/dt compensation on the device, or else it

must be allowed for by changing the rest of the valve design,

increasing costs elsewhere.



The vulnerability of the thyristor to damage by weak optical gating has

an important effect on the optical overdrive required from the light

triggering system, as well as the reliability of its control and

monitoring circuits.

The combined characteristics of the thyristor and light triggering
system must also be compatible with the design and performance
requirements of the complete valve. The need to provide "dc gating" of
the thyristor 1is one example of this; if dc gating could not be
achieved, then the provision of a "pulse-on-demand" system would have a
major impact on the rest of the valve design due to the need to provide

voltage measuring on each level.

b) The Insulation, Cooling and Mechanical Design of the Valve.

Some of the interactions between these technology areas have already
been mentioned, including the central issue of compatibility between
the insulant and the coolant. A number of combinations of insulant and
coolant can be envisaged where a leak from one into the other would
have serious if not catastrophic effects, and therefore it is impos-
sible to select either of these without consideration of the other.
Also mentioned above was the need to allow for maintenance of the
valve. If it is decided to have a redundant valve tank on site so that
faulty units can be returned to the factory for repair, then this will
allow the use of an insulation system requiring very high purity.
However, if repairs are to be carried out on site, then a more
contamination-tolerant system would be preferred. It would also be
desirable to have an insulant that could be drained off quickly leaving

the equipment ready to be worked on, rather than an insulant which
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could leave ejther toxic substances or a wviscous coating on the
equipment. There ig therefore an important interdependence between the

choice of insulant and the maintenance philosophy for the valve.

There 1is also an interaction between the mechanical design, the
maintenance philosophy and the cooling technique selected for the
valve. If a liquid coolant is used in an enclosed circuit, then it is
desirable that a thyristor can be changed without opening cooling
circuit connections. This places a constraint on the mechanical design
which would not exist if a gaseous or liquid spray cooling system was

used.
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3.4 CONCLUSIONS.

In order to illustrate the interdependence of the five technology areas
involved in the outdoor valve, the interactions between them have been
discussed briefly and some examples given. From the detailed study
given in the rest of the thesis, the extent of some of these

interactions will become clearer.

Section 1.8 in the first chapter described the author's involvement in
coordinating work in the different areas of the project. Whilst the
majority of the thesis is devoted to the technical aspects of the work
carried out, it is clear that in this case technical research could
have been of very limited value unless it was properly coordinated
towards the overall project goals. A discussion of the successfulness

of the project management is given in Chapter Eight.
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CHAPTER FOUR: DEVELOPMENT OF THE THYRISTOR, STAGE 1.

4.1 INTRODUCTION.

All modern HVDC transmission schemes use silicon thyristors, which is
because of their reliability, high power handling capacity and the low
power required to control them. Thyristors can only conduct current in
one direction; conduction will start if there is a forward voltage
across the device and it is given a gate pulse. Once conducting,
however, control of the device is lost, and the thyristor will remain
in the "on-state" until the action of the external circuit causes the
current to fall to zero. For a conventional thyristor, this gate pulse
is an electrical signal applied to a terminal of the device, whereas
for a light-triggered thyristor, it is an optical signal applied to a

particular area of the silicon. A detailed discussion of thyristor

operation can be found in reference [4.1].

The major draw-back with conventional thyristors 1is the complex
electronic circuitry necessary to control and protect them (described
in Chapter Two). A primary objective of the advanced valve project 1is
to eliminate the need for this electronics by developing light-
triggered thyristors with integral protection against destructive
failure mechanisms. Chapters Four to Six therefore describe the work

carried out to achieve this objective, as well as reviewing some of the

theory involved.

The work on the thyristor took place in three stages. 1In the first

part, development was carried out internally by MEDL, and monthly

liaison meetings were held with TDPL to report on progress. During this

period, which lasted from October 1984 until November 1985, the author
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concentrated mainly on other areas of the advanced valve project. At
the end of that time, it was felt that closer contact between MEDL and
TDPL would be beneficial, and so the author spent four months working
at MEDL, from December 1985 to March 1986. This started the second
stage of the development, and after the initial period of full-time
work, the author continued to visit MEDL one day each week to maintain
contact. By September 1986, evaluation of the first prototype design
was complete, which concluded the second stage of the development. The
third stage was the design, manufacture and testing of a new set of

test structures, which lasted from October 1986 to March 1987.

Chapters Four, Five and Six describe the work carried out in the three
stages of the project. The sections in this chapter cover the following

topics:

4.2 The theory of light triggering.

4.3 Thyristor failure mechanisms.

4.4 Literature review.

4.5 Summary of work carried out in Stage 1.
4.6 The first prototype design.

4.7 Evaluation carried out in Stage 1.
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4.2 THE THEORY OF LIGHT TRIGGERING.

a) Introduction

An electrically-triggered thyristor is turned on by passing a current
between its gate and cathode. This causes charge carriers to be
injected into the base of the npn transistor in the structure, and when
the charge reaches a sufficient level, turn-on occurs. The same effect
can be achieved by illuminating the silicon with light of & suitable
wavelength. This effect, known as optical or light triggering, is
explained below. The implications of light triggering for dv/dt
capability are then discussed, and finally a hybrid technique for light

triggering (known as the 'slave thyristor' approach) is explained.
b) Optical Turn-on

Because silicon is photo-sensitiwve, photons of the correct wavelength
incident upon it will cause the silicon atoms to be ionized, creating
hole-electron pairs. If there is no electric field in the device, the
hole-electron pairs will recombine thermally, and there will be no
measurable effect on the silicon. However, if there is a field in the
silicon, the hole-electron pairs will be separated, and current will

flow through the device. This effect can be used to provide gate

current for a thyristor.

In Figure 4.2.1, a cross-section through a forward-biased high-power

thyristor is shown, with light being shone on the gate region. Because

it is forward biased, a depletion layer exists around the middle

junction of the device. When an atom is ionized inside this depletion

layer the electric field separates the hole and electron, which flow

to the cathode and anode respectively. The hole current forward biases
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the auxiliary thyristor cathode, which injects electrons into the p-
base and from there into the depletion layer; this initiates regenera-
tive turn-on in the auxiliary thyristor (Figure 4.2.2). The auxiliary
current then forward biases the main emitter, causing this to turn on
(Figure 4.2.3). The device has then been optically triggered into
conduction. Although the optically-induced electron current to the
anode does contribute to turn-on, its effect is small due to the poor

efficiency of the pnp transistor.

A number of improvements on this basic design are possible. Firstly,
when photons are absorbed outside the depletion laver, it 1is likely
that the hole-electron pairs created will recombine thermally, since
there is virtually no field to separate them. Consequently, they will
not contribute to turn-on, and so it is desirable to inject photons as
close as possible to the depletion layer. This can be achieved by
etching down into the silicon, as shown in Figure 4.2.4. Since the
depletion laver widens with applied voltage, the efficiency with which

T

2

light is wutilised will improve with increasing voltage; see Fi
4.2.5. This is fortuitous, since conventionally the strength of gate
pulse required also increases with voltage. (Note that the sensitivity
of the thyristor to gate current also improves with increasing voltage,

since the transistor gains are voltage-sensitive).

A second improvement on the design of Figure 4.2.1 1is to introduce
another amplifying stage into the gate. The structure shown in Figure

4.2.1 is typical for electrically-triggered thyristors, where it |is

straightforward to supply a gate current ol 1A or more to the centre

of the device. However, the level of gate current that can be generated

with practical light sources is much less than this, typically a few
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tens of milliamps, so that a more sensitive structure is required. This
can be achieved by introducing another thyristor intoc the gate
structure, as shown in Figure 4.2.6. This extra “pilot" thyristor

achieves increased sensitivity by virtue of two features:

- The emitter is diffused deeper into the thvristor, so that the sheet
resistance underneath it is greater. This is shown in Figure 4.2.7.
Thus for a given current density in the p-base, the voltage generated
along the emitter is higher.

- The 1inside diameter of the emitter is wvery small, which also
maximises the voltage generated in the p-base for a given level of
optically-induced current. The relationship between the wvoltage
generated along the p-base and the internal radiugs of the pilet

thyristor is illustrated in Figure 4.2.8.

By combining the two techniques described above (ie etching into the
silicon and adding a pilot thyristor), it 1is possible to make
thyristors which will turn on in response to only a few nancjoules of
optical energy. This is very attractive from the point of view of the
control system driving the thyristor. However, 1if the gate of the
thyristor is too sensitive, it becomes wvulnerable to unintentional

turn-on during rapidly rising forward voltages. This is discussed in

the following section.

c) Dv/dt Capability

When a thyristor is not conducting f(ie in the "off-state"), the

depletion layer in the device causes it to behave as a parallel-plate

capacitor, so that a changing voltage acress the device will cause
= 1 -

current to flow through it. Some of this current flows under the

i . . ici c itud E ~ATr Tt
] gate, and if it is of sufficient magmitude and the correct

e

optic
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polarity, the gate will turn on: see Figure 4.2.9. The design
constraint for an HVDC thyristor is to withstand a specified level of
dv/dt (typically 2-3 kV/us) without turning on, and this places a limit

on the maximum optical sensitivity that can be achieved in the gate.

By comparing the horizontal voltage profiles generated along the p-base
by photo-current (injected at a point) and dv/dt current (distributed),
it can be seen that the ratio between these voltages is greatest when
the radius of the well is small; see Figure 4.2.10. This ratio is a
measure of the efficiency of the design in terms of trading off optical

sensitivity against dv/dt capability.

The absolute level of voltage generated (from both sources of current)
increases as the well is made deeper. To achieve maximum optical
sensitivity, it 1is therefore necessary to make the well as deep as
possible, and then increase the outer radius of the pilot thyristor

emitter until the dv/dt constraint is encountered.

The practical limits to the depth of the optical well are the need to
avoid punch-through from the depletion layer at maximum forward
voltage, and the need to achieve repeatability between production
batches of thyristors. As the optical well approaches the depletion
layer, small changes in depth produce large variations in sheet
resistivity (Figure 4.2.7), which will affect optical sensitivity and

dv/dt capability. A compromise is therefore necessary between optimized

performance and production yield.

If an acceptable compromise between optical sensitivity and dv/dt

capability cannot be achieved, sensitivity can be improved by employing

a technique known as dv/dt compensation. This alters the geometry of
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the device such that the lateral voltage generated by dv/dt current in
one part of the p-base offsets (or 'compensates') the voltage generated
in a different area. In Figure 4.2.11, it can be seen that the positive

potential generated at point "A" is applied to the n-emitter of the

pilot thyristor to bias it off. The topology of this technique involves

Hh

connections crossing over each other; this means that either a layer o
insulator has to be included in the device processing, or that wires
must be bonded to the device after processing. Since both of these
options increase cost and complexity, compensation techniques are

avoided where possible.

From Figures 4.2.8 and 4.2.10 it can be seen that for a given optical
sensitivity, better dv/dt capability can be achieved if the light is
delivered in a smaller radius (ie a smaller Ri can be wused). This
favours laser-based delivery systems, which can give very high power
densities, rather than large-area sources such as LED's and flash-
lamps. To deliver the same power, these latter scurces require a larger
delivery area, so that the dv/dt capability of the device is reduced
(or conversely, a lower optical sensitivity is achieved for the same
dv/dt rating).This is a major point of interaction between the design

of the thyristor and the light triggering system, and it is discussed

further in Chapter Seven.

d) The Slave Thyristor Technigue.

So far, light triggering has only been considered as direct optical

activation of the main power thyristor. However, as shovm in Figure

4.2.12 an intermediate technigue has been uced whereby a small light-

Ise to a

n

triggered thyristor is used to provide an electrical gate pu

conventional pcwer thyristor. This has severzal advantages over direct
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activation of the power thyristor:

- The light-triggered thyristor chip is small, so that the cost effects
of poor vield are minimized;

- The slave device does not carry load current, and so remains at
ambient temperature. This makes it easier to meet dv/dt withstand
requirements;

- A resistor can be inserted between the light-triggered stage and the
main device in order to limit inrush duty on the optical well;

- The electrical gate of the main device is still accessible, sc that
conventional local protection circuits can be used;

- One design of slave thyristor can be used with a wide range of
conventional power thyristors;

- The mechanical design of the thyristor package is simpler. The
absence of high-current pressure contacts means that the optical
fibre can enter the package normal to the surface cf the silicon,
rather than having to enter from the side and then turn through 90°

{see Chapter Seven!.

£
T
i

Compared to direct optical activation, there will be the extra cost o
having two discrete devices instead of one. However, both approaches
still suffer the same drawback discussed earlier. ie that light
triggering without self-protection offers little or no economic benefit
compared to conventional techniques, since local electronic protection
still has to be provided. Therefore, although the slave thyvristor
approach is technically easier to implement than direct optical

triggering, neither has found widespread adonticn for HVDC.
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4.3 THYRISTOR FATLURE MECHANISMS.

a) Introduction.

Thyristors are vulnerable to damage from a number of causes, and since
they are semiconductors, once this has occurred it is permanent and
irreversible. It is therefore desirable to prevent damage occurring to

thyristors in an HVDC converter for the following reasons:

- The cost of unscheduled repair time is vervy high {(of the order of

£100,000 per hour);

100mm device);
- The pressure contacts to the thyristor packages must maintain low
electrical and thermal resistance over many vears, and it Iis

therefore desirable to disturb them as little as possible.

When a thyristor fails, it normallyv becomes short-circuit, and this

[9)]

reduces the wvoltage withstand capability of the series string of
devices comprising the HVDC valve. It is therefcre normal practice to
include a small number of extra 'redundant' thyristors in a valve
(typically 3%) so that operation can continue between scheduled
maintenance times in the event of a few devices failing. However, the
inclusion of redundant thyristors incurs significant extra capital and

running costs, and so the level of redundancy is kept to a minimum.

There are therefore strong economic reascns for preventing thyristor

<

failures, which go far bevond the replacement cost of the Jdevices

themselves.

roumstances, it is possible for a thyristor to lose its

o

Under some <

voltage blocking capability in only one direction. This happens when
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damage is limited to the surface of the device, so that only cne

blocking junction is affected. However, this type of failure is rare

o
4o}

and can normally be prevented by good design practice, so that it

not considered again.

Normal thyristor failure (ie to a short-circuit condition) cccurs when
the local current dersity in some part of the device becomes sufficient
to melt the silicon. This is usually brought about bv 'weak' triggering
in some area of the device; ie, part of the structure starts to turr on
without the benefit of the normal strong gate pulse. Because the
triggering is weak, only a small area of the device turns on initiallvy,
and the inrush current that flows into this small area from the circuit

stray capacitance melts the silicon (see Chapter Two). Weak triggering

can be caused by the following conditions:

!

A fault in the gate drive circuit;
- Excessive forward voltage (overvoltage failure);

- Excessive rate of rise of forward voltage (dv/dt failure);

Forward voltage transients applied during the reccvery interval

(forward recovery failure).

The reliability of the gate drive circuit is a separate problem toe that
of the thvristor and, for the light-triggered valve, it is considered

in Chapter Seven. Excessive reverse voltage is not listed above becauss

although it is possible for thvristors to be destroyed by excessive
reverse voltage, they can be designed to operate safely in the reverse
avalanche region of their characteristic. Limiting the energy dissipa-

ted in the device to safe levels during such operation is then a

function of the external circuit design. The remaining causes of damage

a)  are

g

(ie forward overvoltage, dv/ét and forward recovery fail



discussed in the following sections. The events which can give rise to
these failure mechanisms, as well as the conventional means for

protecting against them, have already been considered in Chapter Two.

b) Forward Overvoltage Failure.

A thyristor will spontaneous!ly trigger itself into conduction if the

forward voltage across it becomes too great when it is in the off-

-t

state. This 1is because the current flow in some part of the device
reaches the level necessary to cause turn-on, and this current can come

from three sources:

- Leakage;
- Avalanche;

- Punch-through.

Leakage ocurrent arises from the thermal generation of carriers within
the depletion layer, and is therefore a strong function of temperature.
Avalanche occurs when a carrier inside the depletion layer gains
sufficient energy between lattice collisions tc ionize atoms in the
lattice, leading to carrier multiplication. Since the mean free path
between collisions falls with temperature (due to lattice wvibration),
the avalanche voltage increases slowly with temperature. Punch-through
occurs when the depletion layer around the centre junction reaches one
of the other junctions, <causing a massive injection of <charge. The
width of the depletion laver is virtually independent of temperature,

coenstant. Figure 4.3.1

-3

so that the punch-through voltage is effectivels

shows these three limits to the forward voltage capability of the

thyristor.

Forward overveltage turn-on is inherently the mest destructive of the



three failure mechanisms being discussed since, by definition, it
always occurs from the maximum voltage rating of the device. Turn-on
under dv/dt and forward recovery failure can occur from any voltage
between zero and the voltage break-over level; however, at low voltages

it may not be damaging.

In considering the forward voltage capability of the device, it is
assumed that the edge of the device has been bevelled and passivated
well enough to prevent this being a limiting factor. Otherwise, leakags
currents flowing in this region will either trigger the device on, or
cause sufficient heating to break down the passivation or induce

thermal runaway in the silicon.

c) Dv/dt Failure.

As has been explained in Section 4.2, a changing veltage across the
device will cause displacement current to flow (Figure 4.2.9), and this
may be sufficient to turn the device on in some area. For a light-
triggered device, the optical gate is made very censitive, so that
dv/dt  turn-on would be eurected to ococur here first. For an electri-

cally-triggered device with a less sensitive gate, turn-on could be

anywhere on the device.

Dv/dt current flow is a strong function cf temperature because the

Q

level of free charge that has to be swept out to form the depletion

layer increases rapidly with temperature.

Wwhen a thyristor structure turns on, the delay time associated with
that turn-on depends on the level of "gate drive" being applied
-elative to the threshold necessary to just cause turn-on. If a strong

cate drive is used (ie the dv/dt is well above that necessary to cause
gate drive i 1 (
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turn-on), then turn-on will be rapid, and the device voltage will
collapse before the dv/dt ramp has had time to reach a high level. 1In
this case, the turn-on may not be damaging, since the energy stored in
the circuit capacitance {(proportional to the square of the voltage)
could be safely dissipated. However, if the dv/dt is only slightly
above the capability of the device, then the turn-on is marginal and
therefore slow. The ramp may reach damagingly high levels before the

voltage collapses; see Figure 4.3.2.
d) Forward Recovery Failure.

Forward recovery failure is similar to dv/dt failure, except that in
addition to the capacitive displacement current, there is also current
flow due to the sweeping out of unrecombined carriers left over from a
previous period of conduction. For low rates of dv/dt (eg ~10V/us), the
point at which forward recovery failure occurs is defined as the turn-

off time of the device ("tq").

When the thyristor is in conduction, the bases of the two transistors
in the structure are saturated with charge. At recovery, there Iis
substantial reverse current flow until the reverse blocking junction is
formed. However, this current flow is not enough to remove all of the
excess charge in the transistor bases, and once the depletion layer is
formed, only leakage current can flow through the device. A significant

quantity of the excess charge is therefore trapped and has to recombine

thermally.

If a forward dv/dt ramp is applied to the device before the excess
charge has recombined, a pulse of current flows as the ramp goes

through zerco volts and "sweeps out" the charge: see Figure 4.3.3. This
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9]

pulse continues until the forward blocking depletion laver i formed,
when the voltage across the device starts to go positive. The current
flow adds to the dv/dt current already tending to turn the device on,
S0 that turn-on will occur at lower levels of dv/dt than for an "off-
state" device. As with dv/dt turn-on, the werst situation is when just
enough current flows to turn the device on, so that the turn delay
time is long and the ramp can reach a high voltage before turn-on

OCCUrs.

The amount of excess charge remaining in the transistor basss is a

l’ﬁ

function of time after current zero, and so the wvulnerability of the

device to forward recovery failure is also time-dependent. If a dv/dt

jow]
o+

till sufficie

s

ramp is applied soon after current zerc. there is
charge in the bases for conduction to start immediately, so that no
forward voltage appears acrcss the device; such turn-on is completely
safe. Once the charge decays below this level, some injection from the
n-emitter is necessary to initiate turn-on, and there will therefore be
a slight time delay before turn-cn occurs. As the time after current
wero increases, the turn-on time delay for a given dv/dt rate
increases. FEventually the device will be able tc withstand the dv/dt
ramp, provided that it is less than the off-state capability of the
device. Figure 4.3.4 shows the dv/dt withstand capability of the device

as a function of time after current zero.

It can be shown by eyxveriment that thyristors can safely withstand

single-shot ungated turn-on (eg by the above mechanisms) ur to a

=
1

certain voltage level, which is circuit-dependent. In G=EC's HVDC valve
design, ungated turn-on up to around 1500V can be withstoed at 80°C

n arbitrary upper limit to the delay tine for

[
)

withcut damage. I

merainal  turn-on is assuved (perhaps 20us), then a dv/dt rate can be



calculated below which turn-on will never be dangerous (1500/20 =

75V/us  in this case).

e) Self-Protection Against Fajlure.

Conventional valves using electrically-triggered thvristors provide
electronic sensing and protection for each of the above tvpes of
failure (Chapter Two). Voltage, dv/dt and time after current zero are
measured, ard if circuit conditicns could give rise to failure bv arv
of the above mechanisms, the device is gated into conduction; this
strong gate pulse pre-empts any weak triggering in the device. To
eliminate the local electronics, then either the thyristor must carry
out this protective triggering internally (ie be self-protecting), or
else a simple passive circuit with a small parts count must provide the

required protection. Either solution will fulfil the objective of the

advanced valve.

m

An example of this simple external prctection is the Break-Over Diod
{(BOD) presently used for forward cvervoltage protecticn by several
manufacturers. This is a sirmple assembly of avalanche thyristors which
trigger themselves into conduction when the voltage across the thyvri-

.5, The ourrent

[F3)

stor reaches its protection lewvel; see Figure 4.
through the string 1is used to provide a strong gate pulse to the

thyristor. turning it on and ccllapsing the volts before a  dangercus

level is reached.

Since the use of a BOD is consisteat with the aims of the advanced

:imnle and requires no external pouer  supplv!, the

<
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choice Dbetween it and the uge of intermal VBO protection will be an

economic one. A similar
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slave light-triggered thyristor is used which will also turn on safely
when subjected to dv/dt's above the protective level, then this would
provide adequate dv/dt protection. However, forward recovery protection
cannot be provided by simple external components. During the course of
the project, much thought was given as to how this could be achieved,
but no satisfactory solution was found. The main obstacles to a

solution were:

- The variation in the time at which recovery occurs for devices in a
series string;

~ The difficulty of detecting current zerc in any one thyristor with
only simple components;

- The difficulty of detecting whether ungated turn-on has occurred, so

that the protection can be reset at the next current zero.

The only other solution (apart from true self-protection) would be to
include so much inductance in the valve that no transient higher than
the 'safe' level {eg 75V/us) could occur. However, this would reguire a
substantial increase in the size, weight and cost of the wvalve
reactors, which would render the valve completely uneconomic compared
to conventional designs. It was therefore concluded that, whilst it
might be economically preferable to use external components to provide
VBO and dv/dt protection, forward recovery protection would have tco be

provided internal to the thyristor.



4.4 LITERATURE REVIEW.

The potential for light triggering of thyristors was recognised around
the time that they were invented in the 1950's [4.2]. However, light
triggering is only really economically attractive with high-power
devices, and these did not become available for many vears. In the
early 1970's, light triggering was used to cobtain ultra-fast switching
of thvristors in high-energy discharge eyperiments [4.3); however, this
involved 1illuminating a large propertion of the device area with an

extremely powerful laser pulse, and so was of little practical

relevance to HVDC.

The first attempts at aprlving light triggering to HVDC used the slave
thyristor approach [4.4]. However, for the reasons discussed in Section
4.2, there 1is little or no econcmic benefit in using this approach.
This technigue has only been applied to one HVDC scheme [4.5] (One of
the two projects mentioned in this reference was subsequently cancal-

led).

Several manufacturers have developed high-power thyristors with direct
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optical triggering [4.6, 4.7, 4.8,
prototype valves have been built ([4.12, 4.13, 4.14]. However, to
overcome the lack of self-protecting features, these prototvpe valves
have used at least 10% more thyristors in series than an equivalent
conventional valve, thus making them economically unattractive. Valves
using light-triggered thyristors without celf-prctection are therefors

not competitive with conventional valves [4.111.

In order to overcome these limitations, al

incorporate self-rrotecting f{eatures. The most popular
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forward voltage break-over (VBD) protection [4.11, 4.15, 4.16, 4. 17,
4.18]. Attempts to build in VBO protection have met with wvarying
degrees of success. At lower voltages (around 1500V), reasonably good
results have been obtained with the "laser-zapping” technique [4 171.
In one case, the development exercise has been reported az a failure

[4.6], but others have reported successful results at 6V 74 197,

However, none of the developments have reached a commercial status.

There has been little work on self-protecting features other than VBO
protection. In one case [4.6], dv/dt protection was achieved apparently
uintentionally. Dv/dt triggering was initiated by the optical gate.
and the thyristor was able to withstand repetitive dv/dt triggering
from its maximum forward voltage capability. BApart from this, however,
MEDL is the onlv manufacturer to have reported work on either dv/dt or

forward recovery protection [4.18].
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4.5 SUMMARY OF WORK CARRIED OUT IN STAGE 1.

al) Introduction

MEDL have been working on light-triggered thyristors (LTT's) for many
years. During the 1970's a small high-voltage LTT was developed for use
as a slave device with conventional high-power thyvristors (see Fiqure

4.2.12). However, due to the need for self-protection ag well as light

hi

-
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.

triggering for a light-triggered valve to be economicallv viable,

device was not applied commerciallv to HVDC.

In the early 1980's, work continued on developing a 56mm LTT incorpora-—
ting VBO protection. The protection system used a large number of
avalanche sites in the gate region surrcunded by ocurrent limiting
resistors. Avalanche in these regions was intended to gate the device
into conduction. However, infra-red photographs taken during turn-on
showed that onlv one or two sites were operating, so that most were
redundant. This was probably due to small variations in the depth of
the etched avalanche sites, and this experience led to the revised

philosophy of having a single VBO site on the next design of LTT.

b) Work carried out in Stage 1

incorporating
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At the start of Stage 1, first samples of th

no work had aen
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VBO protection were being produced. At that
carried out on either dv/dt or forward recovery rprotection. After
evaluation of the Sénm LTT's, MEDL produced o design for a light-
triggered, fully self-protecting thyristor. Since this design formed
the basis of much of the work carried out at MSDL during the prolect,

it is explained in detail in section 4.6.
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The design was first produced on 75mm silicon in March 1985, and a
series of tests were carried out on these devices. The results of these
tests are reported in section 4.7, but briefly were as follows. The

optical sensitivity of the device was found to meet or exceed design

~

targets; however, the dv/dt ratings of the sanples was relatively pocr,

N

suggesting that either the optical well was too desp, or that the
compensation mechanism was inadeguate. The VBO function was alsc
tested, but those devices that evhibited VBO cperation all had a VBD
level that was too low to be useful. The most encouraging feature of
the 1initial tests was that the devices appeared to be immune tc di/dt
failure at turn-on. This characteristic, known as "controlled turn-cn”,
is described in [4.15]. Turn-on transients of several hundred amps per
microsecond could be withstood with only marginal triggering., a
capability well beyond that of a conventional thvristor. This capabi-
lity also has important implications for the design of the valve light

triggering system; see Chapter Seven.

All of the batch of 75mm devices produced were used and destroyved in

the above tests. In order to permit investigation of the forward

I8

recovery protection mechanism, two batches of 30mm devices wsre put

described at the end of Section 4.6,

n

into process. These sample

i

became available early in Stage 2 of the preject.
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4.6 THE FIRST PROTOTYPE DESIGN.

al) Overview.

The outline of the prototype is shown in Figure 4.6.1. Turn-on takes
place through a two-stage amplifying gate; the first stage of this is
the optical well in the centre of the device, which also acts as the
site for VBO turn-on. The seccnd stage is the auxiliary amplifying
gate, which can be seen as three pairs of rectangular pads between the
central optical well and the three "satellite" wells; these satellite
wells are intended to perform the forward recovery protection. The
auxiliary amplifying gates feed into the prominent "fingers" which

extend into the main cathode to give a long turn-on edge.

Figure 4.6.2 gives an expanded view of part of the gate structure, and
an equivalent circuit of the device is given in Figure 4.6.3. Its

various features are described in the following sections.

b) Optical Triggering.

A cross-section through part of the optical well is shown in Figure
4.6.4, and will now be described region by region. Starting from the

centre, region A is a secondary well etched in the centre of the main

well. This secondary well serves three purposes:

_ it minimizes the thickness of silicon that has to be penetrated by

incident photons before they reach the depletion layer.

_ it increases the initial turn-on area; since turn-on cannot occur
where there is no n-emitter, turn-on should occur around the

periphery of this well rather than at a point in the centre, thus

improving the di/dt capability of the well.
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- it triggers VBO action (See section c) VBO Turn-on).

Region B is the emitter of the pilot thyristor where turn-on initially
takes place. This deep region of emitter is necessary because, to
achieve good optical sensitivity, a high sheet resistivity is required
under the emitter, typically 800 - 1000 ohms/square. The resistivity
under the main cathode emitter is only 300 chms/scuare, and so a deeper

cathode diffusion is used for the pilot thyristor.

Regions A and B are both coated in silicon nitride (not shown), which
acts as an anti-reflectant coating to improve the absorption of infra-

red light.

Region C is diffused at the same time as the main n-emitter. and has a
high emitter efficiency due to its thickness (60um compared to 5um for
the deep emitter) and high doping concentration at the surface. After
initial turn-on at the inner edge of region B, the conducting area
spreads to region C. A ring of aluminium metallization is placed on top

of region C to collect the current that flows in the optical well.

Current from the optical well flows down the three radial spokes "D",
which can also be seen in Figures 4.6.1 and 4.6.2. Because of the
silicon nitride insulating layer (Figure 4.6.4), current can only flow
into the p-base in the region between the two auxiliary amplifving
gates, as shown in Figure 4.6.5. Current flowing under these gates
forward biases them and turns them on; this feeds current to the
auxiliary cathode metallization and out to the main emitter, thus

causing turn-on in the main body of the device.

In order to limit the current that flows into the gate structure during

turn-on, two sets of control resistors are built into the gate. The
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first of these, Rcl, is located between the radial spokes and the
auxiliary amplifiers; the second, Rc2, is located between the auxiliary
metallization and the main cathode. Both of these are shown in Figure
4.6.5. The resistors are created by etching away the highly-deped and
therefore high-conductivity silicon at the surface of the device, so
that the remaining p-base has a high sheet resistivity. (Figure 4.2.7
shows the variation of sheet resistivity with depth). The full

equivalent circuit for optical turn-on is given in Figure 4.5.3.
c) VBO Turn-on.

VBO turn-on 1is intended to occur by avalanche at the centre of the
optical well. The small secondarv well is etched tc a depth such that,
when the forward voltage across the device reaches the required VEO
level, the depletion layer in the p-base just reaches the bottom of the
well. The discontinuity caused by the well distorts the electric field.
thereby triggering avalanche. Alternatively, if the bottom of the well
is damaged (eg by laser zapping), it cannot be depleted and will
therefore act as a source of electrons; when the depletion laver comes
within one carrier diffusion length, electrons will be injected into
the depletion layer and turn-on will commence. This latter mechanism is

more analogous to punch-through than avalanche.

Turn-on starts in Region B of Figure 4.6.4, and propagates as for

optical triggering.
d) Forward Recovery Protection.

Forward recovery protection is activated by the three satellite wells

shown in Figure 4.6.1. These wells are almost identical in construction

to the optical well seen in Figure 4.6.4, the only difference being
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that the metallization on region C is extended down onto region B. The

proposed mechanism for providing forward recovery protection is descri-

bed below.

After processing, the devices are selectively irradiated, which is
achieved by placing thick metal shields over the three satellite wells
and bombarding the device with electron irradiation; see Figqure 4.6.6.
The resulting radiation damage lowers the carrier lifetime in all areas
of the device except those under the satellite wells. During normal
conduction, charge diffuses under these wells from the msin cathode, as
shown in Figure 4.6.7. Once conduction ceases, this charge recombines
more slowly than that in the main body of the device due to the longer
carrier lifetime. The satellite wells are therefore the last areas of
the device to recover the ability to block forward voltage. If a
forward ramp is applied to the device whilst the main cathode is going
through its period cof vulnerability to forward recovery damage, the
satellite wells will trigger the device into conduction. The ramp will
sweep out the residual charge under the well, causing turn-on in a
similar manner tc optical triggering. The main cathode therefore does
not see the potentially destructive ramp, whilst the satellite wells
are protected from damage during turn-on by the control resistors. The
control resistors are common to both the optical well and the satellite

wells, since all the wells are connected by the radial spokes of

metallization.

e) Dv/dt Compensation.

The metallization connecting the four wells is arranged such that when
a forward dv/dt is applied to the device, the displacement current

generated under the wells flows straight to the auxiliary metalliza-
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tion. Figure 4.6.8 shows this current flow under the satellite well;
the case for the optical well is similar. This current produces a
potential drop under the n-emitter in the well, tending to turn it on.
The compensation voltage to offset this is derived from Rcl, as shown
in Figure 4.6.9. The displacement current flowing from the region
between the auxiliary amplifiers creates a voltage between the spoke
and the auxiliary metallization. This makes the spoke positive with
respect to the auxiliary metallization, and since the spoke is
connected to the n-emitter in the well, it tends to bias it off. The

equivalent circuit is shown in Figure 4.6.10.

An unprotected thyristor in an HVDC valve can see dv/dt rates up to
10kV/us and beyond. It would incur serious penalties to make all areas
of the thyristor able to withstand such dv/dt rates without turning on,
and so it is necessary to ensure that safe turn-on occurs when the
specified withstand level (usually 2-3kV/us) 1is exceeded. It Iis
therefore important that the wells are not biased off for all dv/dt
rates, but that when the specified level is exceeded, the wells turn on
before any other area of the device; the control resistors will then
protect them from damage. To achieve this requires accurate control
both of the sheet resistance under the well, and the value of the
control resistors. In this design, the control resistors have to be
etched to within 3.5um of specification. If they are etched deeper than
specified, the well will never turn on under dv/dt conditions; if they
are shallower than specification, the well will turn on at a dv/dt rate
below that required. This accuracy of control is difficult to achieve

with conventional wet-etch techniques, and so this has important

implications for the yield of the device in production.
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£) 30mm Samples.

In order to permit more extensive evaluation of the forward recovery
protection mechanism, a set of 30mm samples was manufactured which
reproduced the relevant features of the mechanism. The design cof these
is shown in Figure 4.6.11, which illustrates how the gate structure
contains two satellite wells linked by a single spoke, with one pair of
auxiliary amplifier pads. There are no long gate fingers on the
auxiliary metallization, since the devices were not intended for high
di/dt testing. The design of the wells, amplifiers and control

resistors is the sane as for the main device described above.
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4.7 EVALUATION CARRIED OUT IN STAGE 1.

This section sumarizes the tests that were carried out on the first

(75mm) samples of the prototype.
a) Optical Triggering.

Initially, optical sensitivity was measured with an infra-red LED, and
tests were carried out at room temperature. A typical set of sensiti-
vity curves is given in Figure 4.7.1, which display two features that

were expected:

- Sensitivity improves with voltage (as explained in Section 4.2);
- As the gate pulse width is shortened its amplitude has to be
increased, since turn-on of the pilot thyristor is "charge-

controlled" for short gate pulses [4.20].

Later, an infra-red semiconductor laser was used for triggering the
thyristors, with an optical pulse length of approximately 150ns. In
Figure 4.7.2, the rapid improvement in sensitivity with voltage can be
clearly seen. The reason why this improvement is so pronounced at low
voltages is that the width of the depletion layer is proportional to
the square root of the applied voltage [4.21), so that the rate of
change of width with voltage is greatest at low voltages. This rapid

widening of the depletion layer affects optical sensitivity via two

separate mechanisms:

- The percentage of photons reaching the depletion layer increases;
_ The efficiency of the npn transistor improves, since minority

carriers injected from the n-emitter have less far to travel to reach

the depletion layer.
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The absolute levels of sensitivity measured were good, being substan-

tially better than the target sensitivity of 40nJ at 60V.

b) Dv/dt Capability.

The dv/dt capability of the samples was not measured beyond 2kV/us or
above room temperature. The target specification for these devices was
2-3kV/us at 110°C, and if this had been met, a considerably greater
dv/dt capability would have been achieved at room temperature, since
dv/dt current flow is a strongly temperature-dependent. Despite this,
several of the devices failed to achieve 2kV/us at room temperature.
A possible explanation for this is that the devices tested did not have
the silicon nitride insulating layer shown in Figure 4.6.4, so that the
dv/dt compensation would not be fully effective. However, even after

taking this into account, the results were not promising.

The samples with the shallowest wells were found to have the highest
dv/dt capability, which was expected since the p-base sheet resistance

under the pilot thyristor emitter would be lowest.

c) Di/dt Capability.

Tests for di/dt capability were carried out wusing the simple LC
discharge circuit shown in Figure 4.7.3. Destructive levels of di/dt
were found to be 200 - 300A/us for threshold triggering, which is very
good compared to conventional electrically-triggered thyristors. Device
failures all occurred at the edge of the optical well, which was
attributed to breakdown of the "parasitic" pn diode at the edge of the

well, caused by the generation of excessive voltage across Rcl; see

Figure 4.7.4.
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d) VBO Turn-on.

Of the first eleven 75mm samples produced (with a variety of depths of
secondary well), only three exhibited VBO turn-on; for the others, the
forward withstand level of the device was reached before VBO triggering
occurred. The results obtained are shown in Figure 4.7.5. The "best"
device showed VBO turn-on at 3kV with a well depth of 48um; however,
another device with a well 5lum deep was tested up to 4.75kV without
turn-on. This shows the unpredictability of the VBO mechanism, and

thus the necessity for "interactive" etching of the VBO well (ie

testing for VBO action, etching the device, testing again and so on).

The device which switched at 3kV survived single-shot turn-on in a
circuit similar to that used for di/dt testing, with a stable VBO
level. Six other devices were "zapped" with a ruby laser to try to
induce VBO operation (refer to [4.17]); after each "zap", the device
was tested for VBO switching. VBO levels of 2.5, 3.0 and 3.1kV were
achieved on three devices, but for the remaining three devices, one
laser "zap" took them from no VBO switching to short circuit. This
again high-lighted the difficulty of controlling the VBO protection

mechanism. There was also some doubt as to the stability of the VBO

level when laser "zapping" had been used.

The design target for VBO protection was that switching should occur at
5kV  + 100V, and therefore substantial improvements were necessary in

the performance of the VBO mechanism.
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e) Conclusions.

By the end of Stage 1, promising results had therefore been obtained
for optical sensitivity and turn-on capability, but dv/dt capability
and VBO results were poor, and no work had been carried out on forward
recovery protection. Chapter Five describes the work carried out in

Stage 2 of the development.
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CHAPTER FIVE: DEVELOPMENT OF THE THYRISTOR, STAGE 2.

5.1 INTRODUCTION.

This chapter describes the development work carried out on the
thyristor between December 1985 and September 1986. In this period,
extensive evaluation of the prototype thyvristor design was undertaken,

either by the author or under his supervision.

Testing of the prototype design was restricted by the availability of
suitable representative devices. Thus, since 100mm samples were not
available until March 1986, 1initial investigations were carried out on
30mm samples. The testing programme is described under the following

headings:

- Optical sensitivity;
- Forward recovery protection;

- Charge extraction;

Dv/dt capability;

VBO protection;

Turn-on capability.

The charge extraction experiments were related to the principle of
forward recovery protection. The other headings are self-explanatory,
and relate to the various features of a fully self-protecting light-
triggered thyristor. A brief summary of the results obtained from this

programme is given in Section 5.9.
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5.2 EVALUATION OF OPTICAL SENSITIVITY.

a) 30mm Device Testing.

Optical sensitivity of the 30mm devices was measured as a function of
applied voltage at room temperature in order to confirm the earlier
results. For these tests and all subsequent tests involving optical
triggering, one of the laboratory light firing systems was used (See
Chapter Seven). Unless otherwise stated, the optical pulse width was

set to 125ns.

A typical sensitivity characteristic for a 30mm device is given in
Figure 5.2.1. Once again, this demonstrates the rapid improvement in

sensitivity with voltage.

b) 100mm Device Testing.

The 30mm devices were known to have shallower optical wells (and
therefore poorer sensitivity) than was proposed for the prototype
thyristor. The 100mm samples produced later had the correct depth of
optical well, and therefore better optical sensitivity. The tests on
these 100mm devices were carried out at a single voltage (60V), since
it was considered that changing the depth of the optical well would not
alter the shape of the optical sensitivity characteristic, but only
scale it. Figures obtained for the 100mm samples are given in Figure

5.2.2.

Effect of Metallization in the Well

Since the metallization in the satellite wells did not cover the

central secondary well, it was possible to optically trigger these

-

sites, and so the results for these wells are included in Figure 5.2.2.
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The sensitivity of the optical wells was better than for the 30mm
devices, as expected; however, it was observed that the sensitivity of
a satellite well was generally around 20% better than the optical well
on the same device. The only difference between the designs is that for
the satellite wells, the metallization runs down into the well (Figure
4.6.6), and so it was concluded that a "significant" level of current
must flow through the pn junction at the bottom of the well bhefore
triggering occurs. Since in the optical well this current has to flow
through the lateral resistance of the thin pilot emitter, some of the
bias across the junction will be offset. 1In the satellite well, the
metallization is brought much closer to the centre of the well, so that
the effect is reduced; Figure 5.2.3 compares the two well designs and
their equivalent circuits. This conclusion (ie that significant current
flows through the optical well before triggering occurs) was later

corroborated by measurements made during turn-on; see section 5.7.

Comparison with Results from Other Workers.

Since the laser pulse was so short, the sensitivity in Figure 5.2.1 is
quoted as an energy in nanojoules. However, most workers in this field
have used LED's driven with long pulse widths (eg 100us) to trigger
their light-sensitive devices, and so published figures for sensitivity
are usually quoted as power in milliwatts (eg [5.1]1). It is therefore
difficult to compare sensitivities directly. If it is assumed that all
the optical energy delivered to the device during its delay time
contributes to turn-on, then it is necessary to know both the threshold
power and the associated turn-on delay time in order to compute a
threshold energy. The delay time near threshold triggering is normally

long and very sensitive to small changes in the level of overdrive;
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since it is not usually of practical interest, it is rarely quoted. If
a delay time of 5us at threshold triggering is assumed for the data
given in [5.1], then energies of around 25nJ result, making the
prototype similar to state-of-the-art developments elsewhere. If a
delay time of 20us is assumed, as could be the case, the prototype
looks substantially better. In one of the light-triggered valves
referred to in section 4.4 [4.14], a minimum operating energy of 20nJ

was used.
Effect of Fibre Alignment.

The threshold optical sensitivity was also measured as a function of
the alignment of the fibre over the well. It has been reported [5.2]
that when the n-emitter is left in place in the centre of the well,
sensitivity is improved for a shorted structure. This is said to occur
because, In addition to the photo-current generated in the main
depletion layer, current is also generated in the residual depletion
layer between the p-base and the n-emitter. This current circulates
through the shorted structure and contributes to forward-biasing the n-
emitter. Although the depletion layer here is much narrower due to the
junction being partially forward-biased, the photon flux will be
substantially greater because it is close to the surface. The contribu-

tion to turn-on sensitivity is therefore claimed to be significant.

On the basis of this theory, one might expect the optical sensitivity
to improve 1if the fibre was moved away from the secondary well to a
position over region B (Figure 4.6.4). In practice, this was not found
to be the case; the sensitivity deteriorated as the fibre was moved
into region B, ultimately reaching a level about 40% worse than when it

was over Region A. It was concluded that any benefit arising from the
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circulating photo-electric current was more than offset by the increa-
sed attenuation in the silicon. This would be exacerbated by the high
doping in the pilot emitter, which gives it a higher attenuation than
intrinsic silicon. Further tests to investigate this theory are

described in Chapter Six.

Effect of Optical Pulse Length.

At the outset, it was expected that optical sensitivity would be
independent of pulse length for very short pulses. This was because
pulses of less than one microsecond duration would be well within the
"charge-controlled" triggering regime, so that a constant energy
criterion would apply. Tests were carried out on a 30mm sample to
confirm this, in which the sensitivity at 30V bias was measured for
pulses of 100, 200 and 400ns duration. No variation was found within
the bounds of experimental error. When the alignment of the fibre over
the well was not disturbed, repeatability of sensitivity measurements

was found to be better than +1%.
Effect of Repetitive Optical Pulsing.

Another feature of interest in the optical triggering of these devices
is the optical integration time. The practical importance of this
parameter is that it determines, for a train of short optical pulses to
the gate, how close the pulses have to be to ensure that the thyristor
will turn on immediately in response to any randomly-timed forward
voltage ramp. This is because, under some conditions, it is necessary
to ensure that the thyristor behaves as a diode, and the 1light
triggering system aims to achieve this by giving the device a train of

optical pulses (see Chapter Seven). The design was based around the
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assumption that as long as the pulses were not separated by more than
20us, they would appear as continuous illumination to the gate. The

following experiment was undertaken to test this.

For six 100mm samples and two 30mm samples, the optical sensitivity of
the satellite wells was measured. The pulse output of the laser was
then reduced to 20 - 30% below the threshold level, and the pulse
generator set to repetitive operation. The frequency of the pulses was
then Iincreased from 10Hz until the device triggered. The results of
this experiment are given in Figure 5.2.4. The frequencies necessary to
cause sub-threshold triggering varied from SkHz to 22kHz, and there was
a reasonable correlation between the amount by which the pulse energy
was reduced below threshold, and the frequency necessary to cause
triggering. This experiment does not fully represent the conditions of
interest described above, but it does give more confidence to the 20us
figure assumed above, since the minimum pulse spacing required was
50us. Further consideration of these results is given in Section 5.8,

"Theoretical Discussion of Optical Triggering".

c) Conclusions.

Results of the optical sensitivity tests were generally as expected. A
good level of optical sensitivity was achieved, and the improvement in
sensitivity with applied voltage was demonstrated. For short optical
pulses, the triggering sensitivity was shown to be independent of
optical pulse length, and the response of the gate to repetitive

pulsing with sub-threshold pulses was characterised.

Only in two areas were the results wunusual. Firstly, a laver of
metallization on the pilot thyristor emitter was found to give a

significant improvement in optical sensitivity, and an explanation for
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this was presented. Secondly, illuminating the gate through a layer of
n-emitter did not give an improvement in sensitivity (as reported by
others), although this may have been because the optical well design

was not optimised for this mode of operation.
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5.3 EVALUATION OF FORWARD RECOVERY PROTECTION.

a) The Test Circuit

The circuit used for testing forward recovery protection is shown in
Figure 5.3.1, and 1is based on one developed at the GEC Engineering
Research Centre in Stafford. The components shown inside the dashed
line represent the thyristor's electrical environment inside the wvalve
(described in Chapter Two). L1 and L2 are non-linear inductors, R3 and
C3 the damping circuit, and C4 the fast grading capacitor. R1 is the dc
grading resistor. To the left of the dashed box is the main current

pulse circuit; to the right is the impulse circuit.

Referring to Figure 5.3.1, circuit operation is as follows. A half-
sinewave current pulse is passed through the device under test ("DUT")
with a magnitude sufficient to fully spread conduction in the device.
The pulse is triggered by firing TH1 and DUT, so that C1 discharges
through L3 with a half-period of 4ms. At the end of the pulse, the
device undergoes negative recovery, in which some of the excess charge
in the transistor bases is removed by reverse current flow, and the
rest decays by natural recombination. At this point, the state of the
thyristor is the same as it would be after negative recovery in an HVDC

valve.

At some predetermined time after current zero, the thyratron is fired.
This discharges C2 into the thyristor-level circuit, and causes a
forward dv/dt to appear across the thyristor. If the thyristor has had
insufficient time to recover, the charge swept out by the ramp will
trigger the device into conduction, and the ensuing inrush current may

damage it (See Chapter Four). The rate of rise of the forward ramp can
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be set to "high" or "low" depending on whether or not R2 is included in
the circuit. If the resistor is in, the dv/dt is low (typically
10V/us), and the thyristor will not be damaged if it fails to recover.
This is useful for determining the recovery time of the thvristor.
Shorting out the resistor increases the ramp rate to around 100V/us, so
that if the thyristor undergoes marginal forward recovery failure, it
would be damaged unless it was self-protecting. Higher dv/dt rates

could be achieved by reducing the value of 14.

b) Design of Irradiation Shields

The prototype thyristor design relied upon using selective electron
irradiation to create regions inside the gate structure with longer
recovery times than the main cathode (section 4.6). The dimensions of
the irradiation shields to be used over the selected regions are

discussed below.

Initially, three mask designs were used for electron irradiation. Mask
#1 was designed to produce a long life-time region under the satellite
wells, so that charge that diffused there during normal conduction
would recombine more slowly than charge under the main cathode. See
Figure 5.3.2. However, it was recognised that this might not be the

ideal design for two reasons, as follows.

Firstly, there is no particular reason why the last area of the cdevice
to be in conduction should be next to a satellite well. As the current
through the device falls, the conducting area will break up into
filaments as those areas with a slightly higher Vf go out of
conduction. Thus some areas of the device will start to recover sooner
than others. Therefore, even if there is a longer life-time under the

satellite well, the mechanism will be defeated if the last area to
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conduct is some distance away from the well, so that the well starts
its recovery period before the remote area. This effect will be more
pronounced at low di/dt rates, when there will be a longer time delay
between the onset of current filamentation and current =zero. To
compound this effect, the row of shorting dots along the inside edge of
the main emitter (necessary for dv/dt performance) will raise the local

Vf in that area, tending to force current away from the satellite well.

Secondly, because the mask only covered the well, the area between the
well and the inside edge of the main cathode would be irradiated, as
can be seen in Figure 5.3.2. Since any charge reaching the satellite
well has to diffuse across this region, irradiating it will hinder this

since the diffusion length will be reduced.

To overcome these drawbacks, Masks #2 and #3 extend onto the main
cathode to create a region of low Vf round the satellite well; see
Figures 5.3.3 and 5.3.4. This procedure should ensure that the last
filament of current flow is next to a well, and that this is
therefore the last area to start recovery. Mask #2 has uniform
thickness, so that no irradiation reaches the main cathode near the
well or the region between the main cathode and the well; this should
facilitate maximum diffusion of charge to the well. However, it was
possible that this would make the edge of the main cathode wulnerable
to forward recovery damage, since it has the same carrier life-time as
the well. To avoid this eventuality, Mask #3 was designed with a graded
thickness, which should help in two ways: firstly, it ensures that the
longest life-time region is under the well, and secondly, it creates a

horizontal Vf gradient in the bulk of the device. This will encourage
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lateral current flow under the well, increasing the amount of charge

diffusion as shown in Figure 5.3.5.

The electron beam energy for these tests was 5.5MeV, and the devices
were irradiated by placing them on a trolley which passed through the

beam at a controlled speed.

¢) 30mm Device Tests.

The first devices to be tested for forward recovery protection were the
30mm thyristors (see Figure 4.6.11). Devices were selected for testing
on the basis of optical sensitivity and tgq (recovery time). During
processing, the depth of the optical well had been deliberately varied,
so that there were wide variations in sensitivity between devices.
However, although two wells on the same device had nominally the same
depth, there was found to be a substantial variation in optical
sensitivity between them. Typical variations were 20 - 30%, but in some
cases one well was almost twice as sensitive as the other; se=s Figure
5.3.6. This was attributed to unevenness in the chemical etching used
to produce both the main well and the secondary well, which was
confirmed by measurement of the well depths using a "Talysurf”

mechanical surface measurement device.

There was also found to be a very wide variation in tg between devices,
with the recovery times varying from 56us to more than 500us under the
same low dv/dt conditions (as shown in Figure 5.3.6). A spread as large
as this is unlikely to be due simply to process variation, and so it
was suggested that there might be inhomogeneities in the solder bond to
the molybdenum backing disc. A region of poor contact in this bond
would act as a reservoir of charge, since the charge extraction during

reverse recovery would be reduced, and this would extend tg accor-
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dingly. It would also defeat the mechanism of forward recovery
protection by creating local regions with a recovery time possibly
longer than that in the satellite well. Devices with very long recovery
times were therefore excluded from the tests; otherwise, the wells
which were most sensitive optically were used, since these would

probably be most sensitive to forward recovery turn-on.

Interference Problems.

Initially, the device being tested was triggered electrically by means
of an aluminium wire ultrasonically bonded to the thin spoke connecting
the metallization on the two wells. However, it was found that spurious
electrical signals appeared on this wire when the thyratron was fired
to initiate the forward voltage ramp. This led to the device being
turned on by the gate while the forward ramp was being applied, giving
the appearance that the forward recovery protection mechanism was
working. 1In some cases, the turn-on was very close to threshold, so
that the delay times were very long. Under these long delay time
conditions, the ramp would go up to its maximum value (eg 2kV) and stay
there for perhaps 30us before the device triggered; in fact. a delav of
over 100us was observed in one case. Although this did not demonstrate
operation of the forward recovery protection, it at least proved that
the device could survive marginal triggering from this voltage in the

thyristor-level circuit.

The interference was traced to two sources: firstly, there was cross-
talk in the electronic timing circuits, such that when a trigger pulse
was sent to the thyratron, a brief spike appeared on the gate leads to
the DUT, and secondly, interference was electro-magnetically coupled

from the firing of the thyratron itself. 1In order to eliminate both of
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these sources, it was decided to optically trigger the DUT using the
arrangement shown in Figure 5.3.7. The laser drive circuit was fed from
a pulse generator, and the input to the pulse generator was fed from
the test circuit via an RC damping network to attenuate spurious
signals. In order to demonstrate that no spurious laser pulses were
being generated, the voltage on the energy storage capacitor in the
laser drive circuit was monitored. (The design of the laser drive
circuit is described in Chapter Seven). The 125ns electrical pulse to
the laser was too short to see on the oscilloscope with the time-base
used to monitor the forward recovery event; however, the storage
capacitor had a recharge time of approximately 50us, and the dip in its

voltage could be clearly seen when the laser fired.

In order to distinguish between random turn-on in the main cathode and
protective turn-on through the gate under forward recovery failure, the
voltage across the two control resistors was measured; see Figure
5.3.8. If turn-on was occurring via the gate, then current flowing
through the control resistors would cause a voltage to appear there
before the collapse in main cathode voltage. If turn-on was occurring
in the main cathode, however, then the only voltage that would appear
on the gate structure would be the normal p-base to n-emitter bias, Iie
of the order of 1V. This measurement required that connections be made
to the gate structure, and therefore once again raised the possibility
that interference might be coupled into the gate. However, it was felt
that the oscilloscope input impedance was sufficiently high to prevent

any significant currents flowing in the measurement loop due to

electromagnetic pick-up.
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Test Results.
First Set of Devices.

The first set of devices that were tested are listed in Table 5.3.1.
These consisted of a control device with no irradiation, a device which
was irradiated uniformly with 40kRad, and two devices with #1 masks and
40kRad and 80kRad doses respectively. The unirradiated control device
was tested first, and whilst it was being electrically-triggered, the
predicted phenomenon was observed during forward recovery failure, ie
the wvoltage across the control resistors rose before the device
switched. This meant that the device was being turned on by the gate
during forward recovery failure, as shown in Figure 5.3.9 for a low
dv/dt ramp. (Note that the zero current level before triggering is
offset due to saturation of the current transformer caused by the main
current pulse). This was initially taken to mean that the forward
recovery protection mechanism was working without selective irradia-
tion, which was at least partially plausible, because although there
would be little charge left under the well after recovery compared to
the main cathode, the well is much more sensitive to turn-on. However,
once the presence of interference was discovered on the gate leads, and
optical triggering was employed, these gate voltages no longer appeared
during forward recovery failure. It was therefore concluded that the
protection mechanism was not working. Despite this, prolonged attempts
to damage the device by forward recovery failure were unsuccessful, and
the device survived many ungated turn-on events from 1.7kV. This was
the most severe recovery failure that could be induced, while the ramp
voltage was set to its maximum of 2kV. Only when the device was raised
from room temperature to 70°C did failure occur; in this case, a single

ungated turn-en from 1.5kV destroyed the device. The failure site was
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between shorting dots on the main cathode, which is consistent with

normal forward recovery failure damage; see Figure 5.3.10.

The sensitivity of forward recovery damage to temperature is already

known [5.3]. and is presumed to be due to two factors:

- the reduction in spreading velocity as temperature increases; at room
temperature, the area in conduction increases rapidly after initial
turn-on, so that the energy density and total energy dissipated in
the turn-on event are reduced.

- at higher temperatures, the rise in temperature necessary to reach

thermal runaway will be reduced.

After the failure of this control device, the other three devices were
also tested under similar conditions at 70°C and vielded the same
results, ie normal forward recovery failure damage between shorting
dots on the main cathode. The protection mechanism was therefore not

working with the masks and radiation doses used.

Second Set of Devices.

Following the unsuccessful results from the first batch of fcur
devices, a second set of 15 test devices was prepared; see Table 5.3.2.
These included mask types #2 and #3, with different radiation doses.
There were also three devices which had a #1 mask on the main cathode
and different doses; this was to try to determine the level of
selective irradiation necessary to control the position of the last
area to recover. Fast Neutron Detector ("FND") diodes were used to
measure the radiation given to unmasked areas, and also to measure the

dose penetrating the various masks. The change in Vf of these dicdes
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can be used to calculate the radiation dose, and the results of the FND

diode measurements are given in Table 5.3.3.

Unfortunately, the tests on this larger sample of devices were also
unsuccessful. None of the devices showed any voltage generated in the
gate during forward recovery failure, and all the devices were
destroyed by forward recovery damage when heated to 70°C. The devices
with the #1 masks failed in the main cathode, as before; those with #2
and #3 masks usually failed on the inside edge of the main cathode in
the shielded area (Figure 5.3.11), although some with the #2 mask and

low radiation doses failed in a random location on the main cathode.

Of the samples which had a #1 mask on the main cathode, those which had
a 11.5kRad dose failed on the main cathode, but not in the shielded
location. A dose of 11.5kRad was therefore insufficient to control the
position of the last area to conduct (the region of "vestigial
current”). The one which received a 40kRad dose suffered voltage
failure before marginal forward recovery failure could be induced, and
SO no result was obtained. The dose necessary to control the vestigial
current is important because the normal radiation dose for lifetime
control in HVDC devices is around 20kRad; thus if it is necessary to
use levels higher than this for vestigial current contrel, a penalty in
the VEf of the device would be incurred. Results from the main batch of
devices showed that, where the mask was extended onto the main cathode
and a 75kRad dose used, this did determine the position of the failure
site. The dose necessary for controlling the vestigial current flow was
therefore concluded to be between 11.5 and 75kRad. However, due to the
uncertainties about alloyving arising from the wide variations in tg, it
was felt that the figure might be better for fullv-floating devices due

to their better contact unifermity.
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d) 100mm Device Testing.

After completion of the above tests, some fully-rated 100mm devices
became available, and so testing concentrated on these larger structu-
res which had the correct sensitivity in the optical and satellite

wells.

In view of the failures on the inside edge of the main cathode
associated with masks #2 and #3 on the 30mm devices, a fourth mask
design was proposed. The mask would have to ccme reasonably close to
the main cathode so as to attract current flow by the reduced Vf, and
avoid reducing the carrier diffusion length, but it must not come so
close that forward recovery damage occurred on the main cathode edge. A
compromise of half way between the auxiliary ring and the main cathode
edge was chosen; see Figure 5.3.12. These #4 masks were produced from
steel rod and were 8mm deep, steel being used since it is more easily
machined than molybdenum. The mask thickness was increased to 8mm,
compared to 3mm for the molybdenum masks #2 and #3, because of the

reduced absorption of electron irradiation in steel.

The first 100mm device was given a 40kRad dose of radiation with two of
the satellite wells shielded with #4 masks, and the test results are
shown in Figures 5.3.13 to 5.3.16. Figure 5.3.13 shows the vocltage
generated across Rcl and Rc2 during marginal forward recovery failure
for conditions of low dv/dt, 350V ramp: the peak voltage across the
control resistors is around 25V. Figure 5.3.14 shows failure under
similar conditions on an expanded time-scale, and it can be seen that
the rise in voltage across Rcl and RcZ precedes the main increase in

anode current at turn-on. Figures 5.3.15 and 5.3.16 are records for
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failures with a high dv/dt, 350V ramp; in these cases, the voltage
across Rcl and Rc2 reaches a peak of around 75V, and again the rise in
this voltage clearly precedes the main increase in anode current and
the collapse of anode-cathode voltage. The conclusion drawn from these

results was that the protection mechanism was working.

The ramp voltage (and therefore dv/dt) was gradually increased, and the
recovery time "tg" measured, as shown in Figure 5.3.17. When the ramp
voltage was increased to its maximum level of 2.0kV, however, the
device failed on first application of this ramp, even thocugh the ramp
was applied at the maximum delay of Ims after current zero. Two failure
sites were evident on the device; one on the inside edye of the main
cathode, and the other in the bulk of the main cathode, which makes it
difficult to define the cause of the failure. However, the device was
known to have reduced voltage blocking capability before the tests
started, with leakage starting to increase significantly at around 2kV,
and so one site could be attributed to voltage breakdown. An alterna-
tive explanation is that, although the protecticn mechanism was werking
effectively at low ramp voltages, the inherent delay in its operaticn
may have allowed turn-on to occur "simultaneously" on the main cathode.
This could have created limited damage, making that area vulnerable to

voltage failure.

In addition to forward recovery tests, the next two devices to be
tested were also used for the "charge extraction" experiments described
in section 5.4. The first of these was tested for low dv/dt forward

-

recovery failure before irradiation; see Figure 5.3.18. From thi

[#7]

figure, it 1is clear that there is negligible veltage across Rcl and
Rc2 during forward recovery failure, which reinforces the conclusion

that the protection mechanism was werking for the vprevious device,
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where around 25V was seen across the control resistors under the same
conditions. This new device was then Iirradiated with all the
satellite wells shielded by #4 masks, but unfortunately it failed
immediately when it was tested after irradiation, as descrikbed in
section 5.4. The major failure sites were the scorched auxiliary
metallization rings around two of the satellite wells. A further device
was irradiated with two wells masked, but this also suffered the same
fate. Possible causes of these failure and remedies for them are

discussed in section 5.4.

To prevent further recurrences of this failure mode, subsequent devices
had small breaks made in each end of the thin semi-circle of auxiliary

metallization around each well, as shown in Figure 5.3.19.

The next device was prepared with 40kRad irradiation and all three
satellite wells shielded with #4 masks. During forward reccvery
failure, no significant voltage (ie less than 1V) was seen acrcss Rcl
and Rc?2 under both low and high dv/dt conditions. However, during
testing at room temperature, the device failed in the region of the
optical well; see Figure 5.3.20. At the point where each radial spoke
rises from the level of Rcl to the ring of metallization on top of the
optical well, the aluminium had melted. The voltage at which the device.

had switched during forward recovery failure was 300V.

It was already known that these points represented potential weak spots
in the structure. This 1is because the aluminium metallization is
evaporated onto the structure in a direction normal to ths surface. and

t

so where the tracks cross over "steps" in the surface, they can become
quite thin. These wesk points could then be destroyed by current flow

resulting from triggering in either the optical well or one of the
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satellite wells. The ring on the optical well acts as a distribution
point, so that current from one satellite well can flow to all three
sets of auxiliary amplifiers. If the failure was dus to inrush
following optical triggering for the main current loop, the device
should have been damaged in the first few test shots; the fact that it
happened after some time suggests that triggering from a satellite well
was responsible. However, this is not consistent with the lack of

voltage on Rel and Re2 during forward recovery failure.

A second device was prepared as above, and to prevent a repeat of the
failure mode described, aluminium wire was ultrasonically bonded over
the steps round the optical well, as shown in Figure 5.3.21. This wire
was 250um in diameter compared to the nominally 30um ¥ 200um cross-
section of the metallization. Under test, no voltage was observed
across Rcl and Rc2 during forward recovery failure, as hefore. However,
the device again failed (for ungated turn-on from 450V) at one of the
steps in the metallization; in this case it was where one of the spokes
joined a satellite well, as shown in Figure 5.3.22. This failure site
seemed to suggest strongly that turn-on was occurring at the satellite
well, but this was still contradicted by the absence of voltage across

Rcl and Re2.

A third thyristor was prepared with all the steps strengthened with
aluminium wire bonds. This device also failed under similar circumstan-
ces to the previous two, with the failure site being underneath the
aluminium bond over one of the steps at the optical well. The aluminium

e fact that ths

bond wire had to be removed to find the failure site,
wire was not melted suggested that something more than simple current

density was causing the failure, and it may have besn a recurrence of
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the previous difficulties encountered with the parasitic diode breaking
down (eg Figure 4.7.4). It had not been expected that much current
would flow through the diode in this region, since the path to the
auxiliary metallization was longer than at other points on the
periphery of the well, and therefore would have a higher resistance.
However, if the presence of the silicon nitride insulating laver
reduced the breakdown voltage of the diode for some reason, then this
path could attract significant current, resulting in destruction of the
diode. For example, the etch to selectively remove the silicon nitride
would go beyond the thickness of the nitride; this would result in the
surface doping concentration of the diode under the nitride bkeing
higher than that elsewhere around the well, giving it a slightly lower
breakdown voltage. Even so, this voltage should have been measurable at
forward recovery failure, and no voltage was observed. Whatever the
explanation, the fact that the devices were failing in the gate regicn
rather than the main cathode did suggest that the protection mechanism

was operating in some fashion.

Because of these unusual failures, testing was discontinued until a
technique for measuring current flow through a well was develcped; see
section 5.7. This involved breaking the metallization at the step(s),
and then reconnecting it through an external locp of wire sc that the
current flow in the wire could be measured. Figure 5.7.7 shows the
arrangement used. It was therefore decided to apply this technique to
see if the satellite wells were turning on at forward recovery failure,

as suggested by some of the test results.

A device was prepared with all three wells shielded, and a 40kRad dose

of radiation. The thin auxiliary metallization rings round the wells
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were broken as before. All four wells were isolated from the gate
structure by breaking the metallization over the steps, and one wire
was bonded to each well and brought out. The three radial spokes were
then connected together, brought out and joined to the four wells
externally. In this way, the current through all the wells could be

monitored, as shown in Figure 5.3.23.

During forward recovery failure, no current was observed to flow
through the satellite wells on the device. This agreed with the fact
that no voltage had been measured across Rcl and Ec2 during forward

recovery failure on the previous thyristors.

After testing under high dv/dt conditions, the device suffered partial
failure. Its voltage withstand capability in the forward direction was
reduced to 2kV, and the reverse blocking capability was lost. On the
reverse {anode) side of the device, there were a number of small melt
sites. A possible explanation of this is that the clamping pressure
during the experiment was insufficient, so that only point contacts
were formed. These sites were then melted by the main current Iloop.
damaging the reverse blocking junction. However, no damage sites were

observed on the cathode side.

A further device was prepared, and in order to give the protection
mechanism as much chance as possible of working, two stages of
radiation were used. Firstly, 10mm diameter shields were placed over
each well, and a 40kRad dose given: this should have ensured that the
last areas to be in conduction would ke near the satellite wells.

Secondly, the #4 masks were placed over the wells, and a dose of 20kRad

given.

Fven with this arrangement, nc current was observed to flow through the
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wells at forward recovery failure. After several high dv/dt recovery
failures, the device was partially damaged in a manner similar to the

previous one.

e) Conclusions.

Interpretation of the test results was hampered by the large number of
unusual failures. However, the conclusion from these tests was that
this mechanism for forward recovery prctection, as embodied in the
prototype design, was not successful. Although one device showed
evidence of it working to a certain level, in the majority of cases it
clearly did not operate. Although it is recognised that not all
combinations of shield size and radiation dose were tried, and
therefore the test devices may not have been fully optimized, a
mechanism which would work for mass-produced devices operating in the
field would be expected to produce more positive results under
laboratory conditions. Although a modified version of this technidue
was retained in the next generation of test structures (Chapter Six),
the majority of designs were therefore based on different protection

philosophies.



- 133 -

5.4 CHARGE EXTRACTION TESTS.

a) Introduction.

The forward recovery protection mechanism in the prototype desigm
relies on charge diffusing under the satellite wells during conduction,
and then recombining more slowly there than in the main cathode. In
order to attempt to verify this, experiments were carried out to
measure the charge extracted from different areas of the device by a

forward voltage ramp.
b) 30mm Device Tests.

The scheme used in the first attempt to measure charge extraction is
shown in Figure 5.4.1. The metallization on top of cne of the wells on
a 30mm device was isolated from the central spoke by scratching away
some of the metal with a scalpel. The forward ramp part of the test
circuit was then modified so that the ramp was only appnlied to the
isolated well; see Figure 5.4.2. A clip-on current prche would be used
to measure the current drawn by the ramp. However, with this
arrangement the voltage ramp drew charge from the whole device rather
than just the well, and so the ramp was applied to the main cathode in
addition to the well, as shown in Figure 5.4.3. This arrangement
allowed extracted charge to be measured separately for the well and the

main cathode. 1In these tests, the device was optically triggered from

the other well.

Unfortunately, current sharing between the well and the main cathede
resulted in approximately 1A flowing in the well during the main
current pulse. This would render the results invalid. since the w=ll

would not normally conduct once turn-on is complete. Diodes were
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therefore introduced into the circuit as shown in Figure 5.4.4. An
external power diode was used to connect the DUT to the thyristor-level
circuit in order to prevent current being drawn from the damping
circuits during the forward ramp; this would allow charge extraction
from the main cathode to be measured. A 1000R resistor was added in
parallel with the DUT to discharge the snubber capacitance in the ramp

circuit between shots.

Experimental results for a 20mm device are shown in Figures 5.4.5 to
5.4.7. This device had received a 40kRad dose with a #1 mask over the
isolated well. Figure 5.4.5 shows the charge extracted from the main
cathode, Figure 5.4.6 shows charge extracted from the masked well, and
5.4.7 shows charge extracted from the unmasked well. In these figures,
each oscillogram is a superposition of several shots with different
times of ramp application. The measurement of charge extracted can only
be carried out after the recovery time tg has expired, since 1if the
device fails to recover and turns on, the measurement will be
meaningless. Consequently, the absolute levels of charge extracted are

quite small.

Repeatability in the measurements was poor, with the amplitude of the
current pulse varying by 20-30% for nominally 1identical conditions.
This may be explained by the fact that the tail of the charge decay
envelope is being measured, and therefore any small variations in
device temperature caused by heating during the main current pulse
would have a substantial impact on the residual charge under the well.
Temperature determines carrier lifetime, which affects both the level

of diffusion under the well and the subsequent decay rate.

In Figures 5.4.5 (the irradiated main cathode) and 5.4.6 {the
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unirradiated well), the decay envelopes of the peaks of the current
pulses both have a time constant of apprcximately 120us. The carrier
lifetime in these two areas should be different due to the irradiation
step, but given the level of experimental error in these measurements,
one would not expect to be>ab1e to detect less than a 2:1 change in
carrier life-time; it was not anticipated that the radiation doses used
would produce a change this large. In the unmasked well (Figure 5.4.7)},
however, the current pulses are significantly smaller than thcse for
the masked well; this result supports the basic principle of the
forward recovery protection mechanism, ie that by selective irradia-
tion, charge can be introduced under a satellite well at a level

significantly higher than for a normal device.
c) 100mm Device Tests.

These experiments were repeated on @ 100mm device. In addition to
measuring charge extracted from the isolated well and the main cathode,
however, the charge extracted from the auxiliary amplifier regions was
also measured; see Figure 5.4.8. These currents were measured first of
all for an unirradiated device, and are shown in Figures 5.4.9 to
5.4.11. It was intended subsequently to measure these currents after
the device had received a 40kRad dose of radiation with all three

satellite wells shielded with #4 masks.

Unfortunately, however, the device failed catastrophically the first
time it was tested after irradiation, even though the test was only
using low dv/dt and a 350V ramp. There were three failure areas on the
device; the auxiliary metallization ring around two of the wells was
scorched, and there was a short-circuit bridge from the auxiliary to

the main cathode. Figure 5.4.12 shows the damage to one masked well,
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and the auxiliary ring round the other damaged well was sccrched in a

similar manner.

The experiment was repeated on ancther 100mm device as before. The
charge extraction prior to irradiation was measured, but this time only
two of the wells were shielded, so that it would be possible to compare
the charge extracted from a masked and unmasked well. However, after
irradiation this device failed in the same way as the previous ore, Ile
with the auxiliary metallization around the twc shielded wells being

scorched before any useful measurements could be made.

The reason for these two failures is not entirely clear. However, It
seems almost certain that the damage was caused by the main current
loop rather than the re-applied voltage ramp, since the ramp conditions
were very gentle. One possibility is that since the shields covered
part of the control resistor Rc2, this would give a lower value of
resistance around the wells. A disproportionately largs amount of
turn-on current might therefore be attracted into these areas,
possibly sufficient to melt the thin metallization (200um by 30um
cross-section). This would be in addition to the fact that the curved
geometry of the control resistance in these regions would already give
it a slightly lower resistance per unit length of the edge than that in
the linear regions. However, this does not explain why only two c¢f the

three shielded wells on the first device were damaged.

Since the existence of charge diffusion had already been satisfactorily
demonstrated on the 30mm device, it was decided not to pursue these

experiments in case any more samples were destroyed.
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d) Implications for Future Designs.

The suspected problem of reduced control resistance in the shielded
areas would need to be addressed if this type of design was pursued.
The purpose of the auxiliary metallization ring is to apply the dv/dt
compensation potential (generated across Rcl) uniformly around the
satellite well. Since its function is to apply voltage rather than
carry current, its performance would probably not be seriously affected
if a small break was made in the metallization at each end of the thin
ring. This would prevent the ring carrying substantial turn-on current,
whilst the potential drop across this break under dv/dt conditiaons
would be minimal. It was also questioned as to whether this ring was
really necessary at all, or whether the main cathode metallization
could be used as the equipotential point; see Figure 5.4.13. However,
since it was decided not to use dv/dt compensation for the next

generation of devices, the problem would not arise.
e) Conclusions.

Measurements on the 30mm devices confirmed that, by selective electron
irradiation, it 1is possible to cause significantly higher levels of
charge to diffuse into part of the gate structure than woul!d be there
normally. Whilst this does not prove that the proposed technique for
forward recovery protection is viable, it at least demonstrates the
underlying principle. No results were obtained from 100mm devices due
to unexpected failures, which were related to the dv/dt compensation
mechanism used on the prototype design. Mears for avoiding these
problems were discussed, but since it was not propesed to use dv/dt

compensation on the next generation of devices, they were not pursued.
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5.5 EVALUATION OF DV/DT CAPABILITY.

a) Introduction.

In view of the relatively poor dv/dt results obtained during testing in
Stage One of the development (section 4.7), it was important to repeat
dv/dt tests on structures with the correct depth of optical wells. No
tests were carried out on 30mm devices, since because dv/dt capability
is strongly affected by the horizontal geometry of the gate structure,

these simplified structures would nct have been representative.

b) 100mm Device Tests.

Initially, two devices were tested to 4kV/us at room temperature, with
a ramp from 0 to 4.5kV. Both devices withstood this without triggering,
which indicated that they were better than the previous 75mm samples in
this respect. This was because the optical wells were of the correct
depth, unlike the wells on the 75mm devices which werzs known to be toc
deep. However, when tested at 110°C both devices failed catastrophi-
cally at 2kV/us, one with a peak ramp voltage of 2kV and the other with
3kV. The failure site was on the inside edge of the main cathode, where

the edge goes round a fairly sharp 300° corner; see Figure 5.5.1.

When the design of the shorting pattern on this corner is examined
under a microscope, it is evident that the shorting dot on this corner
has to carry displacement current from a much longer part of the
auxiliary metallization than the dots along the straight edges of the
cathode. This problem is not fundamental, and could be overcome by
redesigning the horizontal g=ometry of the device in this area. In
order to enable the dv/dt capability of the rest of the gate structure

to be measured, all further tests were carried out with the auxiliary




metallization shorted to the main cathode. This would allow displace-
ment current flowing in the gate region to bypass the shorting dots on

the inside edge of the main cathode.

The next device to be tested at 110°C failed on the edge bevel at
1kV/us. Normally, the edge bevel of the thyristors is given a large
radiation dose (around IMRad) to "kill" leakage and displacement
currents in this vulnerable area. However, this device had not reczived
any edge irradiation, and so this result confirmed the necessity of

this procedure for dv/dt capability.

These devices do have a peripheral short around their circumference,
but beyond this there is a ring of main emitter n-type diffusicn: see
Figure 5.5.2. This ring is used as a getter laver to remove defects
from the edge of the device, which historically has been found to
improve performance; however, it does have the disadvantage of creating
a thyristor structure in the most vulnerable part of the device. This
n-type diffusion is already etched away in other parts of the
thyristor, and so it would not cost anything to remove it in this
area as well; only a simple change to the mask set would be required.

This may be worthy of further investigation.

It has already been explained in section 4.2 that dv/dt compensation
techniques incur extra cost and complexity in device manufacture. 1In
addition, achieving safe dv/dt switching (ie dv/dt protection) with a
compensated structure requires very accurate tolerances on control
resistor values. It was therefore decided to test the optical wells
with the compensation de-activated, to see if adequate performance was

achieved without it.
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The compensation was de-activated by connecting together the pilot and
auxiliary metallizations, so that now the complete gate structure was
shorted to the main cathode; see Figure 5.5.3. It can be seen that,
from the point of view of displacement current, the well will appear as
a shorted structure; current flowing underneath it will go directly to
the auxiliary ring, which is connected to the emitter of the well. It
was recognised that, by shorting out the gate structure, the device
would probably be destroyed if it did switch under dv/dt, since the
well would carry the full in-rush current from the ramp generator;
however, this was the only way to test the uncompensated performance of

these structures.

The devices were tested at three different temperatures. In each case,
a dv/dt rate was set, and the peak voltage of the ramp increased in 1kV
steps to 3kV. If the device did not switch, the dv/dt rate was
increased by 500V/us, and the ramp voltage reset to 1lkV. The results
are given in Table 5.5.1. In each case, the device failed at one of the
wells (as expected), resulting in a crack propagating across the device
from the centre of the well concerned. The requirement for these
devices is that they withstand 2 - 3kV/us at 110°C, and more than
100V/us at 150°C. It can be seen that the present well design exceeds
these requirements without compensation. As a result of this, it was
decided to use an uncompensated design for the next generation of

devices (see Chapter 6).

Ideally, it would be desirable tc test several devices at each
temperature to give more confidence to these results.: however, there
was only a limited number of 100mm devices available for the complete
test program. It should be added that monitoring during processing of

the samples showed a good uniformity within the production batch, and
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so it was felt that these results were adequate for the present time.
More extensive investigation was to be carried out on the next

generation of test structures, and this is described in Chapter Six.

¢c) Test Conditions.

During dv/dt testing, there was some concern over the shape of the
voltage ramp being applied to the thyristor. The capacitance of the
device is highest at zero bias, and falls off rapidly as voltage Iis
applied to 1it. This is because the capacitance of a parallel-plate
system is inversely proportional to the plate spacing, and the width of
the depletion laver increases rapidly when voltage is first applied to
it. The device therefore presents a varving load to the dv/dt ramp
generator, and since this has a finite internal impedance, the ramp
rate will be a function of voltage; Figure 5.5.4 shows a typical
result. Since turn-on is controlled in part by the peak current that
flows in the device, this real situation will be less onerous than an
ideal linear voltage ramp, which would generate a significantly higher

peak current at the start of the ramp.

However, consideration of the actual service conditions for the device
indicated that these tests would not give misleadingly optimistic
results. The requirement for a thyristor in an HVDC valve is that it
does not turn on in response to the worst dv/dt rates it will ses under
non-fault conditions, which occur when an adjacent valve is fired from
its maximum voltage. A typical exanmple of the thyristor wcltage

waveform resulting from this event is shown in Figure 5.5.5.

)

The most important fzature of this transient is that it starts fros

negative voltage. It can be showm that a dv/dt ramp starting from a
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negative bias is less severe than one starting from zero volts [5.4];
by the time the ramp reaches zero volts, both the forward and reverse
junctions are depleted, and they behave as two capacitors in series.
This significantly reduces the total device capacitance at zero volts,
and therefore also the peak current. The test condition of starting
from zero volts is therefore more onerous than the actual in-service
withstand conditions, and so provided the ramp is not toc slow

initially, the test will err on the safe side.

d) Conclusions.

A flaw in the design of the gate meant that the 100mm devices were
limited to a dv/dt capability of 2kV/us at 110°C. Although better than
the 75mm devices tested in Stage One, a higher capability would still
be preferable. Fortunately this flaw could be overcome by shorting out
part of the gate structure, and subsequent tests showed that the
optical well design had adequate dv/dt capability over the whole
temperature range of interest, withcut the need for dv/dt compensaticn.
Dispensing with dv/dt compensation reduces device cost, and also makes
it much easier to achieve dv/dt protection. Design of the next
generation of test structures therefore proceeded without dv/dt compen-

sation.



5.6 EVALUATION OF VBO PROTECTION.

al) Introduction.

Section 4.6 explained the mechanism for VBO protection employed in the
prototype thyristor design. It was reported in section 4.7 that the
initial tests for VBO protection on the prototype thyristor design were
not promising. Not many devices exhibited VBO operation, and those that

did had a VBO level that was too low to be useful. Attempts to use

laser zapping to control the VBO level also gave poor results, and 80
work in Stage Two of the project aimed to improve on these results.
However, before the experimental work is described, some of the
practical difficulties associated with VBO protection are discussed,

since these form the background to the experimental work.

There are two main difficulties in achieving VBO protection: the first
is to be able to accurately set the level at which the protection
operates, and the second is to ensure that the device is not damaged by
the inrush currents that flow when the mechanism does operate. With
regard to the first problem, the VBO level in the prototvpe design is
effectively set by detecting the position of the depletion laver. The
secondary well (Region A in Figure 4.5.4) is progressively etched until
the depletion layer is encountered; this is detected by checking to see
if VBO action occurs after each etch. Since the width of the depletion
layer increases as the square root of the applied voltage, the
detection accuracy required increases as the square of the VBO level.
Thus although reasonably good results have been obtained by some
workers at VBO levels of 2000V (see section 4.4), the dimensicnal
tolerances required for a VBO level of 5000V, as needed for the

prototype design, are over six times tighter. If higher device voltages
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are contemplated for the future, the problem bhecomes even more

difficult.

To some extent these difficulties are a result of conventional
thyristor design techniques; the p-base is deliberately doped to
minimize penetration of the depletion.layer, so that by the time the
anode-cathode voltage reaches 5000V, a tolerance of +100V on the VBO
level (typical for conventional over-voltage protection systems) requi-
res the well depth to be controlled to better than +0.lum. This places
stringent requirements on the processing technology used to etch the

VBO well.

These tight tolerances mean that the VBO level must be "trimmed" after
the device has been manufactured. During manufacture, the depth of the
junctions within the device cannot be predicted to sub-micron accura-
cies, so that the VBO mechanism must be trimmed interactively with

voltage measurements when the device has been completed.

The second problem, ie that of preventing damage occurring when the
mechanism operates, is more conventional in nature, although not
necessarily easier to solve. The difficulty here is that both punch-
through and avalanche are very fast turn-on mechanisms, which therefore
allow little time for the turn-on area to spread. The inrush energy is
always high, since by definition the mechanism operates at maximum
device voltage. As a result, for this type of structure the VBO
protection level often falls each time the mechanism operates, since
damage is accunulating at the VBO turn-on site. The VBO level
stabilizes when the turn-on energy at that voltage is insufficient to

cause further damage.
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Apart from the technical problems described above, there is the
economic barrier which arises because a conventional technique for VBO
protection (the series string of Break-Over Diodes) is relatively
inexpensive, and is compatible with the advanced valve philosophy due
to its simplicity. Since a series string of devices is used, it is easy
to select these to achieve very good accuracy on the break-cver level.
The total cost of using this conventional technigue with a thyristor
which was otherwise light-triggered and self-protecting was calculated
to be approximately £225 per device. The incremental cost of built-in

VBO protection must therefore be less than this figure.

The built-in VBO level cannot be tested until the device has been
bevelled and passivated to withstand full voltage, so that any vield
loss is expensive. In addition, the manufacturing technique necessary
to achieve the desired accuracy in the VBO level will almost certainly
be expensive, so that even if integral VBO protection is technically

feasible, making it economically feasible could be equally challenging.

As a result of both the technical and economic difficulties described
above, work on VBO protection was suspended after four months, so that
resources could be concentrated on the areas of self-protection where
there was no conventional solution available. The following sections
describe the work that was carried out in the first four months of

Stage Two of the development.
b) Experimental Work.

Due to the limited number of prototype samples available, some of the
VBO experiments were carried out on 75mm and 100mm electrically-
triggered thyristors (referred to as "ETT's"). 1In these cases, the

region inside the conventional amplifving gate was etched to create VBO




action, although it was recognised that the lack of control resistors

would mean that VBO turn-on might well be destructive.

¢c) Effect of a Conducting Surface in the Bottom of the Etched Well.

The first EIT tested was given a 60um etch in the gate region, wnich
resulted in a total thyristor leakage of 30mA at 3kV, room temperature.
Thus since the device needed 50mA to trigger, VBO action did not occur
at this level. However, when a drop of mercury was placed in the etched

region, the device switched at Z.5kV.

This experiment confirmed the theory that VBO action would be best
achieved with a conducting surface in the bottom cof the secondary well
(region A in Figure 4.6.4). If the bottom of the well 1is perfectly
smooth, as is produced by chemical etching, it is possikle that the
depletion layer could move past the bottom of the well, and simply set
up an electric field in the air (or nitrogen) in the well. Breakdown
might then occur by arcing along the surface of the well, which would
almost certainly result in damage and therefors a change in the VBO
level. However, if the bottom of the well was covered bv a conducting
layer of finite thickness, this could not support any electric field,
and would therefore distort the depletion layer once it reached the
well. Under these circumstances, VBO action shculd eventually be

triggered by avalanche in the bulk silicon, which would be non-

P

destructive if the current wag limited to a safe level. Estimated field

patterns with and without a conducting layer are shown in Figure 5.6.1.

In a second experiment, an ETT was etched whilst the leakage ocurrent

was actually being monitored. With the acid in the well, VB2 action

occurred at 23kV. However, when the device was washed and dried, VBO
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action did not occur until 4.5kV was reached. This confirms the above
conclusions, since the acid contains free ions and is therefore a

conductor.

d) Plasma Etching Experiments.

With the proposed design of optical well, it would not be easy to
introduce a conductive surface into the bottom of the well without
shorting it to the pilot n-emitter layer in the bottom of the main well
(region B in Figure 4.6.4). 1In addition, neither aluminium nor ion
implantation could be used for creating the conductive laver, since
both of these require high-temperature sinter/anneal processes which
would damage the rubber passivation on the device. It was therefore
decided to use plasma etching to produce VBO action in the well.
Potentially, plasma etching has two main attractions: firstly, it
leaves a rough surface, which imight be sufficiently conductive to
safely trigger VBO action without further treatment, and secondly, it

is possible to achieve very accurate etch depths by this method.

ter

An ETT was etched until VBO action occurred at 4.1kV. A leakage te

16)]

was used to measure the VBO level, so that the "in-rush"” current at
switching would only be a few hundred milliamps. However. in spite of
this the VBO level was not stable; the second VBO switching cccurred at
2.4kV, and finally the level settled down to 1.7kV. It was not pessible
to tell whether this damage was on the surface or in the bulk of the
silicon, and so it could not be judged from this experiment whether or

not the plasma etching had left a sufficiently conductive surface.

e) Gold Sputtering Experiments.

Gold can be sputtered onto a device without the need for subseguent
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high-temperature processes, and so is the most likely candidate for
producing a conducting laver in the bottom of a well. On the next acid-
etched device, a thin laver of gold was therefore sputtered into the
well. This device did show a stable VBO level under repetitive
operation on a leakage tester, which suggested that the plasma etching
technique tried previously had not left a sufficiently conductive
surface. If the thyristor tenperature was increased from room tempera-
ture to 110°C, the VBO level reduced by only 150V, which confirmed
expectations that this mechanism for VBO protection would be largely

insensitive to temperature.

On the next device prepared by etching and gold sputtering; the VBO
level was 1650V, but when a thicker laver of gold was applied, it lost
all forward blocking capability. When the gold was cleaned off. the
device recovered 1its Dblocking capability. This result 1is wvery
interesting, because it implies that the acid-etched well had gone very
close to the middle junction of the device, so that with a thick laver
of gold the device was virtually short circuit in the forward
direction. However, with a thin layer of gold the device could
withstand 1650V, suggesting that the depletion layer must have gone
past the bottom of the well, but that the gold was sufficiently
resistive to prevent triggering occurring until 1650V was reachsd. This
raises the possibility of a novel tvpe of VBO protection, which is

discussed below.

This experiment was repeated on a second device, which was etched
until, with a clean, dry well, the leakage characteristic started to
turn up at 3200V. A thin layer of gold was then applied to the well,
and VBO action occurred at 2640V, When a second geld laver was applied

(half the thickness of the first one), the VBO level fell to 2520V.
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This confirmed the conclusion that the VBO level is a function of the

thickness (and therefore resistivity) of the gold layer.

f) Novel Technigques for VBO Protection.

VBO Triggering with an "Over—-etched"” Well.

Some interesting possibilities Are opened up if it is possible to etch
a well which penetrates the depletion layer without causing VBO opera-
tion. A VBO mechanism can be envisaged where the well is deliberately
etched beyond the point where punch-through would normally occur. A
resistive substance is then deposited in the well which would draw a
controlled amount of leakage current from the depletion layer. This
leakage current is then used to trigger a conventional gate; see Figure
5.6.2. This approach offers the following advantages over the VBO

technique proposed for the prototype design:

- it removes the need for very fine control of the well depth.

- the VBO level can be set by trimming either the resistance of the
substance coating the well, or the sensitivity of the gate.

- in the trimming exercise, the VBO level can be set low and then
increased. This is easier than setting it too high and then reducing
it, since if the VBO level is above the target figure, it cannot be
measured without endangering the device.

- It might be possible to design the gate to be sensitive to leakage
and displacement currents, so that the VBO level becomes a controlled
function of temperature and dv/dt. This would be desirable for HVDC

applications.

The resistive substance coating the well could be a thin layer of gold,

a thicker layer of a more resistive metal such as Ni-Chrome (which can
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be evaporated), or perhaps polysilicon.

If it is possible to have a well which penetrates the depleticn laver,
then it may be practical to use such a well for optical triggering.
Since the photons would be injected directly into the depletion laver,
this would give virtually 100% efficiency in their utilization, with a
correspondingly substantial improvement in sensitivity over existing
designs. Furthermore, this would be achieved without any deterioration

in dv/dt capability.

Some surface passivation might be needed in the well to prevent arcing

at high fields, but this would presumably depenrd on how far into the

depletion layer the well penetrated. It might be possible te combine
the optical triggering and VBO functions into one well, or to have twe

separate wells and etch them at the same time.

VBO Triggering by Short Wave-length Light.

An alternative method for VBO protection, based on the more conventio-
nal accurately etched well technigque, was also considered.A well would
be etched (probably by plasma-etching) until it reached the depletion
layer at the required VBO level. However, instead of using a metallic
coating in the bottom of the well to distort the depletion laver and

trigger avalanche, short wavelength licht (eyg green) would be shone in

]

the well. This would create hole-clectron pairs close to the bottom of

¢

the well, which would prevent the silicon being depleted. For normal
operating voltages, the hole-electron pairs would recombine thermally
gince there would be no depletion laver near the bottom of the well to

separate them. However. once ths depletion laver avproachad the well,

the carriers would be separated by the field, and an optically-induced
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current would flow. Current to trigger the device would then come
either from this photo-electric current flow, or from avalanche caused

by distortion of the depletion layer.

The attraction of this "green light" technicque for HVDC applicaticns is
that the short wavelength light could be delivered down the same fibre
as the normal infra-red triggering pulses. This would require precision
etching of the optical well, but this would at least give the benefit
of maximum optical sensitivity for normal triggering as well as VED
protection. In addition, if the optical fibre link to the thvristor was
broken, the device would lose its VBO protection and be destroved. This
is actually an advantage for HVDC applications. because with conventio-
nal systems a broken fibre results in long-term repetitive operation of
the VBO protection for that thyristor. This places severe stresses on
the damping circuit for that level. and designing for this condition
incurs extra cost. It also means that the valve cannot be fired if its
terminal voltage is less than the VBO level of one thyristor, which for

small valves can impose operating restrictions.

The main potential difficulty with the "green light" approcach is that
the VBO level would probably be sensitive to some degree on the
intensity of the short wave-length light. Since there will be differen-
ces in attenuation in the optical paths to different thyristors, this
means that there will be variations in the VBO level between devices.
The extent of this effect could not be cuantified without further

investigations.

g!) Conclusicns.

v

Some very interesting results ware obtained from the iavestigations

into VBO protection, and some novel technicques provosed. However, the




technical difficulties with producing integral VBO protection. combired
with the low cost and proven nature cf the conventional BOD apprcach,
meant that it was decided to concentrate development rescurces in those
areas of the self-protecting device where feasibility was still net
proven (in particular, forward recovery protection). If the other areas
were shown to be successful., then work on VBD protection could be

picked up again if it was felt to be economically attractive.
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5.7 EVALUATTION OF TURN-ON CAPABILITY.

al) Introduction.

The full turn-on test circuit was not available until scme time intc
Stage Two of the development. Tests on the 30mm sarples were therefore
carried out in a simple RC circuit similar to that used in Stage One.

The 100mm devices were later tested in the full circuit.

b) 30mm Device Tests.

The RC test circuit was intended to simulate the step in-rush current
from the thyristor-level damping network. The rate of rise of this step
current is limited only by the impedance cf the device and any stray
inductance. Although the propcsed thvrister-level circuit includes a
non-linear inductor between the device and the damping circuit, this
inductor ig lecssy and therefore appears to have a "shunt" resistor
comected across it., whose value is less than that of the darping
resistor. This inductor therefore does not limit the rate of rise of
the step in-rush current. Figure 5.7.1 shows the test circuit used: it

wag limited to a maximum operating voltage of 2kV, and so a small value

of resistor was used to enable high step currents to be produced.

It can be seen from Figure 5.7.2 that the first device tested exhibited
a remarkable di/dt capability. For 1.9kV turn-on, the initial di/dt is
550A/us, increasing to 850A/us above appreoximately 200A. It is presumed
that the di/dt is initially centreolled by the device impedance, and
that the increase from 550A/us to 850A/us cccurs when turn-on starts in

the main cathode.

The effect of the control resistcrs can hbe seen in the ra-entrant
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form of the anode voltage collapse. As current starts to build up
through the optical well, the anode voltage increases (region A in
Figure 5.7.2). This can be explained by reference tc the equivalent
circuit iIn Figure 5.7.3 where, when turn-on starts, some of the
capacitor voltage will appear acrcss the stray inductance in crder to
generate the di/dt. However, as the current in the circuit Increases
exponentially towards its peak value (Vo/R) and the 4i’/dt falls, this
voltage transfers back to the resistance in the circuit, including the
control resistance. This gives rise to the increase in anode veltags in

region A. However, this situation does not persist. because the device

-+
Q

impedance starts to fall again {(Region B). Whether this fall is due
modulation of the control resistors or turn-on of the auwxiliary stage
canmot be determined; however, the start of turn-on in the main cathode
can be clearly seen (Region C). The phenomencn of resistor modulation

is discussed in the next section.
c) 100mm Device Tests.
Modulation of Confrol Resistors.

The values of the control resistors (Rcl and Rc2) on the 100mm devices
were measured. These resistors exhibited modulaticn. whereby the
resistance falls significantly when turn-on occurs in the adijacent

emitter [5.5); Figure 5.7.4 shows a typical V:I characteristic.

.,.
O
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4]

Figure 5.7.5 shows how electrons are injected from the emitter in
adjacent p-base, causing its bulk resistivity to fall dramatically. In
this case, the slope resistance of Rcl fell from 20R to only IR above
250mA. This medulation would not affect the resistors 1f they were used
for dv/dt compensation, since turn-on should not occur in the adiacent

n-emitter. and the resistors would therefore stay in the high slope
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resistance regime. However, modulation would sericusly affect the

protection offered by the resistors to the gate during turn-on.

Test Circuit.

The apparently excellent turn-on capability of the 30mm devices way
have been due to the fact that they were not operating in a truly
representative circuit. In particular, the time constant of the current
decay was only 2us, and the transition from true cff-state to true on-
state is known to take longer than this. 1In order to test the 100mm
samples in their proper electrical environmnent, the thyristeor-level
circuit from the forward recovery test equipment was modified and
ccmbined with a high-voltage supply originally desigmed for VBO
testing: see Figure 5.7.6. The most significant modification to the
circuit was the addition of 0.5uF stray capacitance across the
"terminals" of the thyristor-level. An HVDC valve with 100 thvrister
levels might typically have a stray capacitance of b5nF, and when
referred to each thyristor this is equivalent to 0.5uF acrcss eact
level (cf Figure 2.2.4). For completeness, the 400uH inductor and éuF
capacitor were used to provide follow-through current after the initial
turn-on transient; however, the di/dt of the follow-through current In
an HVDC valve is so low (eg 4A/us) as to impose negligible stress on

the thyristors.

In order to measure the current flowing through the cptical well, the
well was isolated by breaking the contact with the three radia! spokes.
and then re-making the contact through an external bond passing throucgh

a clip-on current probe; see Figure 5. 7.7.
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Test Results.

For each test, the DUT was triggered at 50Hz with a hich degree of
optical overdrive, and the dc supply increased until the required turn-
on voltage was achieved. With the oscilloscope on storage, the level of
overdrive was then reduced until the device did not trigger. This ygave
an envelope of traces deronstrating the variation of delay time with
overdrive, as shown in Figure 5.7.8. It can be seen that the delay
times near marginal triggering become verv long. For operaticn above
1kV, the triggering freguency of the circuit was reduced to keepn

dissipation in the current limiting resistors to an acceptable level.

The current measured through the external bond (Figure 5.7.8) has
several interesting features. Firstly, the shape of the current pulse
is almost independent of the level of overdrive used, with the only
variation being in turn-cn delay time. Secondly, the point at which

the latching current is reached can be clearly seen. After the optical

=
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pulse 1is delivered. current throuch the well builds up at a w
determined by the degree of overdrive. When a certain threshold
(approximately 500mA)} is reached, the di/dt switchzs to a very high
value. It is interesting to note that this current is greater than the
measured threshold current for steady-state triggering of the auxiliary

stage (typically 150mA).

Thirdly, as the turn-on voltage was increased to levels higher than
that shown in Figure 5.7.8, the effect of the parasitic zener diode
became apparent (cf Figure 4.7.4). The measuraed current developed a

~i1-

"plateau”, above which the extra optical well current flowed through

the internal zener diode, and was therefore not measuraed

This device failed at the first twmn-on from 1700V with 30x optical
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overdrive. The failure site is shown in Figure 5.7.9, and the cause is
clearly overheating of the parasitic zener diode. The high level of
optical overdrive used suggests that the failure was unrelated to
marginal triggering:; the device had previcusly withstood repetitive
marginal triggering from 1500V. Significantly, this failure site is the
same as was observed during previous testing of thz 75m samples

(section 4.7).
Testing with an External Zener Dicde.

It was clear that the internal zener diode represented an inherent
weakness in the prototype design, which weuld have prevented turn-con
testing from above 1700V. To circumvent this, an external zener diode
with a lower clamp voltage was connected in parallel with the internal
one; see Figure 5.7.10. The internal diode had a clamp voltage of 14V,
and so an 11V zener diode was used outside the device. It was
recognised that this technique would introduce additicnal stress on the
optical well for two reasons: firstly, it would divert current away
from the auxiliary amplifiers, reducing their level of overdrive and
therefore slowing down their turn-on, and secondly, Rzl is bypassed, so
that the slope resistance through the external zener would only be Rc2,

which has a lower value (approximately 2.5R when mcdulated).

An example of the test results with the external zerer dicde is given
in Figure 5.7.11. The turn-on voltage was increased in Z50V s
2750V, at which voltage the device survived several threshold trigger-
ing events. However, when the voltage was incrzased with substantial

optical cverdrive being used, the srtical well failed at twrn-on from

«t
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2200V; the failure site was directly beneail

peak current through the optical well was measured as SCA just prior tco
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failure, of which only BA was flowing through the auxiliary thyristors.

To test turn-on from higher voltages, the surface of the Sunction
forming the internal zener diode was plasma-etched. Doping concentra-
tions are high at the surface, giving a low clamp voltage for the zener
diode; etching down to a lower concentration region would increase the
clamp voltage, forcing more currant to flow through the auxiliaries and
Rcl. The junction was etched to a depth of 32un (Figure 5.7.12), and
the clamp voltage was found to increase from 14V to 18V. For these
tests, no external zener diode was used, so as not to draw any current

away from the auxiliaries.

The test results are shown in Figure 5.7.13, where the current plateau
can be clearly seen. The device survived several threshold triggering
events from 2750V, but as the voltage was increased towards 3000V with
30x optical overdrive, the device failed. The failure site was under
the optical fibre, as before. From the shape of the current pulse
flowing through the external bond, the peak current in the well was
estimated to be similar to the previous failure threshold, ie 504,

after allowing for the current flowing in the internal zener diode.

One unexpected feature of the current pulses thrcugh the well was their

duration, with it taking approximately 6us for the current to fall to
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10% of its peak value. This probably arises from the low valu
control vresistors after medulation; higher values of resistance in

series with the ontical well would tend to force the ocurrent to
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d) Conclusions.

From these test results, it wag clear that any structures which
included both control resistors and parasitic zener diodes would almost
certainly be unsuccessful. For the control resistcrs to effectively
limit the current flowing in the optical well, they would have to
support (transiently) several hundreds or even thousands of volts, and
no surface diode cculd support these voltages. The structure would
therefore have to be concentric, with the transient voltage being

dropped along the surface of the control resistors over a distance of

o)

several hundred microns. This was the final reason for abancdcning dv/dt
compensation, which reguires non-concentric structures inccrporating
surface diodes. However, the encouraging part of these vesults was that
the optical well design could withstand a 50A peak current pulse with
only marginal triggering. Since a conventional single amplifyving gate
thyristor only reguires an electrical gate current pulse of approxima-
tely 1A to survive worst-case turn-on, it was clear that the optical

well had more than adequate capability to deliver a suitable gate pulse

e ol
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s
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to a second amplifying stage. The only potential difficulty was

~t

need to build in large enough control registors to prevent the current
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5.8 THEORETICAL DISCUSSION OF OPTICAL TRIGGERING.

a) Introduction..

This section reviews some of the conclusions reached from the experi-
mental work carried out =o far on optical triggering. These conclusions
then form an input to the design of the next generaticn of test

structures described in Chapter Six.

b) Safe Optical Turn-on.

Reasons for Safe Optical Turn-on.

cenvent ional

During testing of the early 75mm devices (Section 4.7}, ac
turn-on failures were observed. Normal di/dt failure on an electri-
cally-triggered thyristor cccurs at a site on the inside edge of the
main cathode or an anmplifying gate. However, all the failure sites on
the 75mm prototvpe samples were located on cne of the parasitic zener
diodes in the gate structure, even when threchold optical triggering
was used. Only when this tvpe of failure was prevented cn the 100im
devices by the use of an external zener diocde was a mcre normel tyoe of
failure observed, ie melting of the inside edge of the optical well
itself. However, even in these cases the failure threshold showed no
dependence on the level of optical overdrive used, and seemed fto ke
related only to turn-on voltage {and therefore inrush current). It is

interesting to consider this in meore detail.

Provided that the inrush is within the ultimate capakility of the

device, di/dt failure normally cocurs when., as a rasult of 3 weak gate
malse, too wmall an area of the thyristor is turned or initiaily.

nhomccgeneities in  the device mean that gate currant does not flow
nhomey
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evenly in the structure, but that a small area is turned on preferan-
tially. Excessive current deneity during turn-on then melts this area.
For optical triggering, one would therefore expect that a "weak"
optical pulse would only turn on a small area <f the optical gate,
resulting in di/dt failure at high voltages. However, this was not
observed, and the reason for this is attributed tc the relationship
between the latching current of the optical well and 1its herizontal

geometry.

Under conditions of marginal triggering from gquite low voltage (2400V)Y,
appreximately 500mA flowed through the well befcre the high di/dt  part
of turn-on occurred. The fact that current is flowing through the well,
and not Just under it, shows that the pilot emitter »n Junction is
already turned on, but the magnitude and duraticn cf this current (over
30% the calculated threshold triggering current, for at least 3us)
means that a large area of the well will be conducting. This would
result in an excellent di/dt capability at turn-on, even for marginal

triggering, as was observed,

The practical consequence of this is that for an optical well with a
small inside diameter, the ultimate inrush capability of the well is

always achieved whether marginal triggering or heavy overdrive is used.

Lo
)

For a conventional thyristor, the inside diameter of the g2

(typically 4mm) is large compared to the spreading that can be achieved
during the fturn-on delay time. TIf marginal triggering is used, on2
point on the inside edge will start to turn on., but even though some
spreading will occur, by the time the latching current is reachad this
will still occupy only a relatively small proporticon of the total gate

edge. Consequently, the inrush capability cof the Jate will be much

than could be achieved if heavy overdrive was used to turn on the whole




gate edge. However, for an optical well with a small inside diameter
(perhaps 200um), the spreading that occurs during the turn-on delay
time may result in the whole inside edge of the gate conducting by the
time latching occurs. The inrush capability would therefore be the same
as if a substantial gate pulse had been used. As the optical drive is
reduced, the area of the pilot thyristor turned on initially will
shrink; however, the turn-on delay time will increase correspondingly,

thereby allowing more time for spreading.

In addition tc the above effect, turn-on in a small gate will be
inherently more uniform anyway, since the effact of spatial inhomogen-—

eities will be correspondingly reduced.

In conclusion, the fact that the thyristors had an inrush capability
independent of the level of gate drive used was therefcre not due to
the optical triggering itself, but simply to the small dimensions cf

the gate that are permitted (and recuired) by optical triggering.

Implications for Control Resistor Designm.

A further conseguence of the above phenomenon for design philosophy Is
that ocontrol resistors are not needed to mitigate the effects of wzak
optical triggering. They are only required to ensure that the bulk

energy absorption capability of the optical well is not exceeded

ed that calculation of the wvalue of

~+

It has previously been sugges
centrol resistors [5.6] should assume filamentary turn-on in acccrdance

with the conventional understanding of weak triggering phencmena. On

p—t
e

result in

may we

[4}]

the basis of the discussion above, however., thi

.

unnecessarily large values of control resistance, with the c<onseguent

loss in cathode area.




Implications for Performance of Auxiliary Amplifying Gate.

It is Interesting to consider that, since the latching current cf the

optical well is larger than the threshold triggering current for the

|—r
o3}

auxiliary thyristor, the auxiliary amplifyving gate will start turn-
on process before the optical well reaches its latching current. The
auxiliary will therefore be "primed" befeore turm-on occurs in the

optical well, thereby accelerating turn-on of the auxiliary amplifier

and reducing stress on the optical well. This effect will prcobhably he

(o8

more pronounced with weak triggering, where the delay time is long an

the auxiliary sees a current above its threshold level for some time.

As long as the optical well is more sensitive than the auxiliary
amplifier, there 1is no danger of the auxiliary turning on with wesak
triggering before the optical well switches. However, it is possible
that the performance of the device could be improved by deliberately
giving the cptical well a higher latching current, so that the degree

=

of "priming" is increased. Alternatively, the same benefit could be

achieved by making the auxiliary more sensitive, although the dv/dt
capability of the auxiliary must still remain higher than that of the
optical well.

Implications for Light Firing System Design.

If threshold triggering can be safely enmploved without fear of
stressing local regions of the cptical well, there i potential for

considerable cost savings in the valve light firing system. Lespite the

many advances in optical systems, vractical light triggering systems
are still near the limits of technical [feagibility, and =o any

relagation in requirements can be translated intc useful oost reduo-
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tion. A further benefit is that monitoring and protection systems <an
be simplified; the light firing system described in Chapter Seven was
designed on the assumption that the thyristors could be destroved by
weak optical triggering, and a significant level of complexity was
incurred to minimise the possibility of this happening. Howaver, if the
results of a weak pulse are not catastrophic, it is acceptable to
monitor the system and take action once weak vulses have been
discovered, which is nmuch easier to implement. This is discussed

further in Chapter Seven.

)

Since it is no longer necessary to provide optical cverdrive for high
voltage turn-on, the optical drive used will probably ke determined by
the minimum voltage at which it is necessary to be able to trigger the
thvristors. The drive necessarvy for threshold turn-on at 30V might well
give at least 5x overdrive at peak voltage, which wculd ensure uniform

turn-on delays within a series string of devices.

Implication for Metallization In the Well.

The experimental results and their discussion above corrcborate the
findings concerning metallization in the well in Secticn 5.2. In that
section it was noted that the satellite wells, which had melallization
extending onto region B of Figure 4.6.4, were Z0 - 30% more sensitive

to optical turn-on than the optical wells, where the metallization was

"

restricted to region C. It was concluded that a "sigmificant™ level of

current flows through the well before triggering oocurs, and the extra
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down into the optical well.

One consequence of this phenomenon is that the <control resistors
necessary to protect the optical well during turn-on will adversely

affect its sensitivity.

c) Continuous Gating.

As explained in Section 5.2. the light triggering system attempts to
simulate continucus gating of the thyristors by sending & train of
optical pulses. In the experiment described in that section, a train of
sub-threshold pulses was sent to the device, and the fregquency
increased until the device triggered. The frequencies required were
found to vary between 10 and 20kHz. This section attempts to relate
this experiment to the actual conditions cf interest, and the require-
ment is that when exposed to a train of pulses, the thvristor behaves
as a diode. Should the voltage across it becomz positive. it will

immediately start to conduct (although the delay time may bke quite

]

long). Prior to this, the device will be reverse biased, perhaps by

{

approximately 10V.

The first important aspect of tha above requirements iz that ~vice

is reverse biased when the train of pulses is being sent.

that the central junction in the device will be for

will have a wvery narrow depletion laver. The

[}

blocking Jjunction will be on the remcote side of the
result that the efficiency of conversion of photons into ca¥

be pocr.

In contrast,

with the result
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down into the optical well.

One consequence of this phenomenon is that the control resistors
necessary to protect the optical well during turn-on will adversely

affect its sensitivity.

c¢) Continuous Gating.

As explained in Section 5.2. the light triggering system attempts to
simulate continucus gating of the thyristors by sending a train of
optical pulses. In the experiment described in that section., & train of
sub-threshold pulses was sent to the device, and the frequency
increased until the device triggered. The frequencies required wers
found to vary between 10 and 20kHz. This section attempts to relate
this experiment to the actual conditions of intersst, and the require-
ment is that when exposed to a train of pulses, the thyristor behaves
as a diode. Should the voltage across it become positive. it will
immediately start to conduct (although the delay time may be quite
long). Prior to this, the device will be reverse biased, perhaps by

approximately 10V.

The first important aspect of ths above requirements iz that the davice
is reverse biased when the train of pulses is being sent. This means
that the central junction in the device will be forward biased, and so

will have a wvery narrow depletion laver. The depieted reverse

blocking Jjunction will be on the remcte side of the device, with the

result that the efficiency of conversion of photons into carriers will
be pocr.
In contrast, the devices were forward biased during the experiment,

Wwith the result that the optical pulses would generate carriers within
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the depletion layer, and these would constitute a leakage current which
would then decay. If the next pulse arrived before the current from the
previous pulse had decayed away, current would gradualily build up until
triggering occurred. The combination of pulse energy and frequency
required to trigger the device is therefcore an indicaticn of the time

taken for the photo-electric current pulse to decay: the smaller the

0]

optical pulse, the sooner the current in the device reaches negligibl

levels, and therefore the higher the frequency necessary to trigger it.

From the above discussion, it can be seen that the hig¢gh-frequency
pulsing technique will approximate to continucus gating when the device
is forward biased. In the light triggering svstem described in Chapter
Seven, each pulse in the pulse train wculd be of the same crdsr zs the
low-voltage threshold sensitivity of the device. However, when the
device 1is reverse biased, the reduction in pheoto-zlectric ceonversion
efficiency mavy mean that when the voltage goes from negative to
positive, the device may not trigger until the next optical pulse
arrives. This may be 20us later (approximately 0.4 electrical deyrees
on a B50Hz system) which should be acceptable for the operating
conditions concerned; if it is not, then the behaviour of ths device

under these conditions should be investigated in mere detail.




5.9 SUMMARY OF RESULTS.

This section summarizes the important findings obtained in the evalua-

tion of the prototype thyristor design in Stage Two.

a) Optical Triggering.

Various aspects of the optical triggering performancz of the prototype
design were investigated. As far as can be ascertained from published

information, the optical sensitivity was at least as good as  that

17}

obtained elsewhere, if not better. Other aspects of performance i{such

o5
w

as delay time, effect of pulse length etc) were satisfactory and a

expected.
b) Forward Recovery Protection.

Evidence of the correct operation of the forward reccvery protection
mechanism was only cktained on cne devica, and even in this case there
was some doubt about its effectiveness. All other attempts to demen-
strate operation of the prctection wers unsuccessful. It was therefors
concluded that the technigque for forward recovery protection, as
embodied in the prototyvpe design, was not practical. Other approachss

would have to be tried in the next set of test structures.
Charge Extraction Tasts

Several problems were encounterad in measuring the charge stored in the
varicus areas of the device after recovery. However, enough results
were cobtained to demcnstrate that 1t wag pessible. by selective
electron irradiation, to significantly increase the amount of charge
stored under & particular region of the

principle of the forward rvecovery protection technigue, but clearly the




mechanism was not effective enough for the protection tc work cuccess-

fully.

d) Dv/dt Capability.

o

o
o
t

Apart from a minor flaw in the design of the Dpreototype, th
capability was acceptable. In particular, the optical well design met
or exceeded dv/dt design targets without the need for dv/dt compeasa-

tion, which has significant benefits for device design.

=

e) VBO Protection.

Some interesting results were obtained from the investigations into VED
protection. However, other areas of work were more necessary for the
success of the light-triggered self-protecting thyristor, and so these

results were not pursued tc a practical conclugion. For the time being,

it

was decided to rely upon a conventional BOD for overveltage

protection.

f) Turn-on Capakility.

Investigations showed that the prototype gate design could not be
damaged by weak triggering, unlike conventional thvristors. This was a
very important result, since it allows considerable cost savings in the
light triggering system. However, the gate design used to provide dv/dt
compensation resulted in the devices having limited turn-cn capability
at high voltages. The control resistors also exhibited modulation,
which reduced their effectivensss. Further work weuld therefore con-

centrate on designs with improved control resistcrs, and no dv/dt

he ipmunity to damage by weak  trigger-
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smpensation. The rea

ing, and their implications, were considered. It iz believed that the
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phenomena  discussed have not been previously reported in the

literature.
g) Conclusions.

The evaluation of the prototvpe thyristor design vielded much uszfy!l

information. Some aspecte, such as optical turn-on and dv/dt capabi-

lity, were successful., However, in the critical area of foruard
recovery protection, the tests were unsuccessful, so that congi
further work would be necessary to achieve a successful 1i
self-protecting thyristor. Chapter Six describes the next vrogram of

development undertaken to achieve this objective

T
\ . SR -0
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CHAPTER SIX: DEVELOPMENT OF THE THYRISTOR, STAGE 3.

6.1 INTRODUCTION.

The evaluation of the prototype thyristor design revealed a number of
areas where further work was required, most notably that of the forward
recovery protection mechanism. A new set of structures was therefcore
designed, manufactured and tested with the objective of improving on

thogse areas where the design was inadequate.

One major drawback with the prototype design was in the economics of
its manufacture. The cost of producing a thyristor is approximately
related to the number of photo-mask stages required in its manufacture,
and whereas a conventional thyristor requires three mask stages, the
prototype design required five. The increase in thyristor cost incurred
by these extra twoc stages meant that even if the device worked
successfully, it is doubtful whether it would be economically attrac-—
tive. It was therefore decided that only those technicues needing four

or less mask stages would be investigated.

W

igns were

w

For the investigation of forward recovery protection, the de

based on small devices (30mm diameter) so that a large number could

i dd
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produced. This would enable several different approaches to be
Any successful approaches could then be transferred to full-scale

devices.

For work on optical triggering, some 20mm devices were produced *to
investigate "fine-tuning” of the optical well design, and a 56émm light-

used to test turn-on in a represertative HVDC

&
z.

]
1]

triggered thyristo:

~ir~uit. The B56fmm device incorporated the improvements in  control
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resistor design thought necessary to achieve the required turn-on
performance. If successful, the design could be transferred without

modification to 75mm and 100mm thyristors.

Two 100mm wafers were used to accommodate all the devices that needed
investigation. The following structures were produced from each pair of

wafers:

- Eight 30mm devices for investigating forward recoverv protection
techmiques, including one control device;

- Two 30mm devices to give information for optimization of the optical
well design;

- One 56mm light-triggered thyristor for investigating controlled turn-

on.

The designs of the various devices are discussed in sections 6.2 and

6.3, and their testing is described in sections 6.4 and 6.5.
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6.2 DESIGN OF THE FORWARD RECOVERY PROTECTION STRUCTURES.

a) Design Philosophies.

Two basic philoscphies were prcposed for providing forward recovery
protection. The first was based around using gated turn-on to provide
adequate protection against damage, and was therefore a derivative of

the protection technique used in the prototype thvristor. The second

)

approach allowed turn-on to occur randomly on the nain oathode, but

L0

attempted to increase the area involved in twrn-on to reduce the energy
density. This second approach was based on propeosals made by the GEC
Engineering Research Centre at Stafford [6.1]. The principle of using
gated turn-on to protect against forward recovery failure damage has
already been explained with regard to the prototype design (sections
4.2 and 4.6). The second technique, that of increasing the area

involved In turn-on, is explained below.

Turn-on in the main cathode during forward recovery failure cccurs in
much the same wav as dv/dt turn-on (shown in Figure 4.2.9). When a
voltage ramp is applied to the device, charge is swept out of the
device through the cathode shorts, and sc a potential drop is created
under the n-emitter. If this potential becomes equal to the built-in
voltage of the pn junction, turn-on will occur. From consideration of
the cathode horizontal geometry for a hexagonal shorting pattern, it is
clear that turn-on will take place in the centre of a triangle of
shorts;: cee Figure 6.2.1. From the plot of potential dreop between the
p-base and n-emitter alcng the dashed line showm in Figure 6.2.1, it
can be seen that under marginal conditions, turn-on tends to  takeg
place in a small area. Furthermore, the current injected from the n-

emitter is an exponential function of the bias wvoltage across the
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junction (shown in the Figure), and this will exacerbate the tendency

for turn-on to occur at a point.

Tests on the GEC HVDC valve design have shown that, for the tvpe of
thyristor being considered, ungated turn-on from up to approximately
1500V can be withstood without damage. Ideally, a self-protected device
should withstand turn-on due to forward recovery failure from up to
peak forward voltage, which is 5000V in this case. There is therefore a
significant margin between the inherent capability of the device and
the capability required of a self-protecting thyristor. However, if the
area involved iIn ungated twn-on can be increased, then it iz
reasonable to suppose that the inherent capability of the device would
be improved. Thus if the device can be made to survive ungated turn-on
from 5000V, then "self-protection" will have been achieved through
increased robustness. Even if the device can only survive ungated turn-
on up to perhaps 3000V, then this may reduce the statistical probabi-
lity of failure to a level where the thyristor can realistically be

used without electronic protection.
b) Technigues for Achieving Increased Turn-on Area.

Two techniques were wnroposed to increase the area of the devige
invelved In ungated turn-on. The first relies on using a high-
conductivity region to "flatten cut" the wvoltage profile in the region
where turn-on cccurs. If the conductivity of the p-base is increased in
the centre of a group of shorts. then the voltage profile generated
during a vwveltage ramp will be modified as shown in Figure
Although in the limiting case turn-on will still occur at a point, the
area surrcunding the weint should be much claser to turn-on, so  that

initial spreading of the turn-on area will be faster. Consequentlv, the
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device should be more resistant to damage.

The second technique proposed for increasing the turn-on area is the
converse of the first, in that it relies on increasing the vresistance
in the turn-on zone. If the current in the n-emitter at turn-on is
forced to flow horizontally through a fairly high resistance laver
before it can reach the cathode contact, this will produce a  lateral
voltage gradient which will tend to increase the velocity of spreading;
see Figure 6.2.3. This technique was originally put forward as an
alternative to the amplifving gate, but wag found to be less effective
[6.2]. However, as with the first technique described above, it should

help tc increase the resgistance to forward recoverv damage.

To ensure that these special structures would always be close to the
last area of the device to conduct, they should be distributed over the
whole of the main cathode. The main cathode would therefore be made up
of hexagons of shorting dots, with the special structures in the centre

of each hexagon.

c) Implications for Other Protection Mechanisms.

If these techniques were shown to be successful in improving the
resistance to forward recovery failure damage, then it is clear that
they would alsc have the same effect for dv/dt failure damage, since
the turn-on mechanism is similar. It is also possible that they mnight
help prevent damage from forward voltage break-cver on the main
cathode, since here again this danage is caused by excessive anergy
dengity in the small! turn-on zone. This would particularly be the case
at high temperatures, where break-down is triggered by leakage currents

rather than avalanche or punch-through.
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d) Disadvantages of the Proposed Technigues.

The possible disadvantage of these technigues is the effect they might
have on the forward voltage drop and off-state dv/dt withstand
capability of the thyristor. Parts of the normal n-emitter are either
lost or revlaced by less efficient pn junctions, and the changes in the
shorting pattern might reduce the dv/dt capability. To enable any
deterioration in properties to be quantified, a control device with no

special features wag produced.

e) Design Details.

The following sections discuss the designs of the wvariocus forward

recovery protection test structures.

"P+ Zone" Devices.

Three versions of the p+ zone design were produced. Starting from the

normal hexagonal shorting pattern, the central shorting dot was removed

o)1
©
(D

from each hexagon and replaced by a region <f thin n-amitter;
Figure 6.2.4. Since the n-emitter in this region was shallower than the
normal diffusion, the p-base resistancs undernsath it would be lowsr

(typically 25 chms/square rather than 300 ohms/square).

The diameters of the p+ zones on the three versions were !, 1.41 and
2mm respectively. This would enable not only the effectiveness of the
~one to be evaluated, but alsc any implicaticns for forward velt droo

and dv/dt capability.
"p+ Grid” Devices.
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emitter around each shorting dot. buried in a "grid" of enhanced p-base
conductivity; see Figure 6.2.5. This is the geometric inverse of the n+
zone design. The diameter of the normal n-emitter regicons was set to

Imm, since this fitted with the existing hexagonal shorting pattern.
Lateral Field Devices.

As with the p+ zone devices, the special region for these structures
was placed in the middle of the hexagons in the existing shorfting
pattern. Since the optical well on the prototype devices had been shown
to have an excellent inrush capability under marginal triggering, this
strusture was reproduced in the special zonss, as shown in Figure
6.2.6. The small secondarv well was retained tc encourage turn-on  to
occur around its circumference rather than at a point. and the
metallization was brought part way down into the well to enaple it
carry current during normal conduction. When turn-on ocourred around
the secondary well, the resistance of the thin emitter laver would set

up a lateral field, encouraging rapid spreading of the turn-on area.
Selective Failure Zone Devices.

This design was a derivative of the prototype technicue for forward
recovery protection. However, in order to improve the likelihood of its
working, the distance between the main emitter and the gate region was
halved, to allow more charge to diffuse under the gate. It was believed
that a single amplifying gate structure might provide an acceptable
level of single-shot inrush capability if combined with an unmeduiated
control resistor. The use cof only one amplifving gate would alsc allow

the gate to be much closer to the main cathode, az showm  in Figure

6.2.7.
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The control resistor was designed to be nominally 25R., and a small

T3

anti-modulation ring was included next to the main cathode 3!
irradiation step with the selective failure zone schielded would be

used, as for the prototype device. It was envisaged that for a 100

3

device, there might be several of these small selective failure zones

distributed around the main cathode.
Gated Turn-on Devices.

To avoid the need for selective Iirradiation., which increases the
forward voltage drop of the main cathode, an alternative design was
proposed which had a small amplifving gate at the centre of each
hexagon in the shorting pattern; see Figure 6.2.8. This would ensure
that one of these zones was always close to the last area to conduct,

and its small size (2mm diameter) would mean that there would be a high
level of charge diffused underneath it. The increased p-base resisti-
vity under the thin emitter laver should make the gate more sensitive
to turn-on than the main cathode under forward recovery failure condi-
tions. Lastly, the lateral field generated in the thin emitter laver

during turn-on would aid spreading as described abov=.

However, computer analysis of the voltage profiles generated by
displacement current showed that, because of ths horizontal geometry of
the design, the amplifying gate could not be made mere gensitive than
the normal main emitter for any plausikble design. The erefore, the
emitter laver was omitted from the design, and the metallization alene

applied to collect displacement current and feed it uniformly to

was
the inside edge of the surrounding main emitter; see Figure €.2.8. By
enforcing an equipctential region near o the turn-on edge, uniform

turn-cn should be encouraged.
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6.3 DESIGN OF THE LIGHT TRIGGERING TEST STRUCTURES.

a) Introduction.

There were two main objectives in the field of light triggering: the
first was to make a device that would withstand repetitive optical
turn-on under the most severe conditions required (ie the 56mm device),
and the second was to gain information that would help in the

optimization of the optical well design (using the 30mm devices).

From the work carried out in Stage 2 of the development, it was
considered that the inclusion of un-modulated control resistors would
be vital for successful turn-on capability. However, it was not known
what value of control resistance should be used, whether more than one
amplifying gate was required, and if so, how the control resistance
should be split between stages. Computer modelling of the turn-on
process was therefore carried out to gain an appreciation of the
behaviour of different gate designs. This computer modelling is

described below, followed by an account of the design of the 56mm

and 30mm devices.

b) Computer Modelling.

Finite element modelling of semiconductors is a very complex procedure.
and so to obtain results in a realistic timescale, it was decided to
represent the thyristor as a simple assembly of passive components, and
analyse the interaction of this with the external circuit. The circuit
analysis programme used to carry out the computer studies is known as
VTECAP (Variable Topology Electrical Circuit Analysis Program). This
prietary program is described elsewhere [6.3], but its most wuseful

pro

feature in this context is that it allows switches and non-linear
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elements to be controlled by a variety of parameters.

Modelling Technique.

Each thyristor in the device (ie the amplifying gate(s) and the main
cathode) was modelled by a variable resistance in series with a switch.
Turn-on was represented by closing the switch and then reducing the
resistance in discrete steps, to simulate the collapse of impedance in
a real device at turn-on. The rate of collapse of resistance was
derived from voltage and current waveforms observed during turn-on of a
conventional electrically-triggered thvristor. Although the thyristor
observed had an amplifying gate, and therefore the waveforms were for
two-stage turn-on rather than for a single structure, it was considered
that the model would be a sufficiently good approximation for the

purposes of this study. The resistance:time characteristic used in the

model is given in Figure 6.3.1.

The basic circuit studied is shown in Figure 6.3.2. The non-linear
inrush limiting inductors were represented with a piece-wise linear
approximation, and the thyristor-level damping and grading circuits

were included, in addition to stray inductance and capacitance.

The turn-on sequence was as follows. Firstly, the circuit capacitances
were charged to the peak turn-on voltage (5300V in this case), and the
switch for the optical well thyristor closed. The variable resistance
for this stage then started to clock through its states on a time-
controlled basis. When the current through the device reached the
predetermined threshold level for the next stage, a counter was started
which represented the delay time for that stage. When the delay

expired, the switch for this stage was closed, and 1its variable
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resistance started to clock through its states.

The delay time of all the thyristors was set to 0.55us, which was felt
to be a reasonable upper limit for the delay times at high voltage and
high temperature; if the delay times were shorter than this in
practice, the duty on the optical well would be reduced. The optical
well was considered to be the most vulnerable part of the system to
turn-on failure, and therefore the studies were designed to produce
"safe" design criteria for it. For this reason, there was no attempt to
model the effect of overdrive on reducing the delay times of the
subsequent stages. Note that although delay times for optical trigger-
ing can be shorter than for electrical triggering [6.4], the subsequent
stages of the thyristor are electrically triggered by the current in
the optical well, and so will have delay times similar to conventional
devices. The computer studies were only concerned with the period after

the optical well had turned on.

In addition to the normal effect of overdrive on reducing delay time,
the "priming"” effect described in section 5.8 might reduce delay time
further. Since a relatively large current is already flowing through
the structure before the optical well turns on properly (greater than
the steady-state triggering threshold for the auxiliary), turn-on of
the next stage of the device would be accelerated. However, this
effect was ignored since it would also serve to reduce the duty on the

optical well, and the purpose of the studies was to produce "safe”

results.

As already explained, the optical well was thought to be the most
vulnerable part of the device to turn-on failure. If the turn-on

capability of the subsequent stages was found to be inadequate, then




- 181 -

this could be improved by conventional means. Therefore, only the

results affecting the optical well are considered in detail below.

Studies Carried oOut.

Two main sets of studies were performed. The first was to compare the
performance of gate structures having one, two and three amplifying
stages for a given total control resistance. The second was to
investigate the effects of varying the split of resistance between
stages. A third study to investigate the effects of control resistor

modulation was also undertaken.
Study 1: Different Numbers of Amplifiers.

An important consideration in the use of control resistors is the area
of the device they take up, since this is lost to the main cathode. The
first set of studies were therefore designed to show how, for a given
area loss, the best turn-on performance can be achieved. In addition,
it was felt that the total control resistance in the gate structure
would be the single most important factor in protecting the optical
well, and so by keeping the total value constant, the benefits (or
otherwise) of additional amplifying stages could be studied in isola-
tion. Published work [6.5] indicates that there are diminishing returns
in applying extra amplifying gates to a device, and so the purpcse of

the studies was to confirm this.

The maximum turn-on voltage predicted for the present generation of
100mm thyristors is approximately 5.3kV, whilst the peak current
capability of the optical well was found in Stage Two to be approxima-
tely 50A. Thus, if it is assumed that in the worst case all of this

{and none across

[4)]

turn-on voltage appears Aacross the control resistor
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the transient impedance of the device itself), then a total resistance

of 105R is required to limit the optical well current to SO0A.

Three thyristors were studied, whose designs are given in Figures 6.3.3
to 6.3.5. For the treble amplifying gate case, the resistances were
split so that each stage had approximately one quarter of the control
resistance of the previous stage. Although the threshold triggering
sensitivities were set to plausible values, in practice the di/dt
through the optical well was so high that the time delay between the
current crossing the wvarious thresholds was of the order of one
nanosecond, and therefore turn-on of subsequent stages was effectively

simultaneous [6.5].

The results of these studies are presented in Table 6.3.1 and Figures
6.3.6 to 6.3.10. For Case 1 with a single amplifying stage (the optical
well itself), the energy dissipated in the well was 18.3mJ. Adding
another amplifying stage only reduced this to 17.9mJ, and a third stage
resulted in 17.6mJ. The reason that the effect of adding amplifying
stages is so small is that the model predicts that virtually all the
energy that is dissipated in the optical well appears during the very
early stages of turn-on. Figure 6.3.6 shows the voltage and current
waveforms obtained for Case 1, whilst Figure 6.3.7 shows  the
corresponding current and energy waveforms for the optical well. Since
the subsequent stages do not turn on until 0.55us into the study, they
cannot affect the energy dissipated in the optical well early on;

rather, they can only speed up the commutation of current out of the

well, when dissipation is relatively low.

In practice, the resistance:time model for the optical well should

probably be scaled upwards in its later sections, since the area turned
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on will be smaller than in the thyristor from which the model was
derived. There would therefore be more dissipation in the tail of the
current waveform, and consequently more opportunity for additional
amplifying stages to reduce the dissipation in the optical well. Also,
if the delay times of subsequent stages were shorter than those
modelled, they would switch in at a time when the dissipation in the
well was higher, and therefore they could have more effect. Despite
this, these results do confirm the published results, ie that adding
extra amplifying stages 1is subject to diminishing returns. It is
interesting to note that for Case 3, the second stage never carries

significant current (Figure 6.3.10).

Another significant feature of the waveforms in Figure 6.3.6 is that,
in spite of stray inductance in the circuit, the current in the optical
well approaches its peak value very quickly (approximately 300ns). The
transient impedance of the device itself therefore cannot be relied on
to limit the peak current in the well. This has two implications:
firstly, in order to be safe, the value of the control resistors must
be equal to the peak turn-on voltage divided by the peak acceptable
current, and secondly, large transient voltages can be expected to
appear across the control resistors. The possibility of surface

breakdown must therefore be considered.

Study 2: Two Amplifiers: Varying Distribution of Resistance.

The second set of studies was designed to investigate the effects of
varying the split in control resistance between amplifying stages.
Using the second study above as a reference (ie two amplifying stages,

100R and 5R control resistors), a further study was carried ocut for a

double amplifying gate with 65R and 40R control resistors. Figure
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6.3.11 shows the circuit used, and Figure 6.3.12 the waveforms
obtained, with a comparison of the results being given in Table 6.3.2.
As above, the changes had little effect on the energy dissipated in the
pilot thyristor, with the energy dissipated falling from 17.9 to 17.7mJ
for the device with the 65R/40R control resistors. This fall in energy
occurred because the increase in resistance in series with the
auxiliary amplifier forced current to commutate out of the optical well
more quickly, which is evident from a comparison of the optical well
currents in Figures 6.3.8 and 6.3.12. As might be expected, the most
significant effect of changing the split in control resistance was on
the energy dissipated in the auxiliary thyristor, which fell from 80.2
to 11.9mJ. However, since the area of the auxiliary thyristor would
typically be several times that of the pilot thyristor, a "constant
energy density" criterion would dictate that the energy dissipated in
the auxiliary thyristor should be greater than that in the pilot
thyristor by the same factor. 1In fact, this is much more closely
approximated to by the first case, where the auxiliary energy is

approximately 4.5 times greater than the pilot energy.

Study 3: Effect of Control Resistor Modulation.

The final study was to model, for purposes of comparison, a thyristor
with heavily modulated control resistors. Values of 2R and IR were
therefore used, since these approximate to the modulated values of
control resistance in the 100mm samples. The circuit is shown in Figure
6.3.13, and Table 6.3.3 compares the results with those obtained from a
device with unmodulated control resistors. It can be seen that both

current and energy in the pilot thyristor are greatly increased.
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Conclusions from Computer Studies.

The important conclusions to emerge from these studies are therefore as

follows:

- The inductance in the circuit and the transient impedance of the
pilot thyristor itself cannot be relied on to limit its dissipation.
The control resistors themselves must therefore be adequate to keep
the maximum current to acceptable levels.

- Because of the time delay between turn-on of the pilot thyristor and
turn-on of subsequent amplifying stages, the energy dissipation in
the pilot thyristor can only be marginally reduced by the addition of
amplifying stages.

- Since the current in the pilot thyristor increases rapidly when turn-
on occurs, all subsequent stages become heavily overdriven within a
few tens of nancseconds. Turn-on of the subsequent stages is
therefore virtually simultaneous, so that it can be argued that there
is little merit in having auxiliary amplifyving stages. There Iis
certainly negligible benefit in having more than one.

- With conventional electrically-triggered thyristors, the challengs in
gate design is to make the device turn on safely with as low a level
of gate current as possible. With light-triggered thyristors, the
problem appears to be reversed, and the challenge is to limit the

current delivered by the optical gate to safe levels.

c) Design of the 56mm Device.

In accordance with the conclusions reached in Chapter 5, the 5érm

device was designed with a shorted optical well (ie without dv/dt

compensation). Using data from dv/dt withstand tests, the well was

designed to have a dv/dt capability of 3kV/us at 110°C. Also, with
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guidance from the results of the computer studies f(although these were
not complete when the design was fixed), a total control resistance of
100R was provided, with nominal values of 80R in series with the

optical well and 20R in series with an amplifying gate.

In order to utilise the test technique developed during earlier turn-on
testing, both the optical well emitter and the auxiliary emitter were
isolated, so that an external bond was required to short them to the p-
base. This would enable the current in each stage to be measured. Anti-
modulation rings were provided for each control resistor, and for
further investigations, these would allow the auxiliary thyristor tc be
by-passed and one or both of the control resistors to be shorted out.
The anti-modulation ring for the second control resistor was a novel
design which combined the anti-modulation function with the distribu-
tion of current to the edge of the main cathode. This enabled the
control resistor to be annular, thereby using much less device area
than if it had run parallel with the inside edge of the main cathcde.

The thyristor design is shown in Figures €.3.14 and 6.3.15.

In order to prevent dv/dt failure at the corners of the inside edge cf
the main cathode, the corners were rounded, and much smaller shorting
dots were used along the edge. This meant that the ratic c¢f short
diameter to corner radius was improved, so that the discontinuity of

the horizontal geometry at the corners was reduced: see Figure 6.3.16.

d) Design of the 30mm Devices.

In order to investigate the censitivity and inrush capability of
different designs of optical well, ftwo 30nm devices were manufactured

containing a total of six different well designs. The well designs were
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based on that used in the prototype device, shown in Figure 4.6.4. 1In

all cases, the outside diameter of the normal n-emitter (Region C) was

fixed.
Design #1: Different Secondary Well Diameters.

In the first set of three wells, only the diameter of the secondary
well (Region A) was varied, as shown in Figure 6.3.17. This parameter
would be expected to affect optical sensitivity, inrush capability and,
to a limited extent, dv/dt capability. The first case with nc seccndary
well (ie zero diameter) would correspond to the structure previously
discussed, which makes use of the pheotocurrent generated in the tor pn
junction to help turn-on of the device (refer to Section 5.2 ). If it
was shown that light transmitted through the thin n-emittar is overall
less efficient than that transmitted through a secondary well, it
follows that there would be a trade-off between peak optical sensiti-
vity (achieved with the secondary well being the same diameter as the
optical fibre) and the sensitivity that can practically be achieved
with realistic alignment accuracies; see Figure €.3.19. By varving the
length of the turn-on line, the diameter of the secondary well might

have an influence on the inrush capability of the gate.
Design #2: Different Primary Well Diameters.

For the second set of three wells, the outside radius of the primary
well (Region B) was varied in order to investigate the trade-off
between optical sensitivity and dv/dt capability; see Figure 6.3.18.
The secondary well diameter (Region A) was constant. Since one design
was the same as a well on the #1 device, the metallization was brought

down into this well to check the effect on sensitivity and inrush

capability. The wells were designed with theoretical dv/dt capabilities
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of 3, 4.5 and 5.8 kV/us.

The outline of one of the complete 30mm devices iz shown in Figure
6.3.20. There is no main cathode on the device, and the wells are not
shorted so that all the wells are isolated initially. The well being
investigated can then be "activated" bv connecting an external wire
bend  between the emitter of the well and the metallization =n  the
surrounding p-base. Between the central island on the device
(containing the three wells) and the peripheral ring of metallization
is a control resistor; the purpose of this was to trv to ensure that

dv/dt tests would not be destructive.
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6.4 TESTING OF THE FORWARD RECOVERY PROTECTION STRUCTURES.

a) Introduction.

Testing of the forward recovery protection structures took place both
at MEDL in Lincoln and the GEC Engineering Research Centre (EPC) in
Stafford. Because of the relatively large number of different designs
to be tested, it was decided to subject two samples of each design to a
standard "screening" test to see which, if any, showed promising signs.

More detailed evaluation could then be carried out as appropriate.

The test circuits used at Lincoln and Stafford were the same as that
shown in Figure 5.3.1. At MEDL, optical triggering of devices was used,
whereas at ERC electrical triggering was emploved, with a timed relav
being used to open-circuit the gate after the main current pulse had
started. The standard test was a 350V/us (MEDL) or 500V/us (ERC) ramp,
2kV peak, 90°C. This ramp was initially applied soon after current
zero, and then the time of application put back until the marginal
forward recovery failure region was encountered. The delay was then
gradually increased (eg in Sus steps), and the wvoltage at turn-on

measured. The test was stopped either when the device recovered

completely, or was damaged.

b) Test Results.

Typical forward recovery failure waveforms are presented in Figure

6.4.1. Tt soon became apparent that none of the devices showed any

in resistance to forward recovery failure cdamage compared

improvement

' - Sigtor: ot gated turn-: tages
to a conventional unprotected thyristor; the ungated turn-on  voltages

at which damage occurred ara shown in Tzable 6.4.1, and these all lie

. ~ Nt ] A el
within the range that would ke expected from conventional devices.
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However, the Selective Failure Zone samples showed clear signg that the
device was being gated into conduction during forward recovery failure,
and that the devices failed because the inrush capability of the gate
was insufficient. This technique therefore held out the prospect that,

with further development, it could form the basis of a conmercial

technique for forward recovery protection.
The failure mechanisms for the various desicns are discussed below.

"P+ zZone'" Devices.

th

For each version of the p+ zone design, damage occurred on the edq

D

o
one of the zones, as shown in Figure 6.4.2. This was not the location
that was expected:; Figure 6.2.2 shows that turn-on was predicted to
occur in the centre of the p+ zone. Since the failure did in fact occur
under part of the normal emitter. the structure would therefore be
expected to have the same resistance tc forward recovery failure damage
as a normal device. 1In effect, the "rcbustness" of the p+ zons has not
been tested; all that has happened is that the location of the failure

site has been moved to another part of the normal emitter.

Two reasons were put forward to explain this. The first was that

because the doping profile was different in the pt+ zone,

potential of the pn junction in this region would be different. The

thin emitter
cathode, and so it reguires a higher bias to cause carrier injection
1 - e

O R ~ S S =Rt ific tl i v- +
and  turn-on. If the built-in potential was significantly higher than

1
(Y

that in the normal emitter, then turn-on might never ococur in the »+

ed at the design stage. but

[9)]

snne; gee Figure 6.4.3. This was recodn:

. : I ~odictiny the built-iy notentiz o
because of the difficulty in predicting the built-in potential of
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a diffused junction (particularly an unusual one such as that formed by

the thin emitter layer), it was considered that experimental results

would be required to prove whether or not the mechanism would work.

The second possible reason why the p+ zone did not turn on is related
to the vertical geometry of the device. The pn junction formed by the
thin emitter layer is approximately 60um further away from the forward
blocking junction than the normal emitter (Figure 6.2.4). Thus even if
the centre of the pt+ zone is emitting carriers more strongly than the
edge of the normal emitter, it is possible that the carriers from the
normal emitter might reach the forward blocking junction first, causing
turn-on in that area. Turn-on therefore might always occur first under
the normal emitter, preventing the p+ =zone from fulfilling its
protective function. The p+ zone could only operate when the ramp
conditions were insufficient to cause turn-on of the normal emitter, in

which case the protection would not be needed anyway.

Whatever the reason was for the failure of the p+ zones to turn on, it
was clear that the principle behind that technique for protection (ie
increasing the area involved in turn-on) had not been tested. However,
any other implementation of this principle would incur more cost in
manufacture of the device, and so these tests at least showed that the

simplest method of implementation (via the thin emitter layer) was

unsuccessful.

Attempts were made to force turn-on to occur in the p+ zone by

irradiating all of the device except one zone. However, turn-on still

occurred under the normal emitter, even for very high radiation doses.




"P+ grid" Devices.

These devices failed on the edge of cne of the regiong 2f normal n-
emitter, in a similar manner to the p+ zone devices; see Figure 6.4.4.
The reasons advanced for failure are the same as for the P+  zone

devices.
Lateral Field Devices.

The lateral field devices failed in the recion cf thin emitter laver
between the secondary well and the metallization in the primary well:
see Figure 6.4.5, 1If the lateral field mechanism was viorking in these

cases, 1t was clearly insufficient to provide arv mezsurable improve-

ment in the resistance to forward recovery failure damage.
Selective Failure Zone Devices.

Four devices were tested, the first of which had received a radiation
dose of 80kRad, with a mask that extended to half way between the edge
of the gate and the inside edge of the main cathode (similar tc the #4
mask in Figure 5.3.12). 1In this case, a layer of gilicon rubber was
applied to the control resistor to prevent surface breakdown. During
forward recovery failure testing, a large vcltage waz observed between
the gate and the main cathode, as shown in Figure 6.4.6. 1In the final
shot which destroyed the device, approximately 530V appeared between

gate and cathode for turn-on from 1400V,

Subsequent examination of the device showed a failure track across the
contrcl resistor, as shown in Figure 6.4.7. The voltage measured would
have given rise to a field of approximately 1.7kV/om, and so the

failure could have been due to breakdown of the resistor surface.

Alternatively, it is possible that e
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thermal runaway, since its volume was small, and a temperature rise of

perhaps 20 to 30°C could have been sufficient to cause YUNAWAY .

In order to prevent similar failures, the control resistor was shorted
out on subsequent devices, although this would still leave a region of
resistor which could be modulated by turn-on of the main cathode edge.
Three more devices were tested, with doses of 80, 40 and 20kRad, and in
all three cases significant voltages were generated between gate and
cathode during forward recovery failure; s=e Table 6.4.2 This i3
particularly encouraging in the case of the device with only 20kRad
dose, since this suggests that it might be possible to achieve forwar?d
recovery protection without any increase in radiation dese (ard
therefore forward wvolt drop!) over that already us=ad for lifetime

control.

All three devices failed on the inside edge of the main cathode, but it

was difficult to tell whether this was caused by breakdown of the

Q)
D

remaining resistor in the gate. or inrush failure on the cathode edge.
However, the fact that a positive voltage was produced in the gate
still suggests that the gate was turning the device on, rath
that the device was suffering ncrmal forward recovery fallure on the
inside edge of the main cathode. This was confirmed by tests on & 5S6mm

device described later in this section.

Gated Turn-on Devices.

The wated turn-cn devices suffered damage on the inzide edge of the

5 showm in Figure (.4.8.

)]

main cathode at cone of the special gites,

Fsen  thoucgh the metallization in the vell may hava heloed to  enforze

uni form motential along this edge, the effect was clearly insufficient
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to prevent weak turn-on occurring at a point location, with a

correspondingly limited energy abscrption capability.

56mm Device.

One 56mm device (#13) was subjected to forward recovery testing, having
received an 80kRad radiation dose with a mask over the optical well.
The purpose of this test was to see whether the small amount of curren

that would flow through the optical well during normal conduction (due
to current sharing with the main cathode) might cause the well to
trigger during a forward recovery failure event. Tests were carried out

at 90°C, as before.

In practice, the well did net trigger, and the device was damaged on
the main cathode between shorting dots. However, two interesting
features were noted during the test, the first cf which was that it
was very difficult to induce marginal forward recovery failure. For
previous tests, ths "wvulnerable window" during which marginal
occurred was several tens of microseconds long, and so it was
straightforward to induce marginal failurs events of increasing sever-

ity by advancing the point of ramp application through the wvulnerable

N

window. However, for the 56mm device the wvulnerable window appearsd tc

{

be only one or two microseconds wide, thus making it difficult to find

Iy

and explore. The first shot that was successfully plazsed within th

window was very severe, and damaged the device: see Figure 6.4. §. This
oscillogram shows the last ftwo shots applied to the device. for the

first of which the device reccvered, but for the second fapproximately

0.2us earlier) the device switched fram Z250V.

1z

ORI U

The second interesting feature of these tests was the capacitive

1 boties o ortica A the iy
coupling that cculd be observed betussn the ortical well and ths main




cathode. The voltage between the pilot thyristor (ie the optical well)

and the main cathode is alsc shown in Figure 6.4.9, and it can be seen
that when the ramp is applied, there is a positive wvoltage spike
between pilot and cathode. This arises because the optical well isg
coupled to the main cathode through the control resistors (in this
case, a total of 414R at 22°C), and so the voltace developed across the
junction capacitance of the well will lag behind that developed across
the main cathode capacitance. This should help the dv/dt performance of
the optical well, since the scurce impedance of the ramp generator has
effectively been increased, so that the front end of a dv/dt ramp will
be smoothed out and the peak current drawn from under the iell reduced.
This effect will not normallv be so pronounced, since in practice the
control resistors would be of a lower value than was the case with this

sample.

t the

[a1]

The effect just described suppcrts the previous conclusion th
Selective Failure Zone devices were operating correctly. Where the
damage site for these devices was on the edge of the nmain cathode. i

was difficult to tell whether this was normal forward recovery damage

]

or an inrush failure caused by insufficient di/dt capability of th

M

gate structure. However, if turn-on had occurred first on the insid
edge of the main cathode (ie normal forward recovery damage), then

there should have been a negative voltage spike between the gate and

cathode similar to that in Ficgure 6.4.9, whereas in fact 2 nositive
age e i =K TCes 2 ~lusin drawn
3 S d This reinfcrces the conzlusion N

voltage was cbserved. Thi

ic eing gat into conduction during
previously, ie that the devices were being zated into condu ( >
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c) Conclusions.

None of the test structures showed an increased ability to withstand
forward recovery failure damage compared to corventional devices. For
the p+ zone and grid structures, turn-on failed to occur in the
required region, possibly due to the diffusion profiles or wvertical
geometries used. In other structures, the protaection strategy failed to
produce any measurable effect on the resistance to damage. Howsver, the
Selective Fallure Zone devices showed correct cperation with radiatien
doses as low as 20kRad. Unfortunately, it appeared that the design of
the gate on these devices was unable to cope with the single-shct turn-
on conditiong required. Having established that the principle works,
develcpment of the gate structure is now needed teo improve its inrush

capability.
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6.5 TESTING OF THE LIGHT TRIGGERING STRUCTURES .

a) Introduction.

Repetitive turn-on testing of the 56mm devices was carried out at the
Engineering Research Centre in Stafford on a high-power test circuit
capable of producing 50Hz turn-on at voltages up to 5kV. Single-shot
turn-on testing of the 56mm devices and evaluation of the 30mn
structures was carried out at MEDL. The laser light sources used for
all the tests were the laboratory light firing systems described in

Chapter Seven.

The 56mm devices were tested beth for optical and dv/dt  turn-on
capability. A useful spread of results was obtained because the camples
had a wide range of control resistor values:; this had bsen achieved by

varving the depths of the two chemical etch stages used in production.

b) 56mn Devices: Repetitive Optical Turn-cn Testing.

The turn-on test circuit was similar to that shown in Figure 5.7.5,
except that a rescnant energy recovery circuit was used to  reduc
losses in the circuit. Device temperature was measured with a therme-

couple in contact with the remcte side of the molvbderum ancde washer,

A summary of test results on six devices is given in Table 6.5.1. Two

failure modes were encountered: the first was surface breakdown of the
control resistors, and the second, inrush failure on the inside edge of
the main cathcde. The #0 device used for setting up the test circult

suffered accidental mechanical damage during medifications to  the

cirouit, and one device failed due te voltage breakdown.
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The laser drive circuit was supplied from a variable veoltage scurce, so
that the optical drive could be varied in a controlled fashion during
the tests. The usable control range was from 80V tc 200V supoly

voltage, and the laser output increased by 30 times over this range.

At the start of the tests on each device, the thvristcr was xrepetiti-
vely triggered from 500V anode-cathode voltage, and with the laser
supply set at 80V, the optical attenuation in the circuit was increased
until threshold triggering occurred. This level of optical drive
was then used as the "threshold" level (1x overdrive} for the rest of
the tests. Even though it was known that the true threshold level would
fall with increasing voltage, it was decided for two reasons not to try
and find the threshold for each voltage level: firstly, it was not
known whether the devices would survive thresheld triggering from high

voltage, and so this could have been a hazardous procedure, and

1'1‘

em would operate with

Q

secondly, any practical light triggering syst

constant optical drive, so that the tests would resemble real-life
conditions.

A substantial volume of information con turn-on  behaviour., sensitivi-
ties and delay times was collected during these tests., Tests on each
device are summarized below, and the most interesting results are

discussed.

Test 1: Device= #0 Rcl= 76R RcZ= 18R Total= 94R

-

Waveforms for 1.5kV turn-on at room temperature for this thyristor are

i i 6 ACes ar: W c and 30w
given in Figure 6.5.1. Two sets of traces ara chown, for Ix and 30
the effect of overdrive orn delay time and the rate of

overdrive, and

Al

[9)]

S

(o

2arly .

o

build-up of ancde current befors turn-on can be
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Test 2: Device= #43 Rcl= 47R Reo= 10R Total= S57R

A set of waveforms at 20°C showing anode-cathode and pilot-cathode
voltage 1is given in Figure 6.5.2, The pilot-cathode voltage was
measured between the metallization on the optical well (the “pilot"
thyristor) and the main cathode; it therefore represents the voltage
dropped across the control resistors. Two f{eatures are of interest in

this oscillogram:

- The effect of initial ancde veoltage on the speed of the turn-on
process can be clearly seen.

- The peak pilot voltage reached is approximately 53% of the anode
voltage before turn-on, showing that the contreol resistors are

playing an important role in limiting current during turn-on.

Figure 6.5.3 shows the form of the anode current when the optical drive
is just below and just above threshnld for 500V turn-on. The positive

feed-back mechanism inherent in thyristor triggering can be seen In

v

31

both the build-up of current (successful triggering) and the decay o

current (failure to trigger).

This thyristor failed as the turn-on voltage was being raised from

3000V to 3500V. Tracking had taken place across both control registors,

9]
QO

n

as shown in Figure 6.5.4. It is assumed that the tracking acros

occurred as a result of the breakdown of the more highlv stressed Rel.

Examination of the failed device showed a large number of Incomplete
tracks emanating from the inner edge of Rcl, which were reminiscent of
the incomplete failure tracks gscmetimes seen in solid insulators.

are shown in Figure 6.5.5. The existence of these tracks sugyes
5 Ss

W o Sk rooes iz oracdiaa! =y e Ve
things: firstly, that the hreakdown process is gradual. and secondly

that the failure was due to surface hreakdowm and

i
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not thermal runaway. Surface breakdown is a stress-relieving mechanism

which can be "self-healing" uwp to a point; one weould

therefore expect
that some breakdowns could occur without being catastrophic. In con-
trast, thermal runaway is a self-destructive mechanism, and the first
time it occurred would be catastrophic. Subsequent examination of the

#0 device showed similar surfacs tracking, and since this thyris

had not failed on test, it supports the above conclusions.

Th

1]

possibility of this type of failure was predicted as a result «f
the computer studies (section 6.3), which showed that a large propor-
tion of the ancde voltage would appear across the control resistors. To
prevent surface breakdown on future devices, the control resistors were
therefore covered with a layer of silicone rubker, which successfully

eliminated the problem.

Test 3: Device= #11 Rcl= 485R Rc2= 40R Total= 525R

This was a very high resistance device, and as a result it was possible
to observe distinct turn-on of all three thyristor stages in the anode
current  waveform when triggered from low voltage; see Figure 6.5.6.
Also as a consequence of its high resistance, the pilnt-cathcde voltags
reached 90% of the initial anode voltage during turp-cn.  Waveforms for

3kV turn-on are shown in Figure 6.5.7

The thyristor failed as the turn-on voltage was being increased from
kY to 3.5kV, with the failure site being on the inside edge of the

ate fingers. This is normal

=
2
l@;

main cathode near the root of one of

- - v € I S PR
for di/dt failure, and shows that the pertormance f the awiliary

”
b

(!

amplifving gate is reduced to an unacceptable extent by including a 40R

series resistor {Ro2).
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Test 4: Device= #46 Rcl= 110R Rco= 25R  Total= 135R

This device survived repetitive turn-on for ten seconds from 5kV at
30°C, and 4.7kV at 105°C; ten seconds is the longest period that the
thyristor would be required to turn on from maximum voltage. Testing
was not continued to 5kV at the higher temperature because part of the
thermal insulation around the device started to break down

electrically.

Figure 6.5.8 shows turn-on from 5kV at 30°C. In this figure, the change
in device resistance during turn-on can be clearly seen, gince
initially the anode current rises at 115A/us, but later shifts to a
200A/us characteristic. Since there are only twec slopes evident from
the oscillogram, it is presumed that two of the three stages in the
device turn on virtually simultaneously. Measurements made during
single-shot turn-on tests (reported below) show that, contrary to
predictions from the computer modelling, the auxiliary thyristor turns
on very soon after the pilot thyristor. The transition that can be seen
in Figure 6.5.8 is therefore concluded to be the transfer of current

nsfer of

o

from the auxiliary thyristor to the main cathode; the tr

current from the pilot to the auxiliary occurs toc socn to be

distinguishable.

The transition between the two charactecistics in the oscillogram Iis

interesting. When Rc2 is "shorted out” by turn-on of the main cathode

(point "A" in the oscillogram}, the voltage that was droppsd acress it
transfers to the circuit inductance, causing a rapid increase in di/dt.

The current then rises until it reaches the characteristic it would

have followed had there been no control resistance in the thyristor. A

rent waveforms derived from

e

similar effect can be seen in the ancde cur




the computer model (eg Figure 6.3.8), although in this case the major
transition occurs when current transfers from the pilot thvristor to

the auxiliary and main cathodes.

It is also clear from Figure 6.5.8 that the difference in delay time
between threshold and strong triggering is much smaller than at  low
voltages. This is useful, since the need for ccherent turn-on in a
series string of thyristors (ie minimurn variation in delay times)

increases as the voltage is raised.

Figure 6.5.9 shows 1KV turn-on waveforms for 20°C and 95°C. The effect

s

of temperature on the speed of turn-on is evident; also, the peak gate
voltage has increased due to the rise in the value c<f the oontrol

resistor with temperature.

Figure 6.5.10 shows the turn-on delay time at 95-105°C as a function cof
anode voltage and optical overdrive. The uncertainty about device
temperature arises from self-heating during the tests; the dJdevice
started the tests at 95°C, but its taemerature was increased by the

inrush current, and for 4.5kV turn-on it had risen by 10°C during the

test. The curves in Figure 6.5.10 are corrected to allow for the

n
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]
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reduction in threshold triggering level with voltags, and the

the characteristics is generally as expected.

The effect of thyristor heating caused by the inrush current was

A

evident during the high-temperature high-voltage tests; for turn-on

L

from 4.5kV at 105°C, the turn-on delay time increased visikly during
the test and the audible noise from the test circuit also indicated
test,

. ~. N M T = 3 A Rt f’}",;' YUY TAYNJ[JL ST
that this was happening. There mas be a danger that thermal anauay

could occur; as the gate heats up, the delay time increases. causing
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the gate dissipation to increase, and therefore further rises in
temperature. However, the devices being tested were iscthermally heated
to the required temperature; the effect of gate heating would probably
be much less pronounced for an actively cooled device, as would occur
in service. The gate structure will normally be cocler than the rest of

the device, since it does not carry load current.

In order to see if the device would withstand true threshold trigger-
ing, the supply voltage to the laser was gradually reduced while the
circuit was running, until the device stopred triggerinyg. As threshold
was approached, the delay times became very long and erratic. It was
possible to slowly reduce the laser supply voltage until the device
stopped triggering, and then slowly increase it until triggering
restarted. This remarkable procedure was carried out for turn-on
voltages up to 3kV at 50Hz without damage. However, when the device
stopped triggering, the circuit left a substantial dc voltage across
it, and so the test was not carried cut beyond 3KV for fear of damaging

the device. However, even at 3kV this represented a significant

achievement.

Test 5: Device= #45 KRcl= 58R Rc2= 16R Total= T74R

This device survived turn-on from 4.5kV at 30°C for ten seconds.
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However, when the voltage was increased to 5kV, the Zevic

five seconds due to voltage breakdown at the cutside edge of the main
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cathode. The test devices had not been screene
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withstand capability up to this level. Figure 6é.5.11 presents the

variation of peak gate voltage with anode firing veltage and cptical

" . S - e 1 SO t+ th naak at
overdrive for this thyristor, and it can be seen that the peal gate

voltage is highly linear as a function of ancde wvoltage. It was
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interesting to note that, for all the devices, the peak gate voltage
rose slightly as the optical overdrive was increased. This could be due
to two effects: firstly, a strongly-gated cptical well will collapse
its impedance faster than a weakly gated one, and so more voltage will
be transferred to the control resistors, and secondlv, the current that
flows in the well before turn-on occurs will discharge the circuit
capacitance slightly, and therefore the longer the delay time, the

lower the circuit voltage at turn-on.
Test 6: Device= #16 Rcl= 162R * Rc2= 38R * Total= 200R

This device withstood turn-on from 5kV at 20°C and 4kV at 90°C for ten
seconds. It failed after three seconds with turn-on from 4.5kV at 90°C.
The failure site was in a similar position to that for Test 3, ie the
ingide edge of the main cathode, and indicated normal di/dt failure due
to an excessively large value of Rc2. It is interesting to note that,
for this device, the control resistors withstcod a total of 3 7%V,
whereas on device #43 (Test 2), they broke down at less than 1.9V

without the silicone rubber ceoating.

(*The values of Rcl and Rc2 were not measured directly, and have

therefore been estimated from the total measured value <f contrel

resistance}.

Summary and Conclusions.
The repetitive turn-on tests were gensrally successful, and constituted

- - > “l . -
a substantial inprovement over the results obtained cn the protctype

thyristor. Three devices withstood the most onerous turn-on conditions

(0]

. B - 2 -y ] . £ T —
at 30°C with low levels of optical overdrive, and although two of thes

TS I =9 3 tormerature, this I
did not withetand the same conditiong at elevated temperatura, this was




due to an excessively large control resistor in series with the
auxiliary amplifying gate. There were no failures in the optical well,
and with the correct values of control resistor, there is good reason
to suppose that this design will withstand the most severe turn-on
conditions required with very low levels of optical drive. Passivation

of the control resistors will be required to prevent surface breakdown.
c) 56mm Devices: Single-shot Optical Turn-on Testing.

The purpose of the single-shot turn-on tests was to measure the current
flowing in the different parts of the gate structure. Relatively large
external wire bonds were therefore used (Figure €.3.15) so that current

ane

probes could be attached to them. Whilst this weould introduce

w

extra inductance into the circuit, it was considered that the woltage
dropped across this would be small compared to that across the control

resistors and other stray inductances in the circuit.

Three devices were tested with beth pilot and auwxiliary amplifying
gates activated; another three were then tested with the auxiliary by-
passed. In all the results discussed, a high level of optical cverdrive
was used, since experiments showed that fas for the prototvpe
thyristor) the level of optical overdrive had only a limited influence

on turn-on characteristics other than the delay time.

For the first two tests, the circuit was limited by passive corponent

ratings to a maximum voltage of 3kV.

Test 1: Device= #49 Rcl= 438R Rc2= 101R Total= 530F (22°C)

Rcl= 690R Rc2= 150R Total= 840R (90°C)

Voltage and current waveforms for 3kV turn-on at room temperature are

N e ~2 1 3 f' (’,‘1". 1 - 1
given in Figure 6.5.12, and there are severa. interesting features in
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these waveforms. Firstly, it is clear that the auxiliary amplifier
turns on very quickly. The auxiliary current is the difference between
the two gate current waveforms Ir and Ips+ax, and this difference
appears less than 0.2us after the pilot turns on. In contrast, the main
cathode does not turn on until 1.6us, and this fast turn-on of the
auxiliary could be due to the "priming" effect discussed in section
5.8, whereby current flow below the latching level of the optical well
initiates turn-on in the auxiliary thyristor. Tt will rendsr invalid
the computer modelling carried out for devices with two or three
amplifying gates, since in the model the amplifying gate was assumed to

have a turn-on delay time of 0.55us. 1In particular. the addition of an

auwxiliary amplifying gate will have significantly more benefit in
reducing the pilot energy dissipation than the model predicted.
A second feature of the waveforms in Figure 6.5.12 is that, if there

had been no direct measurement of gate current waveforms, it might have
been assumed that only the pilot thyristor was conducting up to the
time the anode voltage started to collapse (1.6us); turn-on of the
auxiliary and main cathodes could have been assumed to be simultanecus.
In fact, the pilot starts to commutate cff after only 0.4us, and for
the rest of the time up to 1.6us, it is the auxiliarv control resistor

Rc?2 which is limiting the anode current, not the pilct resistor Recl.

i

This information is a valuable input to the gate design process.

The third interesting feature of the waveforms is that at the moment
the anode volts start to collapse. approvimately 20A is flowing in the
anode, whereas only 8A is flowing through the pilot and auxiliary
combined. Whilst the subtraction of these tue waveforms  is

thyristors

likely to be prone to some inaccuracy,
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of the order of 10A is flowing through the depletion layer in the (off-
state) main cathode. This would lead to a high instantanecus nower
dissipation (about 27kW) in the turn-on regicn. If the gate currents
had not been measured, it would not have been possible to discriminite
between dissipation in the main cathode turn-on zone and dissigation in

the control resistors (about 22kW).

There is a large "hump" in the anocde-cathode voltage after turn-on, the
peak value being around 1350V at 5Sus. This feature arises because
conduction has not had time tc spread far into the main cathode, and so
the small area that is conducting has a high forward voltage dren
As a result, the instantaneous dissipation in this region is approxima-

tely 400kW. Since it is related to the local current density in the

turn-on region, the magnitude of the voltage "hump" can be used as an

indicator of impending di/dt failure. This device would be sypected to
be prone to di/dt damage, since in the repetitive turn-on tests, a

device with an Rc2 of 40R (#11) was destroyed by turn-on from ZkV  at
30°C. The fact that this device survived 3kV turn-on with an EcZ of
101R illustrates the difference in severity between single-shet and

repetitive turn-on tests.

A final observation is that the effect of the large control resistors
on the decay of pilot current can be clearly seen. The pilot is almost
completely turned off after enly 2us, which will keep its energy

dissination low. The device was not tested to destruction, and was re-

Tast 2: Device= #25 Rcl= b4P Rc2= 16R Total= 80R (22°C)

Rcl= 9FR Rc2= 27R Total= 123R (90°C)

and 6.5.14 show turn-on for this fthyristor at  room

(8]

Figures 6.5.1




temperature from 1kV and 3kV respectively, and Figure 6.5.15 shows 3kV
turn-on on an expanded time-base. Because the control resistors are
much lower than for the previous device, the anode voltage droops more
before turn-on occurs in the main cathode. This will reduce energy
dissipation in the main cathode turn-on region, but increase dissipa-
tion in the gate due to the correspondingly higher currents. The peak
gate current (Ir:ax) has increased from 8A for the previous device to
27.5A for 3kV turn-on, which will increase the size of the turn-on
region in the main cathode. As a result, the "hump" voltage has fallen

from 1350V to around 700V.

It is also of interest to note that the peaks of the gate current
waveforms are noticeably sharper for 3kV turn-on than for 1kV turn-on.
This 1is because the collapse of impedance in the thyristor stages is

faster, and so the transition between the different impedance states is

more rapid.

For 1kV turn-on, the peak currents in the pilot and

(91}

uxiliary
thyristors are 6A and 11A respectively; however, at 3kV the figures are
19A and 13A, so that the auwxiliary carries less peak current than the
pilot. This is because the main cathode switches before the auxiliary
current has had time to build up any higher. It suggests that Rcl
should be increased at the expense of Rc2, so that the peak current

duties are more in line with the cathode areas of the two stages.
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would be expected from the lower values of cor

current decays to virtually zero after approximately 5Sus npar

2us previously.
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Test 3: Device= #4 Rcl= shorted Reo= shorted

The purpose of this test was to investigate the capability of the gate
structure with no control resistors. The thvristor failed as the turn-
on voltage was being increased above 1500V; there was no cbvious damage
site, but the device was cracked. This was presumed to have occurred

due to stress set up by local heating during turn-cn.

Waveforms for 1500V turn-on are shovm in Figure 6.5.16. The gate
currents are very high, as would be expected with no contrel resisteors:
the pilot current reaches a peak of 60A, and is still 208 at 8us after
turn-on. Turn-on in the main cathode oczurs approximately 0.5us after
the pilot, and so the current that flows in the pilot later than this

(resulting in significant energy dissipation) does not contribute to

Q
1771
O]

safe turn-on. The design is therefore inefficient, in that enercy 1

I
Q
S

is incurred in the pilot thyristor without any resultant benefit

the rest of the gate structure.
Test 4: Device= #35 Auxiliary amplifier by-passed Rc2= 60R (90°C)

For this and the last two devices tested, the auxiliary amplifying gate
was by-passed, so that current flowing in the optical wall was only
limited by Rc2; see Figure 6.5.17. The purpcse of this arrangement was

to test whether an auxiliary amplifier was necessary.

Figure 6.5.18 shows voltage and current waveforms for twmn-on from

3250V at 90°C. Since the main cathode does not  turn on until
approximately lus after the pilot, the circuit reaches a "steady-
state" condition in the intervening period, such that the pilot ocurrent

rises to a peak and then levels cff. The waveforin zhapes are gimilar to

;o Figure 5.3 .61 aftar

[

~ 1i¢ =
those ohtained from the computer studles i@
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allowing for the fact that the main cathode turn-on delay time at 3250V

Is longer than at 5300vV. In the computer study, the pilot reached its

peak current after 0.4us, whereas the measured pilet current reachas

its peak after approximately 0.3us.

In this test. the optical well melted after three shots from 3500V.
Unfortunately, however, there are no other results with which this can
be compared directly to see vhether, for the same total control
resistance and test conditions, a device with an auxiliary amplifving
gate is more robust than than one where the pilot feeds the main
cathode directly. The nearest comparison is Test 5 of the repetitive

turn-on tests, where device #45 (total control resistance = 74R)

(D

withstood repetitive turn-on from 5kV at 30°C. However, the combination
of a higher contrcol resistance and lower test temperature mean that
this alone does not prove conclusively that a deouble amplifying gate is
better than a single one. Nonetheless. some conclusions are drawn at

the end of this section.

Test 5: Device= #15 Auxiliary amplifier by-passed Rc2= 108R (90°2)

Waveforms for 2kV turn-on at 90°C for this device are given In Figure

i

By

[

6.5.19. In this case, it can be seen that the pilot current trace 4i
not have such a well-defined "plateau" at its peak, but continued *to
increase slowly during the delay before the main cathcde switched. The

reason for this is not clear; for example, it may have besn a

measurement phenomencn rather than a real effect. For each new device

the measuring svstem had to be dismantled end rebuilt arcund the

erences betwean one davice and  the

device, and sc there could be diffe

next in teris of inductive pick-up or

3 - R P ’ ‘ : ~r o ‘,J' "
This device failed as ths turm-on voltage vas being increased abas
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2kV. The failure site was between one of the gate fingers and the main
cathode, and is believed to be due to uneven etching of the metalliza-
tion: in fact, the finger had bulged out towards the main cathcde at
this point, which would lead to local current concentration and over-

stressing of the p-base. The level at which failure occurred is

therefore not meaningful.
Test &: Device= #49 Auxiliary amplifier bv-passad Ec2= 150R (90°C)

Waveforms for 3750V turn-on at $0°C are given in Figure 6.5.20. It isg
interesting to note that the main cathode did not suffer di/dt
even though it was only receiving SA drive. The large value of control
resistor is evident in the ratio between the anode current di/dt before
and after the main cathode switches; beforehand the anode current
increases at 27A/us, whereas after the control resistor is shorted

out" bv the main cathode, it increases at 63A/us.

The device failed at turn-on from 4kV, as a resulft of the contzol

resistor tracking across. It was not possible to tell whether this wasz

-

electrical surface breakdown or thermal runaway:; however, thermal

runaway is guite likely, since for Rc2 to be as high as 150R, the

control resistor must be etched fairly deep, which will make it mere

prone to thermal runaway.

Summary and Conclusions.

Direct measurement of currents in the gate structure vielded insights

the turn-on process which would not be evident from conventional

into

measurements of ancde veltage and current. The auxiliary amplifving

gate was found to fturn on faster than evpersted. thus ralieving gtress
this could be due to the current "priming" effect

cn the optical well; t
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discussed in section 5.8. For the levels of total control resistance
likely to be used in the future (ie similar to device #25, Test 2), the
split between Rcl and Rc2 should be changed so that Rcl constitutes a
larger proportion of the total; this will keep the current duties on

the pilot and auxiliary stages more in line with their cathode areas.

From these tests alone, it could not be proved conclusively that a
double amplifying gate would be necessary for the light-triggered
thyristor. However, when combined with results from the repetitive
turn-on tests, it is apparent that two amplifying stages are required.
When the auxiliary was by-passed in Test 4 above, the control
resistance of 60R was insufficient to prevent di/dt failure of the
optical well. If only one amplifying stage (the optical well) was used,
more than 60R control resistance would therefore be required to protect
it. However, we know from the repetitive turn-on tests that the gate
stage feeding the main cathode must have a series resistance of less
than about 40R, otherwise di/dt failure will occur at the inside edge
of the main cathode (Repetitive Tests 3 & 6). Since these two
requirements are incompatible for a single amplifying gate design, it

follows that two amplifying stages will be required.

Figure 6.5.21 shows the peak pilot current as a function of anode
voltage for the different tests. The final conclusion that can be drawn

from these results is that the total control resistance should probably

be more than 60R, as was the case in Test 4. Although the final device

will have two amplifying stages (unlike Test 4), so that the optical

well will see reduced stress, the device must survive repetitive turn-

on from 5kV rather than single-shot turn-on from 3.5kV. The move to 5KV

and repetitive firing will probably more than offset the reduction in
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stress resulting from the presence of an auxiliary amplifyving gate.

d) 56mm Devices: Dv/dt Turn-on Testing.

The purpose of these tests was to ascertain whether or not the Sérm

devices were dv/dt protected, ie whether they could withstand ungated

[N

turn-on due to excessive rate of rise of woltage. Since they had
already been shown tc withstand marginal optical triggerirg from high
voltage (with suitable values of control resistors), it was expected

that they would also withstand marginal dv/dt turn-on.

The test circuit, which is shown in Figure 6.5.22, had previcusly bezn
found to produce representative waveshapes across the thyristor ard its

associated reactor. The damping circuit resistance is included, but the
damping capacitor is not, since it will be effectively short-circuit or
the time-scales of interest. The 0.25uF capacitor is charged from a 0-
20kV supply, and then the spark gap is triggered to collapse its
voltage very rapidly. This produces a fast-rising forward ~waltage
acrocss the thyristor, whese dv/dt rate was progr ressively  increaced

until the thyristor fired. Two devices were tested at 110°C. and the

results are discussed below.

§4R (22°0)
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Test 1: Device= #21 I  Rol

Figure 6.5.23 shows a dv/dt turn-on event for this device The dv/dt at

which turn-on occurred was approximately 3kV/us, averaged over the

g Tur s marcinal since the anode-
first microsecond of the ramp. Turn-on was marginal, since he an~de

fore turn-on cccurs.

cathode voltage reaches its peak value ke

: -n—Cn v Jith the failnre it
The device failed after three turn—cn events, with the failnwre sgite

being at the inner adre of the main cathode. This was gimilar to  the
2 1N¢ 1MNer el Ras
failure on device #11 (repetitive inrush Test 3). as could be exvected.
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3 2 »
since Rc2 on that device was 40R whereas in this cage it was 52R at

room temperature. 1In addition, the control resistor value will be much

i t ° .
higher at 110°C, further weakening the gate pulse to the main cathode

edge.
Test 2: Device= #46 Rcl= 110R Rc2= 25R Total= 125R (22°C)

This device had already withstood repetitive turn-on from 4.7V at
105°C. For the dv/dt test, the pilot-anode voltage was measured to
check that the pilot was turning on first, and the results for two

dv/dt rates are given in Figures 6.5.24 and €.5.25.

In Figure 6.5.24, turn-on is seen to be marginal, since the pilot

voltage collapses approximately 0.6us before the main cathode vwoltage

and the turn-on of the auxiliary and main cathodes can be clearly seen
in the shape of the waveforms. 1In Figure 6.5.25, furn-on is stronger,
and it is not possible to distinguish between turn-on of the auxiliary
and main cathodes. This device survived over 20 dv/dt turn-on events,
which was taken as adequate proof that the thyristor was dv/dt

protected.

Conclusions.

rrive Surn-

When combined with previous evidence about the ability to su
on with threshold triggering, it was concluded that the desicm will be

immune to damage by dv/dt turn-on, provided the correct values of
control resistors are used.

e) 56mm Devices: optical Sensitivity Measurements.

]
-+
~
Q
[®]
=]

o of the S5fmm devices were measured
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temperature with 60V bias, and the results are civen in Takle 6.5.2

Average sensitivity was 22nJ, with the spread being from 8nJ to 20nJ.
However, it 1is interesting to consider the relationship betveen the
optical sensitivity and the control resistor values: both the secondary
well in the optical gate and the control resistors are etched to the
same depth, and so the value of control resistance can be taken as an
indication of the depth of the optical well. As the etch coes deeper,
the optical efficiency improves and the control resistor values

increase.

Optical sensitivity versus total control resistance is plctted in

Figure 6.5.26, from which it can be seen that as the resistance value

h

increases, the threshold triggering level first of all falls rapidly,
reaches a minimum, and then starts to increase slowly. It appears that
beyond a certain etch depth, the increase in resistance in series with
the optical well more than compensates for its improving efficiency, so
that the performance of the gate as a whole deteriorates. The high
value of control resistance limits the opticallv-induced current flow,
so that a larger optical pulse is required to trigger the device. This

agrees with the conclusions reached in section 5.2, that resistance in

series with the optical well reduces the gate sensitivity.

If the dimensions and depth of the control resistors are designed such

that the "nominal" device lies at the lowest point of the character-

1:‘

istic in Figure 6.5.26, then two benefits will accrue. § tly

(f)

IS _A

. optinum

c—ghr‘n(“‘xr th

optical sensitivity will be achieved. and  secon he orodustion

soread in sensitivities will he minimised  Etch depths above and below

sn that the production spread will he in ' 2d COME

2 desiqn lving some vay away from the minimum point. Ths 5frm  devices
oA Ue2o tlil TING o e U4 WA




had been produced with a fairly wide range of etch depths, and in
practice it should be possible to achieve substantially clcser
"grouping” of properties than that shown in Figure 6.5.26. Tt should be
noted that the depth of the secondary well in the optical gate has no
effect on dv/dt capability, and so the above optimization in the design

of the device can be carried out independently of dv/dt rating.

A series of tests were carried cut to provide general! informaticn on
optical sensitivity. The sensitivity of device #46 was measured as 2
function of wvoltage and temperature up to 120V, and this iz presented
in Figure 6.5.27. Figure 6.5.28 then shows the relative variation of
optical sensitivity with wvoltage up to 2000V at 20°C, where 100%
represents the threshold triggering level at 500V, Finally, Figure
6.5.29 shows the optical sensitivity of the #0 54mm device as a

function of temperature up to 150°C.

Conclusions.,

the design target of 40nJ sensitivity at 6QV. Variationrs of sensitivity
with voltage and temperature were as expected. The cptical sensitivity

was found to be affected by the wvalues of the built-in control

-

resistors, and this phencmencn can be used to find a design optimized

for maximum sensitivity and minimum production variations.

£) 5émm Devices: Dv/dt Withstand Capability.

The results of dv/dt tests performed on the 5émm devices are given in

Table 6.5.3, and it can be seen that all but cne (#16) of the seven
of Z2-3 kV/us at l10°C.

devices tested met the target specification

. s et L g1 ERReY % Wilire ~ ol I/ e
Devica #36 was a "limit case” device, with a capability of 2.0kV/as a




110°C and 180V/us at 150°C.

Comparative tests on devices #46 and #49 showed that when the cptical
well was isolated, the dv/dt capability of the device increased. This
confirmed that the optical well was the most sensitive part of the
device to dv/dt turn-on, as is necessary for the dv/dt protection to

work.

It is significant that when the contrcl resistor Rcl on device #49 was
shorted out, there was noc measurable effect on the dv/dt withstand
capability. Since this device had very high values cf control resistors
(Rcl = 441R), any practical device with values lower than this would

definitely see no benefit in dv/dt performance compared to a structure

with no control resistors. This is probably because the impedance of

Iﬂ

istor wvalues,

the depletion layer is large compared to the control res

so that the effect on the amplitude of displacement current flow is

small.

Conclusions.

All but one of the devices met or excesded the required dv/dt withstand

Y

capability, and the relative sensitivities of the different parts of

ned. Thus, given reasonable

u’)

the gate structure were shown to be as desi

production control of sheet resistivities in the structure, the test

results indicate that it chould be rossible to achieve a geood vield on

dv/dt withstand capability with the present design.

i
3
831

g) 30mm Devices: (ptical Sensitivity Measuren

.....

Figure 6.5.30 and 6.5.31 show respectively the optical ne

N [ X IS o~ 1 P‘, ~ (e YoM
as a function of wvoltage at 2200 and 90°C for the 30mm devices from




slice #43.

The wells labelled 1,2 and 3 had different diameters of secondary well
(Figure 6.3.17) in order to investigate the trade-off betweern optimum
sensitivity, obtained with a small secondary well, and ease of fibra
alignment, requiring a larger well. Well 1 had no secondary well, to
check the benefit of leaving the n-emitter in vlace; see section 5.2

It can be seen that at both room temperature and 90°C, Well 1 is
significantly less sensitive than the other two cases, indicating that

the benefit of leaving the n-emitter in place is more than offset in

this design by the increased optical attemuation that results.

At room temperature, Well 2 is more sensitive than Well 3, which was
expected since its secondary well is smaller. The sensitivities showm
are effectively for perfect fibre alignment. However, it is interesting
to see that the difference between the two has aimost disappearad at
90°C. The reason for this is not immediately apparent; it may he caused
by a temperature-dependent change in the relative irpertance of the
thin emitter laver and the main emitter parts of the optical well
structure, so that the significance of the secondary well diameter
diminishes as the temperature increases. However, since the design ¢
the wvalve light triggering system iz likely to be determined by ¢

o~ 3 3 1 ~ v - B i 1
low-temperature, low-voltage sensitivity of the thyristors, It will

B
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still be worthwhile keeping the secondary well dizmete:
realistically possible.

Wells 2, 5 and 6 have a constant gecondary well diamet
2 , !

P

£.3.1

~J

ard £.3.18. Theoreticallv.

g}

primarv well diameters; sgee Figure

Well 2 should be the most sensitive ~f these structures. since
~ p=) - 4\ o =l b

{

11, and therefore the hicghest resistance

il

the larcest diameter primary we
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under the thin emitter laver. However, it can be scen from Figures

the smallest primary well is the most sensitive, with Well 2 being the
least sensitive of the group. This ancmaly occurred as a result of the
chemical etching process used to produce the wells; for small features
such as the secondary well, the heat produced by the chemical reacticn
camnot escape as easily as for a large, plane surface, and so there ic

a local temperature rise

[N

n the etchant. This accelerates the =tching
process, so that the depth of the etch becomes proporticnal *to  the
feature size. Thus the primary well in Well A wag deeper than that in

Well 5, which was in turn deeper than that in Well 2. The depth of the

.—r

primary well determines the sheet resistivity under the thin emitt

layer (and therefore the optical sensitivityv), and the difference in

«t

[y
[

he effect of the we diameters on

)._.

etch depths has more than offset

sensitivity.

Wells 2 and 4 have the same dimensions, but Well 4 has netallization
that runs down into the primary well, whereas for Well 2 the
metallization stops at the edge of the well. This experiment was to
confirm the improvement in optical sensitivity that results from having
metallization in the well. Tt can be seen fraom the results that the
effect is even more pronounced than for the prototvpe device; In that

case, the improvement was of the order of 30%, whereas In this case the

. : : 3 v i NS o gerngiti h
well with metallization is approximately €0% more sensitive than that

without. The improvement is greater in this case because the wells are

those used on the prototype design, and so the lateral

larger than

egistance of the thin emitter laver will be that wuch greater. The
- 4D PRws ' L1 -
improvement is maintained with repperature.

~ Ty Rl ¢ A . e
Figure 6.5.32 shows the results for the devices on siice A6 at  o2o0,




The results for wells 2,4,5 and

N
)

are closely qrouped, and Figure
6.5.33 shows these on an expanded vertical scale. All the wells on this
device are significantly more sensitive than those on slice #12; since
Well 1 Is more sensitive (10nJ at 60V rather than 49nJ), then this must
be due to a deeper primary well etch, because Well 1 has no secondary
well. The control resistors for the 56mm device from slice #4€ were not
unusually high, which indicates that the deepn primary etch has been
followed by a relatively shallow secondarv etch. This affects some cof

an Well 1 as

oy

the "rankings" for this device. Well 2 is more sensitive t
before, but Well 3 is much the same as Well 1: the improvement in
sensitivity gained by etching the large szcondary well is coffset by the
loss of voltage generated under the thin emitter laver in the centre of

the well,

The results for Wells 2,4,5 and 6 are all closely grouped togsther.
This should not be taken ac too significant; to achieve sensitivities
as high as those indicated, the wells ust be close to the forimrd
blocking junction and therefore at very high sheet regigtivities., Any
minor wvariations in etch depth will therefore producz changes  in
sensitivity far outweighing those arising from the differences In

horizontal geometries between vells.
Also shown in Figure 6.5.32 is the sengitivity of the 56mm device from

slice #46. The optical well on the 5&mm device has the same dimensions

teat i o 3 the we!ll . hut + aaq
as Wells 2 and 4; the metallization runs into the well. but not as far

-~

Well 4. It can be seen that tha Sorm device is sigmificantly

Jess sensitive than both Welle 2 and 4. and this is taken tc be due to
the effect of the montro] resistors  limiting  the optically-induczd
current flow, and therefore reducing overall optical senzitivity
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Conclusions.

Optical sensitivity measurements on the 0mm devices confirm the hasic
design principles that were followed in the S5énm device optical gate,
ie that a secondary well should be used, that it should be no largszr
than necessary, and that metallization should run down into the well.
Some unexpected features were enccuntered; the effect of the secondary
well diameter diminishes as the temperature increases, and the increa-
sed chemical etching rate for small features means that a small wrimary
well may in practice be more sensitive than a larger one of the same

nominal depth.

The beneficial effect of increased temperature on sensitivity with =2
large secondary well probably cannot ke utilised, since normally BHVDC
valves will be required to start up from "cold" (typicallvy 10°C). 1If
the effect of locallv accelerated etching of small features cannot
either be measured or predicted, then it may be best that the prirary
well diameter is kept large enough to avoid this rhenomencn. This will

maintain uniformity of optical sensitivity and dv/dt capability.

Rh) 30mm Devices: Dv/dt Withstand Measuraments.

"~
L
"~

three slices, using a 2

Dv/dt withstand was measured for wells from

voltage ramp in all cases.

~ €A 11 -
Figure 6.5.34 shows the results for Wells
than Well 2. it should have a higher

Well 5 has a smaller primary well
As/dt  rating:; the dimensicons W
higher. Although the measured Vaiues oY

than those for Well 2,
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attributed to the accelerated local etching of the primary well

discussed above.

Figure 6.5.35 shows the results for Wells 3 and 4 from slice #5. These
results are the opposite way round to that expected; Well 4 should be
more sensitive than Well 3, since it has a smaller secondary well and
metallization in the primary well. However, whilst these features are
important for optical sensitivity, they will have less impact on dv/dt
capability. This is because the dv/dt rating is not very sensitive to
the design of the centre of the well; most of the voltage build-up
under dv/dt current flow occurs at the outer edge of the well, as shown
in Figure 4.2.10. It follows that Wells 3 and 4 would have similar
theoretical dv/dt ratings, and that the measured difference between

them is simply normal production scatter.

Figure 6.5.36 shows the results for Wells 1 and 6 from slice #16. These
results are as expected, 1ie Well 6 has a high dv/dt rating due to its
small primary well diameter, and Well 1 has a low dv/dt rating due to
its large primary well and no secondary well. Well 6 will have
undergone accelerated etching in the primary well; however, since its
diameter is small anyway, the consequent reduction in dv/dt capability
would be minimal. As above, most of the voltage build-up under dv/dt

current flow will occur under the normal emitter part of the well, away

from the small primary well. The high optical sensitivity and control

resistor values for the 56mm device from slice #16 suggest that it had

a deep primary etch; This would explain the large difference between

the dv/dt rating of Well 1 (mainly determined by the primary etch) and

the rating of Well 6 (mainly determined by the depth of the normal n-

emitter).
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For any given slice, the wells on the 30mm devices appear to have a

lower dv/dt rating than the 56mm device. For example, the 56mm device
#13 bhad a dv/dt capability of 3.3kV/us at 110°C, whereas Well 2 from
the same slice, with nominally the same dimensions, had a withstand of
only 1.7kV/us at the same temperature. This is considered to be a
measurement effect rather than a real phenomenon; the 56mm devices have
over four times the cathode area of the 30mm devices, and so will
present a much larger dynamic load to the dv/dt ramp generator. (The
diameter figures quoted are for the silicon before it is cut out and
bevelled). This means that the small devices will see a significantly
"stiffer" voltage ramp, with a consequent reduction in apparent dv/dt
rating. This highlights the importance of the way in which parameters
such as dv/dt rating are specified. Section d) above described how the
56mm devices were tested for dv/dt turn-on in a representative circuit
under realistic conditions, which gives confidence in the performance

of the devices in service.

Conclusions.

The dv/dt measurements indicated that the diameter of the secondary
well and the presence or absence of metallization in the well have
minimal influence on dv/dt withstand capability. Up to a certain point,

the accelerated etching effect will reduce the dv/dt rating of a well

by increasing the sheet resistivity under the thin emitter layer;

however, for a fixed outer diameter of normal n-emitter, as the primary

well becomes smaller its influence on the dv/dt rating of the structure

diminishes anyway, and SO the accelerated etching effect becomes

unimportant.

One conclusion that can be drawn from these measurements is that there
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is a need for both practical experimentation as well as theoretical
calculation in designing an optical gate for a particular dv/dt rating.
The combination of different effects (such as accelerated etching), and
the variation of parameters at different rates with temperature, mean
that it is difficult to predict both the absolute value and the spread
of dv/dt capabilities that will be achieved with a particular gate

design.
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6.6 CONCLUSIONS.

A substantial number of experimental devices were produced and evalua-
ted, generating a large volume of informatior which can be used for

further development of a light-triggered self-protecting thyristor.

Whilst none of the new structures showed any improvement in resistance
to damage during ferward recovery failure, the Selective Fallure Zone
devices gave clear evidence of correct operaticon with only low levels

of selective irradiation. The failures that did scccur on these devices

wn

were due to inadeguate in-rush capabilitv in the gate, and there |
therefore the prospect that normal design techniques could improve the
performance of this tvpe of structure. This is a very important result,
since it illustrates for the first time that built-in forward recovery
protection may indeed be feasible. It will be recalled from Chapter
Three that the difficulty of developing this type of protection was
identified as the most significant barrier to the achievement of a
light-triggered self-protecting thyristor. and therefore the advanced

outdoor valve.

The 56mm optically-triggered thyristor showed excellent character-
jstics, and with the correct values of control resisters, the devices
were immune to damage by dv/dt turn-on and weak gate pulses. Optical

sencitivities were also better than the target value. By measuring

current flows in different parts of the gate structure during turm-on,

valuable insights were gained o the turn-on process.

i sefl . F -

The 30mm optical test structures vielded useful information on  the
optical sepsitivity and dv/dt capability of varicus desigrs -f optical
amtions mads in the design of  the S6m
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device, and will prove of value in any future exercises aimed at

optimising the design of the light-triggered thvristor.
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CHAPTER SEVEN: DEVELOPMENT OF THE VALVE LIGHT TRIGGERING SYSTEM.

7.1 INTRODUCTION.

Chapters Four, Five and Six described the work carried out towards
the development of a light-triggered self-protecting thyristor. 1In
order to operate, the thyristor needs a system which will deliver
optical energy of the correct magnitude, waveshape and wavelength tc
its photo-sensitive gate through an optical fibre. This system is
referred to as the valve light triggering system, since one such system

would control all the thyristors in cne HVDC valve.

Whilst great improvements have been made in the sensitivitv of light-
triggered thyristors since they were first developed, the level of
optical energy required to trigger them is still crders of magnitude
greater than that wused in normal optical fibre data transmission
systems. At the time the valve light triggering system was developed,
the optical energy levels required placed it at the limits cf available

light source technology.

The development of the light triggering system was subcontracted by GEC
to a technology consultancy, and the author was responsible for the
imnediate supervision of the work carried out. This chapter describes

the development of the valve light triggering system under the

following headings:
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- Specification for the light triggering system;
- Review of existing technology;

- Review of light sources;

- Selection of the light source;

- Basic system design;

- Design of the thyristor package optics;

- Design of the optical mixer;

- Design of the laser drive circuit;

- Design of the control system.

The optics inside the thyristor package are an important part
overall optical system, and so these are also described

chapter.

of

in

the

this
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7.2 SPECIFICATION FOR THE LIGHT TRIGGERING SYSTEM.

The purpose of the light triggering system is to make the thyristor
behave as a diode during the time that the valve is required to conduct
by the control system. Normally, this is achieved by giving the
thyristor (either conventional or light-triggered) a single gate pulse
at the appropriate time. As the thyristor turns on, the current rapidly
rises above the latching level, and the thyristor stays in conduction
until the circuit reduces the current to zero by natural comutation;
see Figure 7.2.1. Only one pulse is therefore required per power

fregquency cycle.

The characteristics of this "normal" gate pulse are inportant. Conven-
tional thyristors can suffer di/dt failure if the gate pulse is too
weak, and so it is normal practice to make every gate pulse strong
enough for the device to withstand turn-on from the highest possible
voltage. The amplitude of the gate pulse is therefore usually set to be
ten times the threshold triggering level. The pulse should also have a
fast rise time, because it must reach peak amplitude before the
thyristor starts to turn on. Once turn-on has started, current or
optical energy delivered to the gate makes no contribution to the twmn-
on process. When the light triggering system was developed, it was
believed that the light-triggered thyristors would be damaged by a weak
gate pulse in the same way as conventional thyristors, and therefore
ed to give 10x gate overdrive and prevent f(as far

the system was design

as possible) a weak gate pulse being sent. The subseguent demonstration

s . A= . y . P , +
of controlled turn-on {(and therefore immunity to damage from weak gJate

pulses) means that the system developed could be simplified, and this
oehb Lo -

. E"
is digcuscsed further in Chapter Eight.




In addition to the normal "one pulse per cycle" operation described
above, there are conditions when more frequent gating is required, such
as during start-up, operation at low current and shut-down. Under these
conditions, the current in the valve can fall to zero Lefore the end of
the required conduction interval, as shown in Figure 7.2.2. The

thyristors will then start to recover their ability to block forward

voltage, and so if the voltage across the valve becomes positive, a new

421

gate pulse will be needed if they are to conduct again. TwC
strategies can be used to achieve the required "diode-like" behaviour
under these conditions, which are illustrated in Figure 7.2.2. The
simplest is to continually gate the thyristors during the required
conduction interval, which is referred to as "dc gating”. However, this
requires substantial power from the gate drive (whether optical or
electrical), and so the more common technique is therefore to measure
the voltage across the thyristor, and send a new gate pulse Iif it
becomes positive during the conduction interval. This is referred to as
"pulse-on-demand". Its drawback is that it requires a measurement of
voltage at each thyristor level, which would be difficult to achieve in
a valve that had no active electronics. The dc gating option, in

contrast, requires no feedback from the valve.

In the initial feasibility study carried out for the system, several
techniques for passive sensing of the voltage across the thyristor were

considered, but ncne of them seemed promisging in terms of technical or

economic feasibility. The dc gating approach was therefore adopted, but

3 3 T A .7 oy ) 7 H - !q 1 v/'
to increase the laser life-time, dc gating would only be used when the

valve operating conditions were such that discontinuous current might

OCCur.
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Conventional HVDC valves achieve very high levels of reliability and

availabllity, and a light-triggered valve must have performance at
least as good in this respect. The light triggering system should
therefore have high reliability and availability: reliability is

usually achieved by the inclusion of redundant equipment, whereas good

I

availability can be achieved by making it possible to renlace f

iled

Ll
jo

redundant equipment whilst continuing to operate the svstem.

System failure in this context is defined as sending an ootical pulse
of less than the specified magnitude to a thyristor, since convention-
ally this could result in the destruction of the thyristor. In the
limiting case where no gate pulse is sent at all, the thyristor will
fail to trigger; although it will not be damaged, the converter
performance will deteriorate. Maintenance will therefore be required to

restore normal operating capability.

The required service life for HVDC equipment, including the light
triggering system, is usually at least 25 years. The specification for

the valve light triggering system can therefore be sumarised as

follows:
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- Function : to make the light-triggered thyristors behave

as diodes during the period required by the
valve control system.

- Optical requirements: > 400nJ delivered to the thyristor photeosite
within lus for normal triggering.
2 5mW continuous power delivered to the thyr-

istor photosite to maintain continuous conduc-

tion.
- Reliability : 1%10E-8 failures per hour per thyristor.
- Lifetime : 25 year system life.
- Cost : £200 per thyristor for a svstem desicned for a

valve with 100 thyristors.
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7.3 REVIEW OF EXISTING TECHNOLOGY.

A number of HVDC manufacturers have developed light triggering systems
for use with light-triggered thyristors. Due to the technical and
commercial nature of this field, the pattern has been for manufacturars
to develop both the thyristor and the licht triggsring system to be
used with it. Brief descriptions of the various systems developed are

given in the following sections.
a) General Electric/EPRI.

General Electric (USA) have been developing light-triggered thvristor
valves for HVDC applications in conjunction with the Electric Power
Research Institute (EPRI) ([7.11. A number of light sources were
investigated for use in the light triggering system, including Xenon
flash lamps, CW YAG lasers, semiconductor lasers and light emitting
diodes. Initially, semiconductor lasers were favoured, but later
development was based on the use of a caesium vapour lamp. Large slab
waveguides are used to collect the light from each lamp before it is

mixed and then fed to the fibres going to the thyristors: see Figure

7.3.1.

GE/EPRI have been working on the light-triggered thyristor for this

system since the mid 1970's. In 1977, EPRI took out a patent on a

ig

design for a light-triggered thyristor package [7.21; this patent 1is

very general in nature, and the commercial implications for anv light-

triggered thyristor design would need careful consideration.

b) Toshiba.

An outline of the Toshiba system is given in Figure 7.3.2. A redundant
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pair of high power light-emitting diodes feed into a bifurcated optical
fibre bundle [7.3, 7.4]. This fibre bundle has a diameter of 2mm, and
since the photo sensitive area of the thyristor is smaller than this,
the light guide inside the thyristor (known as the "hockey-stick") is
tapered. No attempt is made to monitor the output of the light-emitting
diodes, but instead they are replaced every 2 vears. As with all the
fibre bundle systems described in this section, there are nc in-line
connectors because of the high losses that they incur. These lcsses
(typically around 3dB) arise from the random alignment cof individual

fibres in the two fibre bundle ends.
c) Hitachi.

The Hitachi system is based on a single light-emitting diode feeding
into a large-diameter, single-core optical fibre [7.5, 7.6]. The
diameter of the fibre was chosen to match the area of the photo-
sensitive gate on the thyristor, and therefore tapering of the hockey-
stick was not necessary. There is no attempt to measure the output cof

the light-emitting diode, nor to provide redundancy.
d) Mitsubishi.

An early Mitsubishi system used a light source that consisted of 20
light-emitting diodes each feeding into a single strand of a large-

diameter fibre bundle (7.7,7.81. This novel arrangement meant that the

system could be designed to be tolerant to failure of individual light

emitting diodes. As with the Toshiba system, the hockey-stick had to be

tapered to focus the light down onto the photo-gsensitive area of the

thyristor. However, more recentlv they adopted a system very similar to

Hitachi, i.e. a single LED feeding inte a large diameter (500um) single

fibre [7.91. The LED is & double-heterostructure device with three
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light-emitting points.
e) ASEA.

ASEA have stated that they are working on a light-triggered thyristor
[7.10] and are known to have developed a high power light-emitting

diode, but otherwise no details of their system are available.
f) Siemens/Brown Boveri.

In the late 1970's Brown Boveri were working on an auxiliary light-
triggered thyristor, activated by an LED and fibre bundle [7.11, 7.12].
However, few details of the light triggering system were published, and
no recent papers exist on this development. A publication by Siemens in
1985 [7.13] describes an auxiliary thyristor which bears some resemb-
lances to the Brown Boveri device, and appears to use the same
LED/fibre bundle combination. The Siemens paper discusses direct light
triggering of the main thyristor, and suggests that flash-lamps or

£

double-heterostructure semiconductor lasers would be necessary for a

system utilising such thyristors.

g) Westinghouse.

Westinghouse built a prototype 8-level licht-triggered thyristor wvalve
for a Static VAR Compensation Svstem [7.14]. This used single-

heterostructure laser diodes feeding into fibre bundles which were

multi-furcated to provide redundancy; see Figure 7.3.3. However,

problems were encountered with multiple laser diode failures [7.151,

and present work Is hased around the use of LEDs [7.16].




h) Others.

Both Fuji [7.17] and AEG-Telefunken [7.18] are known to have worked on
developing light-triggered thyristors fed by LEDs or laser dicdes, but
neither have published details of a light triggering system. Fuii is

not known to be currently active in HVDC.
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7.4 REVIEW OF LIGHT SOURCES.

a) Basic Principles.

The light source is a critical component in the valve light triggering
system, In terms of its technical feagibility, cost and reliability.
The work carried out by cthers did not indicate one tvpe of light
source as being ideal, and in any case the specification for the light
source is dependent on the thyristor design and other aspects of ths
system configuration. It was therefore necessary to review the various
types of light source available in crder to select the one optinised

for this application.

In order to make the selection easier, a screening parameter was
defined, based on the radiance reguired by the system. Radiance is a
fundamental characteristic of a light source, which cannct be increased

by the use of lenses. Radiance is defined as:

radiance

where: R

ge)
1]

optical pcower
A = area of optical flux

golid angle of convergence/divergence of optical flux.

w
I

Lenses can be used to alter the balance between A and S, but the

cor

product of the two remains constant. Reflections, losses and incorrect

matching of optical compenents will all reduce the radiance in the

system.
The radiance required to trigger the thvristor can be readilvy calcula-

) - t 73 ich
ted, since the area of the photosite and the maximum angle at which
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incident light will be absorbed rather than reflected are knowm. The
optical power required for triggering is also defined, so that the
minimum radiance required can be calculated from the above formula. A

separate radiance figure for the dc gating condition can be derived in

a similar manner.

When classified by radiance, light sources generally fall into two
categories: laser and non-laser sources. Laser sources tvpically have
small emitting areas and well collimated beams; this results in a verv

small product A x S, and thus very hich radiance. Non-laser sources

]
o
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3
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usually have a much higher divergence. which gives them a low

The source area varies widely within this category.

For normal triggering, optical pulses of only a micrecsecond or less are
needed, and some types of light source are naturally suited to this
mode of operation. However, sources only suitable fcr continucus
operation ("CW" or Continuous Wavepower) could ke controlled by a

shutter of either mechanical or electro-cptical design., the |1

tter

Q@

having no moving parts. Such an arrangement would also provide the
continuous illumination necessary to hold the thyristors in conduction,

and so both types of light source (pulsed and CW) were evaluated.
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b) Light Sources Considered.

The following types of light source were included in the evaluation:
- Non-laser sources:
- Arc: Xenon arc (CW/pulsed)
Mercury arc (CW)
Caesium arc (pulsed)
- Metal Halide: Tungsten Halogen (CW)
HPI (Hydrogen/Phosphorus/Iodine) (CW)
- Semiconductor: Light Emitting Diodes (CW)
- Laser sources:
- Gas: Copper vapour (pulsed)
Gold vapour (pulsed)
Krypton (pulsed)
Helium Neon (CW)

Argon Ion (CW)

Helium Cadmium (CW)

- Solid-state: Nd:YAG (Neodymium: Yttrium Aluminium Garnet)
(CW/pulsed)
- Semiconductor: Laser Diodes (CW/nulsed)

A number of other sources, particularly gas lasers, were omitted since

their wavelength fell outside the 800 -~ 1000 nm range recquired by the

[»]
h

thyristor. The following sections discuss each type light source.

Arc Sources.

Xenon and Mercury arc lamps offer high levels of radiance. However.

‘ < rogdes al ]a 'L’,e‘ ng
4 1 4 : -~ tne el\,v, ol ulfi l'\ [, n
1Y ;lfetln}e 1 lllﬂlted Y ero 101 C galal=] 2
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of the tubes For continuously vated lamps, the lifetire is about 1000

PN . i
i c Wenon pulsed sources have a  life of
hours, which 18 unacceptable. «senon b s
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around 10 million pulses, but at 50 Hz operation this only yvields 55
hours operating life. Caesium vapour lamps {as used by GE/EPRI' do nct
suffer the same degradation mechanisms as the first two types, and
consequently they can have a very long life. However, suitable versions
of these lamps4are not commercially available, and so special develop-

ment would be needed for this application.

Metal Halide Sources.

Although powerful, these sources have 2 low radiznce due to their large

emitting area, and they were inadequate fcr this apnlication.
Light Emitting Diodes.

High power light-emitting diodes have been specially developed by a
number of manufacturers for use in conjunction with light-triggered

thyristors. They offer reasonable radiance and life: however, as with
caesium arc lamps, they are not commercially available, and so it would

be necessary to develop one specifically for this application.

Gas Lasers.

Gas lasers are available which can give extremely high pulsed and
continuous power outputs. Optically, this makes them ideal for this
application. However, they are gensrally expensive and have short

lifetimes. Some of the comronest industrial lasers

unsuitable wavelength, and the only credible corntender in terms of life

and cost was found to be the copper wvapcour laser. Present svstems
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require that the copper vapour 1s

= ar in oned which can continuously replace
hours, but svatems are being developed
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project, and cost would still be a drawback .

=

Sclid State Lasers.

In operation, N3:VAG lasers absorb incoherent light and emit <oherent
light, and so they are dependent on some other source for their optical
energy. Flash lamps are commonly used as light sources, which suffer
the drawbacks described in the section on Arc sourcez. Solid-state
lasers are being developed which can use LEDs or semicconductor lasers
for light sources, but these were not vet available. When being driven
by a continuocus light source, high pulse powers can be achieved by -

switching the laser.
Semiconductor Lasers.

There are two main types of semiconductor lasers available: pulsed and
continuous (CW!. Pulsed lasers generally use a single-heterostructure
construction developed in the early 1970's, and they can be purchased
from a number of suppliers. Their performance is characterised by high
pulse powers but low duty cycles, tvpically 0.1% or less. CW laser
diodes are of a more complex construction, and the technology is rewer
and advancing quickly. There are substantial consumer markets for these
devices, mainly in the field of read/write optical systems. and this is
providing impetus for their development . Because of high develcpment
costs, state-of-the-art devices are usvally very expensive, typizally

several thousand dollars each.




7.5 SELECTION OF THE LIGHT SOURCE.

Due to the budget and timescale available for the project, GEC 4id not
want to develop a light source speciallv for this application unlese
absolutely necessary. Sources that were commercially available in a
suitable form were therefore much preferred. This placed an important
extra constraint on the light sources that could be used, in addition

to the technical and economic requirements already discussed.

In addition, it was considered desirable that the chosen light source
would be one that was being developed elsewhere for other applications;
thus TDPL would benefit from improvements in c¢ost and rerformance

arising from developments in a wider market.

For all the above light sources, infeormation was obtained from
manufacturers on products that were commercially available, and on
developments that were likely to reach the market place in the near
future. This information was used to assess the different tvpes of
light source. Where a light source was technically satisfactorvy but
uneconomic, it could still be considered if there was the prospect cof
sufficient price reduction in the future. On this bagis, the following

judgements were reached:

Non-laser sources:

1

- Arc: ¥enon and mercury  2arc lamps would reqiire sush

{

frequent replacement as to be uneconomi
jent. A caesium arc lamp would require spesial  de-
velopment .

Y ~ia

Halide: Inadeguate racianc
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- Semiconductor: LED's with sufficient pcwer for triggering duty would

require special development. C

Q

wmercial devices are
potential candidates for dc gating duty.

Laser sources:

- Gas: Generally too expensive and with insufficient life-
time. Copper vapour lasers with continuous ga= replen-
Ishment could be suitable in the future, but are not

near enough to be used az the basis of a prototvpe

- Solid-state: Limited by the light sources used. LED scurces might

- Semiconductor: Pulsed lasers relatively cheap and available; attrac-
tive for triggering dutv. CW lasers eypensive, hut

potentially suitable for de gating duty.

Pulsed laser diodes were found to have several advantages for the

light triggering system:

-~ They give high pulse energies with maxirum pulse lengths of 150 -

&

200ns.

- The wavelength of a standard GaAs pulsed laser is 905 nm, correspon-

ding to nearly peak sensitivity for a silicon light-triggered thvri-

stor.

[}
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- The emitting facet for a high-power device is typically 20

which can be ocoupled fairly efficiently to a convenient size of

optical fibre.

. . L. _
apnlications. which means

_ Gahs lasers were developed for military catic

e is reazsonable certainty

—~

sources are avallable and the

of continuity of supply.
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The combination of all these factors meant that pulsed semiconductor

lasers were the preferred light source to be used for triggering the

thyristors.

The choice of light source for the dc gating dutv was less clear. Both
LEDs and CW semiconductor lasers are naturally suited to this mode of

operation. However, LEDs have relatively low radianc

{ D

recuiring large

diameter optical fibres or fibre bundles and a tapered hockey-stick,
and CW lasers are expensive. Pulsed lasers could alsc be used for dc

gating by rapidly pulsing them at short intervals, and it was

A

considered by MEDL that if the nulses were not separated by more than

e

20 us, this would appear as continuous illumination to the thyristor.
As long as the average power was equal to 5 mW, the thvristor would
therefore behave as a diode. The choice between these three alternati-
ves could not be made without a mere detailed consideration of possibhle

svstem designs, which is given in the next section.
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7.6 BASIC SYSTEM DESIGN.

A brief consideration of the reliability performance of a valve and

its

light triggering system reveals an important constraint on the desiom

of the system. HVDC valves normally incorporate a certain amount
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redundancy in the number of thyristor levels used;
valve can continue to cperate even with a small number ftypically

of short-circuit thyristor levels. If each thvristor is driven by

light triggering system, then there
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redundancy in the light triggering svstem as for the valve as a whole.

However, if one light triggering system serves a significant nurber

of

thyristors, eg 10% of the total, then failure of one system will

require the whole valve to be taken out of service for maintenance.

There is therefore a strong incentive that the light triggering system

should serve either one thyristor or the whole valve; if failure of

system requires the valve to be shut down for maintenance, then there

should be as few of these systems as possible.

In view of the above, four possible system designs were considered.
first three used one system ver thyristor, whereas the fourth used

per valve. The designs are shown in Figureg 7.6 1 tc 7.6.4.

System 1 uses pulsed laser diodes to trigger the thyristor and LEDs

dc gating;

for redundancy, and their cutputs are combined in a fikre bundle.

~I ¥

~ - woni tor o
photo-diode measures back-scatter, In order to monitor degradation

BF O t ihvae Mipnd . Yo
the light scurces. Due to ths area of the fibrz bundle requirad.

thvristor hockey-stick has to he tapered.

of light sources to System 1.

25 imilar arrangement
System 2 uses 2 cinilar arrang

aiat=]

for

see Figure 7.6.1. Two of each tvpe of mource are provided
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- , N _
Instead of a fibre bundle, a single fibre is taken from each source up

to the thyristor hockey-stick; the hockey-stick then acts as an

integrating rod. See Figure 7.6.2.

System 3 is the same as System 2, except that CW laser dindes are used

to provide dc gating instead of LEDs; see Figurz 7.5 3. The W lasex
diodes can be coupled to much smaller fibres than are necessary

LFDs.

In System 4, the outputs of a number of vpulsed laser dicdes are
combined in an optical mixer, from which individual outputs are taken
up to each thyristor in the valve. A spare output on the optical mixer
is used to monitor the light outnuts of the laser dicdes. A simplified
version of System 4 is shown in Figure 7.6.4: in pnractice, there would

be at least four times as manv thvristors as laser diodes in the

system.

For each of the above systems, the cost. light source renlacement

=

interval and other factors affecting gystem performance were calcula-

ted.

System 1 was rejected on the grounds of cost and the fact that system
performance requirements could not adequately be met with commercially
available LEDs, which would need annual renlacement. Fibre bundles are
not desirable in a high voltage environment because of the poggibilitv

of moisture wicking between the fibres: in this case it would alsc not

have been possible to provide an in-line connector because of the high
losses that this would incur.

h =t 111 csuffered the same probplems
Systam 2 was cheaper than System 1 but still suffered the same problem

~f insufficient performance and frequent LED replacement.
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System 3 was effectively a further improved version of System 2.
However, despite being able to meet system performance and lifetime
requirements, the cost per thyristor was unacceptable due primarily to

the high cost of CW laser diodes.

System 4 had a number of attractions, although as originally conceived
it still exceeded the cost target. The single main advantage of the
system was flexibility, since it allowed light scurces to be configured
as desired at the input of the mixer. By firing laser diodes in
sequence, pseudo-"DC" gating could be provided to hold the thvristors
in conduction. The system originally proposed used single pulsed laser

arrangement the lager life was

ot
—r
it
—e
I

diodes on the input, but with
predicted to be very short due to the overdriving required to mwest
system performance requirements. Subsequent designs were therefore
based around fibre-coupled arrays of pulsed lasers, which make Uvetter
use of the hich radiance of the laser sources. Zach array contains ten
lasers, and each laser in the array is couprled to a rectangular fibre

with a 10:1 aspect ratio. This avoids much of the loss of radiance that

9]
ct
(D
i
]
(@]
D
9]
t
&l
0l
-
i)
i
[ana}

occurse when the laser stripe f{with an approximz
100:1) is coupled into a circular fibre. These rectangular
then brought together to form a square scurce. which counles more

efficiently into a circular fibre; see Figure 7 6.5.
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Another major advantage of the design of Sve
level of redundancv to be tailored to the system recuirements. With one

system per thyristor, the minimum level of light source redundancy i3
ster stor,

ither g ~anzhle - i i tF
100%, ie two sources either of which is capable of triggering the

thyristor This level of redundancy, which is eycessive in ths X

~f the whole system, applies whatever advancements may be made in laser




technology. Since the light source cost is likely to he a major

component  of total system cost, the sconomic attractiveness of

approach suffers accordingly. With System 4, each redurdant laser
shared between all the thyristors, and so the minimum level
redundancy is egual to the reciprocal of the number of laser 4di
required for gystem operation. Adequate reliability can therefore

achieved at significantly reduced cost.

In a similar way, System 4 can take advantage of higher power devi

as they become available, by using fewer lasers tc supply the
number of thyristors, "One system per thyristor" desigus do nob

this advantage.

Finally, by sequential firing of the lasers, one cutput of the cpti

mixer can be used to monitor the powers of all the lasers in

system. This minimises the cost of the monitoring and th

(B8]

radiance caused by the "tap-off" for the monitor. Systems 1 to
one monitor per thyristor (if meonitoring is to be used), so that

these factors detericrate.

1
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The advantages of System 4 can therefore be summarised as follows:
- minimum cost;
flexibility in the provision of redundancy;

- flexibility to use higher power devices as they become

w

available;
- the provision of dc gating by comercially available pulsed
laser diodes;

- one photo—dicde can monitor ali light sources.

The remaining sections of this chapter consider the implementation

v
thy

System 4 in more detail.
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7.7 DESIGN OF THE THYRISTOR PACKAGE OPTIC

The optical path inside the thyristor packaye is an important part of
the light triggering svystem as a whole, and its design is discussed

below.

The high levels of current and heat flow in a typical HVDC thyris
require high pressure, large-area contacts and high-efficiency heat-
sinks. Conventional designs use water-cocled heatsinks clarmped against

both faces of the thyristor package. This makes it mechanically
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impractical to adopt the simplest form of op
thyristor, ie to have an optical fibre entering the thvristor package
normal to the surface of the silicon slice. The only resalistic solution
is to have a fibre entering the side of the package and then turning
through 90° to meet the photosite; see Figure 7.7.t. This fibre

configuration is referred to as a "hockeystick".

When a fibre is bent, the numerical aperture (NA) of light travelling

bl

inside it increases; the cmaller the bend radius, the larger the
increase in NA. The thyristor package used imposed a bend radius of
approximately 8mm, and to avoid optical logs. the fibre needed to have
a NA of at least 0.7. This can be met easily by an unclad fibre, but
such fibres incur optical loss whenever there is a discontinuity at the
fibre surface. Losses weuld there efore result from a hermetic seal to
the fibre, a mechanical locator used to position the fibre over the
photosite, and any minute scratches on the surface cantsed during

handling. The use of a clad fibre Is therefore oreatly preferred.

Most commercial clad fibres have a NA of 0.2 or less. but a fibre with

a NA of 0.7 was specially produced for this application. This
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considerably eased problems in the three areas above, ie handlirg.

sealing and locating.

The problems of assembling the thyristor package need careful censider-
ation. The fibre itself is fragile, being less than 0.5mm diameter. and
it must be located over the photosite to an accuracy of approximately +
10um. Once the fibre has been bonded to the photosite and the thvristor
package, any movement of the thyristor slice relative to the package
(particularly along the fibre axis) will set up large stresses in the
fibre, potentially shortening its life. The proposed package desigm is

shown in Figure 7.7.2, and its features are discussed below.

An extended feedthrough tube is used to bring the fibre into the

t
oy
1)

package, providing the hermetic seal and mechani cal protection for

D

fibre. Indium solders are available vhich will solder directly from th
tube to the glass. A solder preform is slid onto the fibre and into the
feedthrough tube, and a furnace cycle then melts the solder ard forms a
hermetic seal. Alternatively, the fibre could be gold or copper coated
(by evaporation) and a more conventional solder used. The feedthrouch
tube extends into a slot in the copper pole-piece; when the heavy pole-
piece is being positioned, the fibre cannot be seen, and is therefore
vulnerable to damage. The tube provides rotational alignment for the

pole-piece, and prevents it from crushing the fibre.

Alignment of the fibre over the photosite is achieved bv means of a
precision brass ferrule. shown in Figure 7.7.32. The ferrule has a cross
section which will sit in the optical well. and alignment is achieved
by placing the ferrule over the well and feeling when it locates. The

fibre is bonded into the ferrule and polished, and then a I[V-cured

epoxy is used to bond the ferrule to the thyristor slice.




Before assembly, the fibre is moulded into a silicon rubber coating:
see Figure 7.7.4. This gives it additional mechanical strength and
protects it from gross mechanical scratches along much of its length.
The silicon rubber coating can be handled normally, and also serves to

locate the solder slug inside the feedthrough tube.

The assembly procedure is therefore as follows:

- The brass ferrule is bonded to the end of the fibre, and the fibre
end is cleaved and polished (Figure 7.7.3);:

- The silicon rubber coating is moulded onto the fibre (Figure 7.7.4Y;

- The silicon slice is located in the package;

- The solder slug is slid onto the free end of the fibre:

- With the brass ferrule pointing upwards, the fibre is slid into the
feedthrough tube and optical connector (Figure 7.7.5):

- Epoxy is applied to the end of the fibre protruding through the
optical connector:

- The fibre is rotated, and the brass ferrule is located and epexied to
the photosite;

- Both sets of epoxy are cured;

~ The cathode pole-piece is located and welded on;

- A furnace cvcle solders the fibre to the feedthrough tube:

- The outer end of the optical fibre is cleaved and polished.

The assembly procedure is critical, since if the fibre is misaligned or
broken after being bonded to the slice, the whole thyvristor could be
wasted. For this reason, the use of an epoxy which can be dissolved is
very desirable, but even so, the cost of reworking could be consider-
able if there was a high reject rate. It may be necessary to revise the

above procedure in the light of experience.
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7.8 DESIGN OF THE OPTICAL MIXER.

The function of the optical mixer is to take light from several
sources, mix it together, and feed it to a number of output fibres.
This must be achieved with the minimum optical loss. Commercial ovtical
mixers are available, but they are generallv expensive, limited in the
number of inputs and outputs, and have pcor uniformity across outputs.
It was therefore decided to develop a miver sgpecially for this

application.

There are two main sources of ontical loss in a mixer: interface loss
and geometrv loss. Interface loss occurs at all interfaces in the
optical circuit, and arises from reflection. dirt and misalignment of
optical axes. It can be minimised by good wechanical design and
handling practices. Geometry loss occurs when, for example, a rectangu-
lar mixing block is coupled to circular fibres, so that some light Iis
lost from the system; see Figure 7.8.1. There can also be a loss in
radiance arising from mismatches in area and MA, but this was less
critical than achieving the necessary power densitv, since lasers with

a very high radiance were being used.

The prototype optical mixer was designed to have 6 inputs and 24
outputs. The laser array sources needed a fibre with a core diameter of
at least 400um diameter for good coupling efficiency, and the outout
fibres could not have a core diameter greater than 300um, to be
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compatible with the thyristor. Computer analvsis of the
showed that minimum losgs was achieved with a simple rectancular array
of output fibres, as shown in Figure 7 8.1, vrather than a close-packed

hexagonal array and/or a circular geometry.
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The prototype desion was originally based around the use of plastic
fibres. Aalthouch known to be lossy at 9051 wavelength, they offered

several advantages:

- They have a thin cladding layer (eqg 5um rather than 20-50um for glass
fibres), which has a considerable beneficial impact on the ¢eometry
loss, as can be seen from Figure 7.8.1.

- They are available with outside diameters of 250 and 500um. which
meets the system constraints and offers a simple 4:1 area ratio for
the mixer design.

- They are much easier to handle and terminate than glass fibres.

Unfortunatelv, when the plastic fibres were procured thev were found to
have a loss several times their datasheet value at the remuiired
wavelength; this made them unusable for the mixer. Baking in an oven to

dry them out gave no improvement, and so glass fibres had to be used.

The mixing rod was rectangular. and to enable the mixer to be reworked
in case of fibre damage, the arrays of fibres were butt-coupled to the
ends of the rod without epoxv. In crder to achieve accurate alignment,

a precision dowel system was used, as shown in Ficgure 7.8.2.

A butt-coupling svstem was also used to connect the laser arrays to the
input fibres. Suitable spring-loaded connectors were not available at
the time, and so an accurate mechanical assembly was needed to bring
the end of an optical connector close to the outout of the array
without actually touching it. Active alignment of the arrav to the

fibre was used.

In a commercial system, monitoring of the laser powersg would wrobably

be triplicated. Since the output of the mixer is orders of magnitude




- 255 -

more powerful than a photo-diode can measure, considerable attenuation
is required in the monitoring circuit. This means that the three most

lossy outputs of the mixer could be used for monitoring purposes.

An important operational consideration is that it should be possible to
change a laser input array whilst the system is operating. This affects

n of the front end of the mixer

3

the mechanical and electrical desi

W

system.

The prototype mixer was successfully built and tested. The main
difficulties ewperienced were in the handling of the fibres without
breakage. and in constructing the rectangular arrays of fibres. The
latter was because the fibres naturally fall into hexagonal arravs, and
constructing rectangular arrays was troublesome. This could be overcome
with experience and some simple jigs. Plastic fibres were originally
selected to avoid breakage during the construction of the mixer, and so
the difficulties with glass fibres were not unexpected. This again
would improve with experience. Plastic fibres with lower loss at 905nm
are being developed by several manufacturers, and when these are

available they will considerably facilitate construction of the mixer.
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7.9 DESIGN OF THE LASER DRIVE CIRCUIT.

The pulsed laser arrays used in the prototype system had a maximum
pulse length of 200ns and a peak drive current of 40A. This implies a
di/dt in the drive circuit of the order of 1000A/us. which places
considerable constraints on the electrical and mechanical desicm of the

drive circuit.

Many applications of these lasers use a simple sinusoidal current
pulse, generated by a thyristor triggering and discharging an LC
circuit intc the laser. However, in order to achieve the rapidity of
pulsing for the dc gating mode whilst remaining within the duty cvcle
limits of the laser (maximum 0.1%), a variable pulse length was needed:
200ns pulses would be used for triggering., and 125ns pulses for dc
gating. This meant that an LC discharge was not suitable for driving
the laser, and instead a switched "constant-current" source was needed.
This was achieved bv using a high source voltage (210V nominal) ard
resistors to limit the current. An FET was used as the switching

element, as shown in Figqure 7.9.1.

In order to achieve a low inductance in the drive circuit, several
measures were emploved. The FET, capacitors and resistors were all
located as close as possible to the laser array. Parallel arrangements
of four capacitors and eight resistors were then used to reduce self-
inductance effects, and wide tracks and ground planes were emploved on
the PCB to minimise circuit loop areas. Finallv, several CMOS outout
stages were parallelled to drive the FET. Bv using these techniques.
current rise-times of 25ns or legg were achieved, corresponding to A

di/dt of 1700A/us.
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The high reliability target for the system had an impact on the way the
drive system was designed. A fibre-optic link was used tc convey firing
signals from the main control circuit to each laser driver, so that
failure of a driver could not affect the main control circuit. 1In
addition, the timing of the length of the laser pulses was generated
separately for each driver, so that that this did not represent a

common-mode failure point.

Each driver had its own switched-mode power supply to generate the hich
and low voltage rails for the drive circuit. The use of a common power
supply for all the drivers was considered, with resistive current
limiting so that supply to the others would not be interrupted if cne
driver failed. However. the recharge time required for the driver
capacitors during dc gating meant that high pulse currents were needed;
a resistor which would permit this would dissipate excessive amounts of
heat if the driver went short-circuit, and there might also be a fire
hazard in the driver itself. The use of a fuse in the supply to each
driver was rejected on the grounds that the fuse would prcbably be the
most unreliable component in the driver, Individual power supplies were

therefore used.

The vrototype drivers were built, operated and life-tested success-
fully. The only practical problem encountered was that the Z0kHz
switching action of the power supply generated a significant amount of
interference: this did not affect the driver itself, but could be
picked up by oscilloscopes electrically or vhysically close to the

supply.

In addition to the drivers for the prototype system, several individual

drivers were produced with one laser arrav coupled to a single fibre.
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The laser was controlled by a 5V CMOS input. These individual light
firing systems were used extensively for life-testing of the lasers and

laboratory triggering of thvristors during evaluation work.
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7.10 DESIGN OF THE CONTROL SYSTEM.

The control system has three main functions:

to generate normal trigger pulses:

to generate repetitive pulses for dc gating operation:

- to monitor the state of the laser dicdes and take appropriate

action.

Each of these functions is discussed below.

a) Normal Triggering.

For the majority of its working life. the control system will simply be
required to receive Fire commands from the valve control system, and
transmit suitable trigger signals to the laser drivers. When all the
lasers in the system are new, there will be a considerable excess of
optical power available for normal triggering. It would therefore be
possible to maximise laser life in this operating mode by using short
trigger pulses at the start of life. and then increasing the optical
pulse length as the lasers deteriorate. (The pulse amplitude is fixed
by the driver high-voltage supply). However., this approach was reiected
on the grounds of reliability for two reasons; firstly, in order to
achieve maximum reliability the circuit involved in oererating the
trigger commands should be as simple as possible. and secondly, apart
from any effects on the reliability of the system itself, failure could
result in a short gate pulse being sent when a leng one was required.
If the thyristors were vulnerable to damage from being turned on by a
weak gate pulse (as was thought at the time). then all the thvristors
in the valve could be destroyed. This was clearly an unacceptable risk,

and sgo a fixed length trigger pulse was used. As stated above., the




- 260 -

length of the gate pulse was generated by a separate timer circuit for
each laser driver, so that no one fault could result in all the lasers

sending a short pulse.

b) DC Gating.

The dc gating mode requires that a minimum of 5¢W average optical power
be delivered to the thyristor gate, and that the pulses involved should
not be separated by more than 20us. The simplest way te implement this
would be to fire a laser everv 20us, and if the pulse enerqv was below
a certain threshold (necessary to give SnW average wvower). the next
laser in sequence would be fired immediately. However, this approach
could lead to a "self-destruct" mode, as follows. The laser outputs
fall as their temperature increases, and so if several lasers were near
the minimum threshold, then when one fell below it, the resulting
increase in firing rate for the others could make them warm up and fall
below threshold. This would further increase the rate of firing of the

remainder, and so on.

The only way to avoid this scenario is to make use of the optical
energy output of each laser, however low it may be. This approach
avoids any step changes in the duty cycle on the lasers, thersbv
reducing the possibility of the "therma! runaway" described above.
There are two methods of implementation: the first is to use a fived
pulse spacing, and vary the length of the optical pulse delivered by
the laser. The pulse length would therefore increase progressively as
the laser aged. The second method is to use a fixed pulse length and
vary the pulse sracing: as the laser ages. the delav in firing the next
one in sequence reduces, o that the same average power is mairtained.

Both these approaches minimise the duty on the lasers during the do




gating mode, but from the point of view of the electronics design, the
20us gap between pulses can be controlled much more accurately than the

pulse length of 200ns or less. and so the second approach was chosen.

Even with this technique for dc gating, a positive feedback mechanism
. for laser degradation is present, since the pulsing frequency increases
as the laser powers fall. However, the degradation should happen more
slowly than with the simple technique, and so it should be possible to
detect and alarm the condition before the sgystem performance Iis

seriously affected.

c) Laser Monitoring.

There are two types of laser failure mode: progressive and catastro-
phic. Progressive failure normally occurs as a result of lattice
defects propagating from the electrical contacts into the lasing region
of the crvstal, and causing dark spots. Deterioration of the facets and
the epoxy contact to the front facet can also cause a gradual loss of
laser power. Catastrophic failure usuallyv occurs due to facet burn-off,
where the optical energy in a single pulse is so high that the facet
coating is vaporised. This could result from a control error, or the
failure to short-circuit of the FET in the laser driver, so that the

optical pulse length is much longer than intended.

sudden loss of laser output could also be caused by a failure in the

laser drive electronics, even though the laser was still intact.

The lasers represent a major compcnent of system cost., and therefcore
the maximum use must be made of their working life. A number of simple
monitoring and replacement strategies were considered. but they resul-

ted in lasers being replaced more often than was actually necessary. A
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fairly complex system was therefore developed to reduce laser vreplace-

ment costs to the theoretical minimum, and this is described below.

The monitoring philosophy was that ne single event should result in a
weak gate pulse being sent. If the system state had deteriorated to the
point where a single event could cause this, then a "Trip" signal would
be generated. This would shut down the converter, so that one or more
lasers could be replaced. In order to minimise the number of forced
shutdowns of this nature, it was further required that no single event
should result in a Trip signal being generated without prior warning.
An "Alarm" signal is therefore generated if a single event could result

in a Trip.

Minimising the frequency of laser replacement requires that the power
of each individual laser be measured. The laser outputs are combined in
the optical mixer, and so each laser must be fired separately for its
power to be measured at the output of the mixer. Sequential firing of
the lasers is already used in the dc gating mode of operation, and so
it is convenient to measure the laser powers during dc gating

operation.

In case dc gating is only used cccasionally, after every 1024 Fire
pulses a single cycle of dc gating is initiated by the control system
during the valve conduction interval. This enables the laser powers to
be measured whilst having a negligible effect on laser life and no

effect on valve operation.

Having measured the laser powers, the system then calculates Alarm and
Trip levels to be applied to the output of all the lasers when fired

simultaneously. The minimum vermitted gate pulse power is programred
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into the logic. The worst event that could occur is that the most
powerful laser in the system fails catastropically. and so to ensure
that this does not result in a weak gate pulse being sent, the system
adds the output of the most powerful laser to the minimum permitted
pulse power to obtain the Trip level. If the output of all the lasers
falls below this level, then failure of the most powerful laser would
result in a weak gate pulse. and so the system is shut down: see Figure

7.10.1.

The Alarm level is calculated in a similar way. except that the outputs
of the two most powerful lasers in the svstem are added to the minimum

permitted power, as shown in Figure 7.10.2.

When the Alarm and Trip levels have been calculated, everv subseguent
Fire pulse is compared against them, so that the appropriate acticn can
be taken. The Alarm ard Trip levels are revised every 1024 Fire pulses,

or every time dc gating is used, whichever comes first.
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7.11 CONCLUSIONS.

A design for the valve light triggering system was reached after
consideration of several types of light source and several system
configurations. This design offers the lowest cost, best utilization of
the light sources and greatest flexibility to make use of improvements
in semiconductor laser technology. In particular, it incorporated the

following improvements over systems previously developed by others:

- The system uses a light source technology which is being continuously
developed world-wide for several major markets;

- The use of lasers permits an efficient design of thyristor optical
gate structure to be achieved;

- The light sources are commercially available from multiple sources;

- The high laser radiance means that standard diameter multimode fibres
can be used to transmit optical pulses to the thyristors. Fibres and
connectors of this type are cheap and readily available with low
optical attenuation;

- Complex tapered hockey-sticks are not required in the thyristor
package;

- Monitoring of the laser powers is achieved with minimum penalty to
system performance;

- Utilization of laser lifetime is maximised through the use of an
"adaptive" monitoring system;

- The level of laser redundancy can be tailored to the system

requirements, thereby minimising system cost.

A prototype system using 6 fibre-coupled laser arrays to drive 24
thyristors was built and tested. The normal triggering and dc gating

modes of operation were successfully demonstrated, and valuable exper-
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ience was gained during the construction of the protctype.

The light triggering system was developed in parallel with the 1light
triggered thyristor, and this required that some assumptions be made
about the performance of the thyristor. The prototvpe system that was
built met the technical specification, but the design did not quite
meet the economic targets set for it. However, the licht-triggered
thyristor turned out to have better sensitivity than anticipated and
also to be immune tc damage from weak gate pulses, and making use of
these improvements would result in a light triggering system that was

economically as well as technicallv acceptakle.
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CHAPTER EIGHT: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS.

8.1 INTRODUCTION.

This project was concerned with the development of a new generation of
HVDC valve technology, and as a consequence has covered a wide range of
technical fields. The initial proposition was that mature HVDC technc-
logy would embody outdoor thyristor valves, which would only require
remedial maintenance rather than the regular preventative maintenance
needed for the present generation of equipment. The objective of the
project was to investigate and develop the technologies necessary to

bring about this level of maturity.

For outdoor wvalves to be a realistic proposition, a substantial

improvement is reguired in the reliability of thvristor wvalves, which

3

can only be achieved through the use of light-triggered, self-
protecting thyristors. Since thyristors of this type had never been
developed before, the major part of the project concentrated on

progressing thyristor technology to the point where the principles of a

light-triggered, self-protecting thyristor had been demonstrated.

Although the thyvristor development is the main technological break-

through needed for an outdocr valve to become practical. an optical

system capable of triggering such thvristors is also bevond the scope

of commercially avaiiable technology. The development of a valve light

triggering system is therefore an integral part of the overall project

objectives, and a prototype optical system was produced which incorpo-
.

rated several improvementsg over the systems previcusly developed by

other workers.
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Finally, the mechanical, insulation and cooling svstem designs that

might be used in an outdoor valve were considered.

This chapter sunmarises the conclusions that have been reached in the
various chapters and appendices of the thesis, and makes recormenda-
tions for further work. Some conclusions are also drawn concerning the
management of the project, since effective management is clearly vital

to the success of a development project of this nature.
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8.2 THE THYRISTOR.

The development work carried out towards the goal of building a light-
triggered, self-protecting thyristor was described in three chapters,
as follows: Chapter Four reviewed the work carried out at MEDL before
the author became involved, Chapter Five covered the investigation of
the original prototype design carried out by the author, and in Chapter

Six the design and evaluation of the test structures was described.

Many detailed technical conclusions were reached during the course of

the work, but only the main ones are highlighted below.
a) Light Triggering.

The critical trade-off between optical sensitivity and dv/dt capability
was examined, and it was shown that as the diameter of the secondary
optical well is reduced (ie the area actually illuminated by the
optical fibre), a better trade-off is achieved. This therefore led to
the use of a laser to trigger the device, which permits a very small
secondary well to be used. This preference for a laser source Iis
contrary to most previous practice, where large-area sources such as

LED's and flash-lamps have been used for the light triggering system.

Tt was also shown that for the type of device investigated, the small
secondary well made the gate structure immune to di/dt failure caused
by weak triggering. If a weak gate pulse (either electrical or optical)
is sent to a device with a large gate structure; only part of the gate
turns on, and so in order to use the full capability of the gate
structure, "overdrive" is therefore needed to ensure that all of the
gate is activated. However, for a small gate structure, all of the gate

is activated by the time the latching current is reached, regardless of
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the strength of the gate signal. There is therefore no need for gate
overdrive, which for light-triggered thyristors 1is expensive and
technically difficult to preovide. This irportant advantage of a small
secondary well in an optical gate structure has not praviously been

recognised in the literature.

The use of control resistors to limit current in the optical gate
during turn-on was investigated in some detail. Anti-modulation rings
were required, as shown by other workers, and these were alsc used to
distribute current around an interdigitated amplifying gate. In fact,
the resistors were so effective in supporting voltage during turn-on

that passivation was needed to prevent surface breakdown.

It 1is economic to etch the control resistors at the same time as the
optical well, and it was shown that there ig an optimum depth for this
etch. Up to a certain point, deepening the etch makes the cptical well
more efficient, so that sensitivity improves. Beyond this optimum
depth, hcowever, the resulting high values of contrel resistance start
to affect the early stages of the turn-on process, o that optical
sensitivity deteriorates. Once this optimum depth has bezen =2stablished,

s in

~

it can be used to maximise the performance of the thyristo

product ion.

Single and double amplifying gate structures were investigated, and
their limits established for different values of control resistors.
Computer analysis had shown that a third amplifying gate would give
little benefit, Measurements cf current and voltage in each part of the
gate structure were made, giving valuable insights into the twrr-on
process. Significantly, the technique of measurirg currents in the gate

structure during turn-on has not previously been repcrted.




A S56mm thyristor with the preferred values of control resistors was
shown to have Iimpressive repetitive turn-on capability with only
threshold optical gating. A series of tests were also carried out to
determine the optimum design of optical well, given the limitations of
processing and assembly technology, and this vielded a useful "library"
of information. All of these results taken together mean that. for any
future light-triggered thyristors, the optical gate structure can be
designed with confidence in achieving beth the recuired performance
targets and the efficient utilization of optical energy from the light

triggering system.
b) Over-voltage Protection.

The "etched well" technique for producing built-in over-voltagse (VB0)
protection was investigated, using several procedures fcr making the
well and controlling its surface finish. Some interesting phencmena

were discovered during thig investigation, from which several novel

*
Z

approaches to VBD protection could have been explcred. However,
concluded that the etched well approach to VB0 protection is too
demanding {in terms of process technclogy! to be economic. The use cf a
simple external BOD operating throuch an electrical gate contact to the
thyristor offers excellent performance at low cost. It was therefcors
decided tc suspend work on VBQ protection, and instead concentrate
regources on those areas where technical feasibility had vet to he

proven.

c) Dv/dt Protection.

Built-in dv/dt vprotecticn was successfully demonstrated on a S6mm

thyristor. Indeed, it wag concluded that if the thyristor can bs made




- 271 -

immune to di/dt failure from weak optical triggering, then dv/dt
protection follows automatically. This is because excessive dv/dt
creates conditions in the gate structure very similar to those produced

by weak optical gating.

The original prototype thyristor design used dv/dt compensation to
improve its performance. However, it was shown that the topology of
compensation is incompatible with the use of control resistors to
prevent di/dt failure. This is because dv/dt compensation requires the
presence of surface diode junctions in the gate structure, and these
diodes will have breakdown voltages of a few tens or at most hundreds
of volts. If the control resistors in the gate are of high enough value
to prevent di/dt failure under weak triggering, then thousands of volts
will appear transiently in the gate structure, destroying the surface
diodes. In any case, adequate device performance was achieved without

the need for dv/dt compensation.
d) Forward Recovery Protection.

The original thyristor design which aimed to provide forward recovery
protection was generally unsuccessful, although a proper assessment of
the design was difficult due to the number of ambiguous test results
obtained. Work was therefore undertaken to design, manufacture and test
a new set of development thyristors. This set incorporated an improved

version of the original design, as well as several other alternative

approaches.

The alternative approaches were based on the principle of allowing
forward recovery failure to occur at a random location in the main

cathode (as for normal thyristors), but using a special cathode design




to improve the likelihood of surviving forward recovery failure without
damage. Several different versicns of the special cathode designs were
implemented using existing processing steps, sco that no extra ccst was
incurred in manufacture; however, nore of these proved to be successful
in practice. It was therefore concluded that, although the nrinciples
involved might still be valid, extra processing steps would be needed
to implement them, which would prejudice the commercial viability of

the thyristor.

In contrast, the improved version of the original (Selective Failure
Zone) design showed a very promising performance. The main change,
compared to the original, was to approximately halve all the horizenta
dimersions of the structure, giving higher levels of charge diffusicn
from the main cathode. This design of Selective Falilure Zone
functioned correctly even with very low differential radiation doses.
The gate voltage was monitored to demonstrate that the Zone was turning
on the main cathode under forward recoverv failure conditions. Unfortu-
natelv, the length of the gated edge was not adequate toc cope with the
inrush conditions, and device failures occurred either due to breakdown
of the small contrcl resistor used, or melting of the main cathode
turn-on edge. However, there are estahlished technicues for overcoming
this type of problem, and recommendations for improvements are given in

section 8.6.
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8.3 THE VALVE LIGHT TRIGGERING SYSTEM.

Previous implementations of valve light triggering systemes had varied
widely, with different manufacturers using flash-lamps, large LED's,
multiple small LED's and semiconductor lasers as the light source. The
optical transmission svstems also varied from gingle fibre bundles tco
multiple interwoven fibre harnesses and quartz slabs. In every case,
there was at least one part of the system that was cocstly and difficult
to manufacture, and not available commercially. It was therefore
necessary to develop a new svstem that would overcoeme the deficiencies

of previous designs, whilst nct leaving GEC dependent on its competi-

tors for the supply of critical components.

An analysis of thyristor behaviour showed that laser-based triggering
systems were to be preferred because of their high optical power
densities (section 8.2). This feature., ocomeon to all types of laser,

gives the following advantages:

- The thyristor sensitivity is improved for the same dv/dt rating;

- Conventional single-core fibres can be used, which are cheaper than
fibre bundles;

- Losses at connectors can be 1dB or less, compared to at least 3dB for
a fibre bundle connector;

- There 1is no need for a tapered fibre "hockeystick" inside the
thyristor  package;

- The margin between radiance available and the minimm radiance
required 1is such that redundant scurces and monitoring points can be
included. Large-area sources (such as LED's and flash-lamps)! are
operating on the limits of the radiance reguired, sc that both

redundancy and monitoring are difficult to provide.




All the various types of laser available were reviewed. Seniconductor
lasers were selected in preference to gas and solid-state lasers for
reasons of cost, replacement interval and wavelength compatability with

gilicon thyristors.

Several configurations of optical system were considered, covering both
"one system per thyristor" and "one system per valve" approaches. It
was decided to adopt the "one system per valve" technique, where the
outputs of several lasers were combired in an integrator, and then
distributed to all the thyristors in a valve. This approach gives the

following advantages:

- As higher-power lasers are develcped; this can ke used to reduce the
number of lasers in the svstem, and thus improve ccst-effectiveness.

- The degree of redundancy in the system can be tailored to the system
requirements.

- One monitoring point can be used to measure the outputs of all the
lasers in the system.

- pPulsed lasers can be fired cyclically to achieve a pseudo-dc
output.

- As high-power CW lasers become available, these can be added on tc
the system to provide a dc output, thus reducing the duty on the

pulsed devices.

A prototype light triggering system was built to trigger 24 thyristors,
and this was successfully demonstrated. The onlv provrietary part  of
the system was the optical integrator, and even in this cas2,

conventiona! components were used. The novelty lay in the detailed

mechanical design of the integrator.




As well as the 24-thyristor system, several scaled-down versions cf the

system were built for triggering single thvriszstors in the laberatorv.

[

These were extensively used in the thyristor @valuation program.

When the specification for the light triggering svstem wag beirg drawn
up, it was believed that a weak optical gate pulse might cause the
thyristor (or in this case, all the thyristors in a valve) tc suffer
di/dt failure. A fairly sophisticated monitoring system was therefcre
used to ensure that ne single-contingencvy fault could result in a weak
gate pulse being sent. The subsequent achievem=nt of "controlled tuwm-
on", such that the thyristors are immune to di/dt failure caused by
weak gating, means that the monitoring system could be simplified. The
prospects for further development of the system are described in

section 8.6.
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8.4 THE VALVE INSULATION, COOLING AND MSCHANICAI, DESIGHN.

In the design of an outdoor valve, careful attention must be paid to
achieving high reliability and relatively easv access for maintenance.
This therefore has an important bearing en the insulatien and cooling
systems used for the valve, as well as the mechanical design of the
installation. These factors are considered in Appendices One ("Valve

Insulation and Cooling") and Two ("Valve Mechanical Design"). Since the

E

main thrust of the project was concerned with the thyristor devaeion-
ment, these areas were not investigated in great depth. However, the

following preliminary conclusions were reached:

- The valves should be insulated by SFe¢, in accordance with current
trends in the industry. The only other serious possibility for the
insulant is mineral oil, which suffers important disadvantages
related to cost, flammability, rexrocessing and inconvenience for
maintenance.

- The SFs should be used at a fairly low pressure, to avoid pressure-
vessel vregulations and the potential problems of high dc field
stresses on solid insulation systems.

- The valves should be cooled by a separate liquid coolant, preferably
water/glvcol but otherwise a Freon or other SFsi-compatible fluid,

- The valveg should be enclosed in earthed steel]l tanks. As manv valwves

]

as realistically possible should be included in crne tank., up to

limit of 12 (or 24 for a rectifier/inverter grcup).
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- Maintenance should be based on the rhilosonhy of replacing comonents
In situ. Each tank should have access for an operator to gain entry,
carry out diagnostic tests, and replace arvy failed coarmronents. The
drawbacks of this approach are small corpared to those of replacing
conmplete tanks to carry out maintenance.

- GEC's existing indoor valve mechanical design is suitakles for an

outdoor valve without significant modification.

The preferred approach for the insulation, ceooling and wmechanical
design of the valve will depend fairly gignificantiy on the zctual
installation being considered. Factors such as the voltage rating cof
the valves, climate, availability of land area, local legislation ard
customer preference will be inmportant consideraticns in determining the

optimum configuration.
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8.5. THE MANAGEMENT OF LARGE DEVELOPMENT PROJECTS.

a) Introduction.

Whilst the managerial aspects of the project have not been discuss=2d in
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the main beody of the thesis, they are clearly an a
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importance. Several conclusions have been reached durin

('8

the work regarding the management of large development prodiects, and it

is likely that these conclusions will have a morz general applicaticn.

At the outset, there were a number of features of the rproliect which
would place greater than average demands on the proiect management, and
these are discussed in the following sections. Thev are all related to
the interactions between the technology areas in the project, which

were described in Chapter Three.

b) Technological Complexity and Diversity.

There were three main areas of technology involved in the project:
- Valve electrical design;
- Semiconductor thyristor design;

- Lasers and optical systems design.

Each of these areas is a highly complex subject in its own right, and
at the start of the project, there was no one person involved who was
familiar with more than one of these technology areas. This would not
necessarily have been a problem, except for the high leve!l of
interdependence between the different aresas of the system design. For
example, the nature of the self-prctection requized in the thyristor
iz critically dependent on the rest of the valve electrizal design

(section 2.3). This leads almost inevitably to the situnation vharz an




- 279 -

expert Iin one area has to take a decision regarding technoclogy
strategy, compromise etc, with only a limited appreciation of the
impact of that decision on the other parts ¢f the system. Converselvy,
he might decide not tc pursue a particular line of investigation,
without realising the benefits it could have coffered to cother parts

of the system.
c) Geographical Separation.

The problems of technological complexity and diversity were compoun-—
ded by the fact that the experts in the different areas were
geographically separated. The centre of valve design expertise was at
Stafford, the centre of thyristor design expertise was at Lincoln,
and the centre of laser and optical systems expertise was at
Cambridge. This prevented the normal cross-fertilisation of ideas and
information that would cccur if the people involved had been working
in close proximity. In the early stages of the project, the three
groups only met at formal project progress meetings, which were
monthly or sometimes even less frequently. Due to time restrictions
at meetings like this, each group "filtered" the information it
presented, on the basis of its understanding of what was and was not
important. The other participants in the mesting were not alwavs
experienced encugh in the area to appreciate the implications of what
they were being teld, or to suggest alternative strategies which

might have benefits to their area of the svstem.

d) "Past history”

As will often be the case, the particinants in the nrojest wers ot

"starting from scratch"  at the beginning of the worl, but had

previously been wcarrving out develsnment in the same 2r relatad




areas. This previous work had not necessarily been undertaken with
the same objectives and constraints as the oresent proiject, but
nonetheless it could influence the priorities set and the avprcach
adopted. Even the technology congsultants respongible for the develop-

ment of the valve light triggering system, who had had no previcus
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certain tvpes of solution. This arcs

areas, but it was not always the optimum for this preject.

Since it was recognised that the technclogy consultants had ne relevant
prior experience, regular meetings and contacts were maintained by TDPL
to ensure that the work being carried out was consistent with the
overall project objectives. Thisg meant that any misunderstandings that
arose, or approaches that were adonted which were sub-optimal in the
context of the whole project, were picked ur and corrected fairly

quickly.

The situation wag different with MEDL for several reascns. Firstly,
MEDL had collaborated with TDPL for many vears in the development of
thyristors for HVDC applications. Secondly, MEDL had already carrvied
out substantial work in the fields of light triggering and, to a lesser
extent, built-in over-vcltage protection. Finally, the work at MEDL was
being funded internally rather than through TDPL, sc that there was &

level of implied autenomy which was not present with the consultancy.

In the course of the project, it became apparent that although MEDL had
collaborated with TDPL over thyristor desigm in the nast, the degres of

knowledge of valve desi¢m required for this thvristor project was far

greater than had ever been the casze vreviougly. This vas becausse much
of the expertise in valwve desigm, le iriggering and protection, was




- 281 -

being moved from the valve electronics (TDPL's domain) into the
thyristor (MEDL's domain). In effect, the amount of valve technolagy
being distilled into the thyristor was being increased =zeveral times
over, so that a much higher level of interaction between thyristor
design and valve design was necessarv in crder to achieve a viable and

optimised result.

It was to meet this need for greater interaction that the authcr spent
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four months working full-time at MEDL, fcllowed by weekly v
the rest of the vroject duraticon. This had a valuable effect on the
"efficiency" of the development work, bv ensuring that all the parties
concerned were mcre aware of the global technology context in which
they were working. Any decisions on strategy or technological compro-
mise could therefore be optimised more effectivelv against the overall
project goals. By the end of the proiect, the author had become
conversant with all three ftechnology areas, 5o that much beftter

coordination and decision-making was achieved.

e) Conclusions.

With the benefit of hindsight, it seams that the extent of the need for
"up-grading” of the knowledge about wvalve desi¢gn fat MEDL) and
thyristor design (at TDPL) was nct fully appreciated at the start cf
the preject. This might not have been toz important, except that the
geographical separation of the parties invelved prevented a normal

exchange of ideas and ewperience. The gecondment of the author to MEDL,

—a

followed by wvery close technical sugervision, ed to a substantial
improvement in the situation. The following gereral conclusions can be

drawn from thig experienca:
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- If a project involves experts from different technology areas
working together to achieve an optimum sclution. the degree of mutual
education required should be considered at the start of the project
(and reviewed as it progresses). Ideally, this will be achieved by
both formal exchanges and informal contact in the working environ-
ment. If informal contact would nct normallv take place (for example.
due to geographical separation), then temporarv or permanent second-
ment should be seriously considered. There is ne substitute to
working alongside scmeone for gaining an understanding of their field
of expertise. Because of restrictions of time and the inevitakle
"filtering” of information that will take place, formal project
review meetings are very limited in the extent to which they can
permit efficient interaction.

- If the parties invelved in the »roject have existing development
programs in related areas, then it is important that the objectives
and priorities of the present project are clearly stated. If this is
not done, then work may tend to continue along existing lires, even
though this might not be appropriate for the oroject in hand.

- It is widelv recognised that for a nroiect to be succesuful, there
must be a project "champion" who is committed to driving the projact
towards its oblectives. If different parties to the proiect have
independent resources, thig gives an implicit level of autoncmy in
decision-making which may undermine the effectiveness of the wnrodject
chanpion. It may therefore be preferable to have all the rescurces

controlled by the partv who is the "mair contracter" for the predect.
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In spite of the initial shortcomings described above, it is clear that

in the later stages of the project these deficiencies were dealt with,

and a very high level of cocrdination and effective interaction was

hed

achieved.
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8.6 RECOMMENDATIONS FOR FURTHRR WORK.

At the start of the project, wvarious techneclogy areas were identified

where progress was necessary to make an outdoor HVDC valve a realistic
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" proposition. Several important advances have beer

project ‘towards this goal, the most significant of which is that the

6

principle of built-in pretection against forward racovery failure in

thyristor has been demonstrated for the First time. However, it

-
N

clear that there ig still significant werk to be undertaken before an
outdoor valve becomes a commercial reality, and this iz discussed in

the following secticns.

al) The Thyristor.

The light triggering and dv/dt protective functions were so successful
in the 56mm development samples that these aspects of the thvristor can
be considered as fully developed. One more design/build/test cycle
could be carried out, but this would simplv be fine-tuning of the
design. An area where "productionising" is still needed is in the
choice and method of apvlication of the passivation on the control

resistors, but this should not be a significant problem.

The main area of thyristor technology where further development is
required is in the forward recovery protection mechanism. The princinle
was demonstrated in the development samples, but the turn-on capability
of the selective failure zones must be improved to achieve nprotection
under all conditions. This should be noesible using existing gate
desicn  techniques such as amplifving gates and axtendad turn-on  lines
(possibly combined with control regictorz). although the reed to

minimise the distance betwean the zone and the main cathode may require




some novel topologies. If all goes well, a commercial design could bs

arrived at after two more design/build/test cvcles.

For reasons of cost and performance, it is recommendad at prasant that
over-voltage protection be provided by an external BOD. However, it is
recognised that this is an inconvenient sclution to the problem, and
that built-in protection would be preferable. Unfortunatelv, none of
the approaches normally considered for this cffer the nrespect of  an
attractive cost/performance trade-off, even if thev are techrnically
successful . Novel approaches to the problem must thersfc
1f built-in over-vboltage protection is to be viable, and some suggested

avenues for investigation were put forward in Chapter Five.

Although the packaging design for the thyristor was considered in the
project, this may need further work. The package is inevitably rather
complex and delicate, and taking this from development inte production
could present difficulties. The proposed design does offer a fairly
efficient solution to the requirements of the device, bkut some
modifications may be needad in the light of experience. The technicue
for making an electrical gate connection to the device {for an external
BOD) could involve ultrasconic bonding, which is keing used increa-

singly in the manufacture of power devices

b) The Valve Light Triggering Svstem.

Semiconductor laser technologv is continually develoring, with

pull" coming from the market for compact disk plavars and other optical

read/write systemz. It iz therefore sengible to yait unlil  commercial
implementation iz being approached before carrving out significant

further development of the gvstem, gince hetter devices are continually

becom ing available.
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Once development has restarted, the balance between pulsed and CW
lasers will need to be evaluated again. The most fundamental choice to

be made is whether the existing format cf the licght triggering svstem
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should be retained., 1ie using several devices feeding
via an optical mixer, or whether this sheuld be dropped in favour of
one or possibly two lasers driving each thyristcr. This choice is
necessary because the reguirements of the svstem (regarding optical
overdrive, the avoidance of weak gate pulses etc) and the technclegy
available have both changed significantlv since the prototvoe cgvstem
was developed. Mediur-power CW lasers (40-50rW) with built-in monitor-

ing are now relativelv cheap, and sc a verv gimple gvetem uging cne

13
0
2

laser feeding each thyristor via a single fibre could be the optimum

solution. Alternatively, a mixer-based svstem could =till be attractive

"

) s
e

if there are "economies of scale" in laser manufacture, sc that is
cheaper to use a small number of high-power devices driving a whole

valve.

If a one-laser-per-thyristor system was adopted, then develcopment of
the driver and monitoring circuits would be fairlv straichtforward. The
choice between series and parallel connection of lasers would be made
on the grounds of reliabilitv, cost and laser life. Many copmercial
systems increase the drive current to a CW laser as it ages, to
maintain constant optical output; this maximises lacer life, but
increases the oomplexity of the drive cirmmit. and weuld remiire
separate control for each laser. Comnecting all the lasers in one

series string driven at constant current mray ke the ontimm colntion

for the valve light triggering system.
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If a mixer-based system is retained, the comments in the following

paragraphs are relevant.

It may be cheaper to provide the "dc gating” function of fthe system
with a small number of high-power CW devices feeding intc the ontical
mixer, rather than multiplexing the pulsed lasers as in the prototype.
As the cost of CW lasers continues to fall, thev mav be preferred for
both triggering and dc gating functions, since they are oconsicderably

easier to drive than pulsed devices,

There is substantial scope for simplifving the control sgsvystem, since
the thyristors are no longer vulnerable to damage by weak gating, and

therefore no protective action is required to prevent a weak gats pulse

<

being sent; the worst that could happen is that the valve would simply
fail to trigger. Therefore. it would nc longer be nrecessary toc measure
the laser outputs and predict the effect of the nwst powerful device
failing catastrophically. Faults can be alarmed after they have
occurred, and there would be no call for a compulscry "Trin” function,
since no equipment is in danger. Further simplification cf the contrcl
system oould be achieved if CW devices were used for the "dc gating”

mode, since the fairly complex variable pulse spacing control for the

pulsed lasers would no longer be required.

The elimination of the need for cptical overdrive of tha thyristors
mears that fewer lasers are reguired at the input of the ontical mizer.
This will allow smaller output fibhres to be used. so that standard

200/280um multimode fibres could be uszed to transiit gate gigmals to

the thyristors. This would be cheaper than ths specialisad fibre nsed
in the prototvpe gsvetem. Manufacturing of the mizer oould be made

easier through the use of lower-less olastic fibres curcently under
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development, and the performance of the system might be irmproved by the
use of square-section fibres in the miver assembly, to improve packing

efficiency.

c) The Valve Insulation, Cocling and Mechanical Desigm.

Many of the technologies and components necessarv for an SFo-insulated,
liquid-cooled outdonor valve have alreadv been rasearched and darmonstra-
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have gone beyond the "demonstrator" stage, the technolegy 23nnct he
regarded as beinrg fully commercialised, and therefore further develon-
ment is needed. Whilst the work required on the mechanical design of
the wvalve will be fairly conventional In nature, dJdevelopment of the
insulation and cooling systemg could be both costly and time-consuming,
since it will reguire the manufacture cf full-gscale equipment for life-
testing at realistic voltage levels. Although the gereral form of  the
outdoor valve has been described in the thesis, its detailed ipplemen-
tation will require a significant amount of design and testing. If
fluids other than the relativelv familiar SF¢ and water/glycol or
Freon are used, the amount of evaluation work required will increass
substantially. In either case, it ig likelyv that the Justification for
development will be conditional an achieving further progress with the
light-triggered self-protecting thyrigtor, cuch that a high prohakility

of a successful outcome is achieved.




8.7 CONCLUSICNS.

GEC TDPL's goal of developing an cutdocr thyristor walve for H/TX
converters is an ambitious one, encompaszing a wide range of technole-

gies. To achieve this goal, several technolegical ebijectives have to be

reached, the most challenging of which was recognised to bhe the
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development of a light-triggerad self-protecting
described in this thesis has made a major contribution tco  achisving
these cbijectives, including the first demonstration of the nrincinle of
built-in forward recoverv protection in a thyristcor, and ar increased
understanding of the processes invelved in coptical thyristor tura-on.
Other technological developments have been in the areas of the
triggering system for the thyristors, and the concentual design of *the
insulation, cooling and mechanical arrangements of the wvalve, In
addition to these technical advances, the need for a rmlti-
disciplinary" project member to coordinate research in different areas

has alsc been highlighted, as this has mades a valuable contribution to

the overall efficiency of proiject execution.

Further work is still regquired towards the overall project cobhisctive,

the most important aspect of which is to take the concept of built-in
forward recovery protection from its demenstraticn in principle to a

conmercial realitv. Success in this area will provide the spur to full-
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scale development of the cther techn

valve.
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APPENDIX ONE: VALVE INSULATION AND COOLING.

Al.1 INTRODUCTION.

The ultimate goal of GEC's HVDC development program is to develop valve
technology to the point where an outdoor valve becomes a realistic
proposition. Such a valve would be treated in the same way as a power
transformer, ie it would be situated outdoors and only maintained if it
failed. This would eliminate much of the costly civil works associated
with present indoor valve designs.

The light-triggered self-protecting thyristor is necessary for this
goal to be achieved, since the reliability of conventional valves is
not sufficiently high to be compatible with an outdoor valve design.
Assuming the thyristor becomes available, decisions will be required as
to the insulation and cooling technologies to be used for the outdoor
valve.

Several HVDC converter stations have been built using outdoor valves,
but these cannot be regarded as wholly successful since no manufacturer
has ever repeated the exercise. Whilst the unreliability of conventio-
nal wvalves must be largely responsible for this (since costly extra
redundancy must be built into the valves), it emphasises the attention
that must be paid to reliability, cost and maintainability in the event
of failure. This chapter reviews the work that has been carried out in
the field of outdoor converter stations and similar equipment, and then
discusses the various options for the insulation and cooling systems
for an outdoor valve. Some conclusions are drawn, but further work
would be required to enable definite recommendations to be made.
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Al.2 LITERATURE REVIEW.

a) HVDC Encapsulated Equipment.

tor unit

The earliest example of an outdoor valve was the thvris
installed by GEC (then English Electric) at the Lydd converter station
of the first 160MW Cross-Channel link [Al.1]. Little has been rublished
about this wvalve, but it is knowm that it was insulated by oil and
cooled by bulk circulation of the oil over finned heatsinks. The wvalve
was in three identical parts., each enclosed in a very large hollow
ceramic insulator. The valve was installed in 1671, and the scheme was
de-commissioned in 1984.

The first two schemes to be fully equipped with outdecor wvalves were
Cabora-Bassa (Africa) and Shin-Shinano (Japan), both commisgiored in
1977. The Cabora-Bassa valves, wilt by the HVDC Werking Group, were
insulated with transformer o0il and cocled by pumping the oil through
heatsinks which vented into the tank [Al1.2, Al.2. Al1.41. A nuber of
problems arose during comissioning of this scheme, but these were
associated with conventional equipment rather than the wvalves them-
selves [Al.5]. 1In particular, no problems were encountered with the
valve insulation or cooling svstems, although due to its being the
first of its kind, the scheme was undoubtedlv cautiously designed.

The oil-insulated valves for the Shin-Shinano link were constructed
using technology licensed from the HVDC Working Group, although in
practice the impnlementation differed in some areas [Al.6. Al.7, Al.8,
A1.9]. In particular, the thvristors were cooled by bulk circulation of
the o0il rather than by pumping of oil throucgh enclosed heatsinks. As
with Cabora-Bassa, no problems have been reported with the insulation
or cooling systems of these valves.

After these early outdoor valve installations, all manufacturers
adopted indoor air-insulated techneclogy using either air or wvater
cooling. This was largely due to the convenience of indoor air
insulation. However, in the mid 1970's, the Electric Power Research
Institute (EPRI) in conjunction with General Electric, both of the USA,
undertook development of an outdoor valve insulated by SFs and cooled
with Freon [Al1.10, Al.11]. Although the desicn of manv conponents for
this had to be undertaken virtually from scratch [Al.12, Al.13, Al 147,
a compact HVDC converter was in fact built using this technology, which
was completed in 1978 [A1.15]. However, no comnissioning details have
been published since then, and the scheme was still not in service in
1983 [A1.161.

Although there have been no further publications concerning work on
SFs—-insulated wvalves, GE have continued to develop Freon cooling
systems because of their inherent insulating properties [A1.17]. TLesks
from a water-cooled valve could cause flash-overs in a high-voltage
environment, whereas Freon does not suffer from this disadvantage
[A1.18). As part of this development, a prototvpe Freon-cooled valve
was installed in the Sylmar termira! cof the Pacific Intertie HYDC 1ink,
and the experience gained has been reported [A1.19]. Several signifi-
cant problems were encounterad, which camnmet bede well for the adoontion
of this technology.
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Mitsubishi Electric developed an oil-insulated, oil-cooled thvristor
valve in the early 1970's [A1.20]. However, this did not result in a
commercial application, and the development appears to have been
abandoned. More recently, they have entered into partnership with the
Kansai Electric Power Co for the joint development of an SFs—insulated,
SFs—cooled thyristor valve [A1.21, Al1l.22]. Two test installations have
been built, comprising a prototype svstem and an insulation test
system. The SFs is used at a pressure cof 0.5MPa {five times atmeospheric
pressure), and at thig pressure it has sufficient thermal capacity to
enable the thvristors to be cocled with open finned heatsinks. There is
therefore no separate cooling circuit, and problems of coolant leakage
are avoided. Tt is envisaged that the valves would be constructed and
sealed at the factory, and shivped tc site complete.

b) Power Transformers.

In terms of physical size, woltage rating and the need for oocoling.
power transformers bear a number of similarities to HVDC wvalvez when
considering insulation and cooling systems. Development wirk in  the
field of power transformers is therefcre included in this literature
survey.

Conventionally, power transformers are insulated and cocled with
mineral oil. However., some transformers are gituated in environments
where the flammability of oil makes it unacceptable as an insulant; for
example, iIn the basements of buildings. PCB's (polychlorinated bi-
phenyls) were once widely used as a coolant in these applicaticns, but
they are now recognised to be envirommentallv damaging, and therefore
alternatives have had to be found [A1.23]. A numbher c<f synthetic
replacement fluids are available [Al.24] which have good fire resi-
stance, long-term stability and dielectric strength, but these are all
substantially more expensive than mineral oil. The large volume of
insulant required by power transformers means that the conventional,
less costly, mineral oil is still preferred for ¢eneral applicaticns.

For a given volume of equipment. liguid insulation is generally
significantly more expensive than gas insulation. Some work has
therefore been done on developing transformers insulated by gas, with
the more expensive liquid only being used for direct cooling of the
windings [A1.25, Al1.26]. These designs have employved SFs gas, since
this has offered the best combination of cost, dielectric strength and
other properties. The coolants employed include C:Cl3F; (Freon 112),
C2Cly and CsF160, with both closed coolant circuits and evaporative
"spray" systems being used. In addition. a mixture cf C:zCl: and
transformer oil was found to vield cost and fire-registant properties
that seem promising for more conventional ligquid-immersed designs.

One interesting form of gaseous insulation is the "vapour mist" system
being developed by EPRI and Westinghouse [A1.27]. Mists of ligquids

as CsFi1e0 can have a dielectric strength several times that o 4

well as good cooling properties. The principles of vanour
and cooling are discussed in [Al 25]1.
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c) Other Gas Insulated Systems.

SFs is widely used as the insulant in metal-clad switchgear and bus-
work for high-voltage AC installations. Despite being significantly
cheaper per unit volume than ligquid insulants, the ccst of the make-up
gas can still be as much as 20% of the total installation cost at high
voltages [A1.28]. 1In addition, at common operating pressures, the SFs
liquifies at around -30°C, which is unacceptable in some applications.
Research has therefore been carried cut inte mixtures of SFg and other
gases which potentially offer lower cost, better low-temperature
performance and in some cases improved dielectric strength as well
fA1.29]. Mixtures of SFe¢ and N» offer the first two advantages without
sacrificing too much in terms of dielectric strength, and this mixture
has been applied in commercial circuit breakers [A1.30]1. Mixtures with
fluorocarbons such as CiF: and other gases can cffer higher dielectric
strength than pure SF¢, although features such as toxicity and
undesirable breakdown products need fuller evaluation [A1.29].

The application of metal-clad technology to DC equipment is more
difficult than to AC for two main reasons: firstly, the effects of
small conducting particles (eg swarf) which are already serious for AC
are even worse under DC stress, and secondly, achieving even wvoltage
grading across insulators is much more difficult. When an alternating
voltage is applied across an insulating system, the voltage distribu-
tion is determined by the permittivities of the various elements of the
system, whereas a direct voltage is distributed according to the
resistivities of the elements. The resistivities of common insulating
materials are much more difficult to control than their permittivities
[A1.11, A1.13, Al1l.14, A1.31, A1.32). In addition, with direct voltage,
surface charge can build up on an insulator which can only decay with a
time constant measured in hours; if the direct voltage is suddenlv
reversed, this charge may distort the voltage distribution enough to
cause flash-over [A1.33, A1.34). Because of these problems, even more
care must be taken in the design, manufacture and installation of
metal-clad equipment for DC than is already taken with AC equipment.

d) Conclusion.

It 1is apparent from the literature that there is a wide variety of
insulants and coolants that can be considered for an encapsulated
valve. The next section reviews the criteria that must bke used in
assessing the feasibility of the different liquids and gases.
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Al.3 CRITERTA FOR ASSESSMENT OF INSULATING MEDIA.

In addition to dielectric strength, there are many other attribut
insulating fluids which are important for this tvpe of applicati
These are listed and discussed below. In some cases. the fedu*rev nte
for the coolant are different to the ingulant, and so they are
discussed separately where approvriate.

a) Dielectric Strength.

This is important for the insulant since it affects both the vphysical
size of the valve ard the mechanical design of the conductors and
support insulators. For most insulators there is no single figure for
dielectric strength [A1.35, Al1.36], but it varies between AC, DC and
impulses of different shapes, as well as being dependent on tempeva-
ture, pressure and electrode design and surface finish. For a given
electrode configquration, the DC and impulse withstands are normally
polarity-sensitive. The effects of chemical and particle contamination
can be very important for all types of applied voltage, and in any real
engineering environment it is impossible to awveid these. Stress
conditioning can also occur, where the withstand level varieg with tha
duration of a pre-applied voltage belcw the breakdowm level. and break-
down conditioning can take place. where the breakdowm level can riss or
fall after a breakdown depending on the prevailing mechanisms.

The valve coolant, if semarate to the insulant, needs to have
reasonable dielectric strength since it will be in contact with points
of differing protential. However. peak fields will generally be lower
than those in the insulant, and for licuid coolants, the need to keep
leakage currents to acceptable levels may be a more important con-
straint on cooling circuit design.

b) Corona Inception Stress.

Depending on the dielectric and the prevailing test conditions. corona
inception can occur almeost coincidentally with breakdown or at a
significantly lower stress. Even if breakdown is not imminent,

operating with corona discharge present is normally avoided since in
the long term it may degrade the dielectric and any surrounding
materials.

c) Leakage Resistance.

The effects of leakage currents are important in the following areas:

Electrolvtic correosion of metal components:
- Dielectric heating;
- Dissipating electrostatic char

aArg t up by circulating fluids:
Voltage distribution in mixed di

il
ctric svstems.

Leakage currents are determined by the electric fisld and the Lulk
regsistivity of the naterial, where the latter can be very sensitive to
factors such as temperature, purity and moisture content If  leakage
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currents are too high, then electrolytic corrosion and dielectric
heating can become problematic; Iif thev are too low, then build-up
of electrostatic charge can cause difficulties. If necessary, the bulk
resistance can sometimes be modified by additives,

The last factor listed above relates to mixed dielectric systems (such
as oil and paper), where dc voltages are distributed accerding to
resistivities of the various components. Care must be taken to e
that the gystem performs as required, given the wide fluctuations th
can occur in resistivity. Where an ac or impulse veltage (distri
according to permittivities) is super-imposed on an existing dc st
highly non—uniform voltage prefiles can result.

d) Permittivity.

The permittivity of the insulant determines the distributed stray
capacitance in the valve, which will tend to ke high anvwav if a metal-
clad design is used. Hich levels of stray capacitance incur c
the wvalve design, and so a low value of dielectric cons
preferable. For mixed dielectric systems, the permittivit
also important for the reasons described in the previous section. For a
separate coolant, however, it is unlikely to be a critical parameter.

Q-
R

e) Cost.

Cost is clearly a critical factor, sincez it has a direct bearing on the
commercial viability of the outdoor valve. It is the total system cost
that matters, rather than a simple cost per wunit wvolume, and so
attention must be paid to:

- the initial cost of the fluid:

- the cost of replacement or reprocessing;

- the cost of any special facilities required as a consequence cf
using that fluid.

The initial cost considerations will generally favour gas/vapour ins
lants rather than liquids, which tend to be more expensive per un
volume. Some fluids will be more prone to leakage than others, and sc
the cost of replenishment will be higher. Fluids such as transformer
oil degrade with time, and sc need potentiallv costly reprocessing.
Finally, any special precautions reguired, for example due to tcoyicity
or flammability, will add to the cost of using a fluid.

f) Toxicity.

Adverse toxicity could be a barrier to customer accentance. as well as
introducing extra costs into the design. The toxicityv of some of the
more exotic chlorinated and fluorinated compounds has not been  fully
evaluated, and so in scme cases data may not be available.




g) Stability.

It is desirable that the insulant and coolant are as stable as possible
over time and temperature. However, such stability can make them
environmentally unacceptable (see below), and therefore some degree
compromise has to be accepted. For fluids that do degrade, there a
three main causes of degradation:

- Time;
- Temperature;
- Electric field.

Degradation with time (such as occurs in mineral oil) can sometimes be
slowed down by the use of additives. Normally, however, it cannot be
eliminated altogether, and so reprocessing or replacement will have to
be allowed for. The other two degradation mechanisms can be aveided bv
good design practice, ie aveiding temperature hotspots and local arsas
of high electric stress. The byv-products of degradation can be
conducting, toxic or chemically aggressive, and in these cases. regular
monitoring of by-product levels will be reguired as a minimum
precaution.

A flashover inside the tank would cause "instantaneous" degradation of
the insulant. Any by-products arising from such an event also need
careful consideration, since although the immediate damage from an arc
would be localised, the by-products could contaminate the whole tank
and possibly the cooling system as well.

h) Environmental Acceptability.

Polychlorinated biphenvls (PCB's) were once widely used as insulants
because of their dielectric strength, non-flammability and excellent
stability. However, their resistance to degradation meant that when
released into the environment (by accident or design), thev accumulated
in the food chain. This process is known as bio-accumulation, and has
led to them being banned in many countries. In many cases, ecuipment
insulated with PCB's is having to be drained. purged and re-filled with
a more acceptable insulant. This illustrates the importance of not onlv
meeting present environmental legislation., but also anticipating future
legislation. In this context, the present debate over Freon suggests
that it too may be banned in the foreseeable future due to its effects
on the ozone laver.

1) Non-flammability.

Several different standards exist for defining non-flammability. Whilst
most gases would pass as non-flammable, there are verv few liguids that
are truly non-flammable under all conditions [A1.371. Even excluding
mineral oil, most liquids will burn or release toxic or explosive
substances under intense fire conditions. It is therefore difficult to
apply a rigid "non-flammability" criterion to the insulant and coolant.
Indeed. since the majority of converter stations will use transformers
cooled by mineral oil, it would be anomalous tc applv a more stringent
requirement to the valwves than is used for the transformers. Only in
cases such as compact urban HVDC converters would a fire resistance
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better than that of mineral oil be required both for the transformers
and the valves.

J) Operating Temperature Range.

The questions of stability and flammability, relevant at high tempera-
tures, have already been discussed. In addition, the dielectric
strength of many liquids falls with temperature. Boiling must normally
be avoided unless it is part of the cooling technicue, in which case
the dielectric strength of the two-phase system is important.

At low temperatures, freezing (of ligquids) and liquefaction {(of gases)
are important considerations. Freezing of a liquid coolant would aimost
certainlv be catastrophic, although freezing of an insulant would not
automatically be dangerous unless the dielectric strength fell or
mechanical damage resulted. When insulating gases licuefv, the vapour
pressure 1is usually low enough for the dielectric strength to be
significantly impaired. Operating pressures must therefore be chosen
accordingly.

k) Heat Transfer Properties.

These considerations are mainly relevant to the coolant, where featuras
such as specific heat capacity, film heat transfer coefficient and
possibly latent heat of vaporization are important. If the insulant had
good properties in this area, this weuld be a bonus.

1) Density and Viscosity.

As above, these are of secondary interest for the insulant, but are
important properties of the coolant, since thev directly affect the
pumping power and overating pressure of the cooling cireuit. Low
levels of visceosity are therefore desirable up to a point, but very low
values may make it difficult to construct a leak-free system.

m) Chemical Compatability.

The fluids wused, and any breakdown or degradation products thev
produce, should not react with materials commonly used in electrical
equipment. If special construction materials are neaded, this will be

reflected in the cost of using that fluid.

n) Refractive Index.

If the refractive index of the insulant is not close to that ~f the
optical fibres used in the wvalve, then special care muzt he taken to
ensure that it deoces not enter the fibre-cptic zorrectors and  intraducs

an index matching less.
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o) Development Timescale and Cost.

Apart from the final cost of the system, the cost and time to develoy
it are important commercial considerations. This naturally favours
the use of established technologies, where cost and uncertainty can be
minimised.

p) Customer Acceptability.

Customer acceptability is the ultimate criterion for the dsvelcoment,
since the combination of cost, reliability, maintenance regquirements,
risk etc must be saleable. Electric utilities tend to be risk-averse

due to the high consequential costs of eruipment failure, and so even
though the manufacturer may be convinced that the technolocy is viable,
he must be able to persuade the customer of this. Once again, this
favours the use of established technology, although this does not
necessarily require previous experience in the particular
HVDC. Reference could be made to geod experience in cther {1

[l
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Al.4 DISCUSSION OF INSULATING AND COOLING MEDIA.

The insulating and cocling media to be considered can be grouped into

the following classes:

U’I

Liquid Dielectrics:

Natural ligquids: - Dezﬁnlsed water.

Synthetic liguids: - Organic compounds:

- Lsters.
- Bvdrocarbons.

- Organic compouwnds including a foreign atore
- Cilicones.
- Chlorinated compound
- Fluorinated compound
- Refrigerants.

S
S.

Mixtures of ligquids: - Various.
Gaseous Dielectrics:
Gases: - Simple gases.
- Oxide gases
- Electro-regative gases
- Hydrocarbon gases.
Vapours of dielectric liquids: - Various.

Mixtures of gases: - Various.

Vacuum.
This section discusses the properties of these individual media.

al) Liquid Dielectrics.
Natural Liquids.
Deicnised Water.

Deionised water is an excellent insulant provided that its opurity
maintained. This normallv reguires continuous processing, which
routinely provided in HVDC converters using water-cooled valves. Tt Ha
many obvious advantages, being low cost, readily available, environ-
mentally neutral and having sxcellent cocling properties. Its malior
disadvantage 1is in the area of materials compatability; many <comnon
metals such as copper. mild steel, tin and alhuminium will dissclve in
e

bate g
(Q mn wm

U

water in the presence of guite low levels of leakage o~urrenis, At
higher currants, even stainless steel will dissclve. Furthsrnere, nild

steel will rust if there is ovygen prezent in the water.
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Since freezing of the water would have to be aveided, any practical
installation would require the use of an additive such as moncethylene
glycol. This would have the added advantage on the one hand of
preventing the growth of colonies of bacteria which might -fhelese
occur, but on the other it would lead to a deterioration in the cooling
properties of the water due to its effect on the specific heat and film
heat transfer coefficient.

All of the difficulties of using water as a ccolant in a high voltage
environment have been overcome Iin practical engineering svstems.
However, using water as the insulant for the whole walve would
encounter the same problems but in much greater measure. Althcugh these
problems are well understood, the cost of overhemlnq ther might
outweich the benefits of water as an insulant.

Napthenic 0Oil.

Napthenic mineral oil to BS 148 has for many years bzen the standar
insulant for high-voltage transformers, circuit-breakers and cables.
There is therefore a substantial amount of long-term experiencs in many
applications, including those involving dc stress. Thus whilst it ha

drawbacks in terms of flammability and degradation, these (and ti
techniques for overcoming them) are well understood. In addition to its
excellent dielectric strength (2-3 times better than SFe at atmospheric
pressure), mineral oil also has reasonable cooling properties, and
there is wide-spread experience in its use as a coclant.

One question that ig likely to become increasingly important is the
long-term availability of this oil. Napthenic oils, so-called because
of their relatively high propertion of napthenic carbons compared to
paraffinic and aromatic carbons, are enlv available from a limited
number of sources [A1.38], some of which are in politically eengitive
areas; the supply of these oils is therefore not guaranteed in the long
term. As a precaution against thig, research has been carried out into

the use of paraffinic cils (see balow).

Paraffinic Oil.

The majority of the world's oil reserves are paraffinic, so that the
is little concern about the long-term availability of this tvpe of oi
The problem with their use for insulation is that they have a ¢

point, and that it is even more difficult than with napthenic 1
obtain a satisfactory compromise between oxidation stabi

-

stability under electrical stress and ionization [Al.39]

"Clouding" happens when the paraffinic carbons crvstallizs, and thig
occurs naturally at not much below 0°C. The effect of clouding is to
considerably increase the viscesity of the <il, which makes t
unacceptable as a coolant. By refining, the cloud-point can be redu-ed

fairly easily fto around -20°C; however, fo achieve values lower than
this (ags would be necessary in marny parts of the world! an additive ig
requirad to lower the cloud peint [Al 281, Tt

3 —\n|\r 'V‘:)("".:n‘ltltr {7‘!1;‘{- 'L}“‘:
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long-term performance of coils with such additives has heen investiga-
ted, and consequently there is only limited field exparience




The compromise on stability mentioned above arises from the fact that
it is desirable that the oil absorbs anv gas that mav be e"oifed during
ionization, so that complete breakdown can be praveanted, However, if
the oil absorbs gas well, it will alsc absorb any oxygen it comes in
contact with, which will degrade the cil due to the ensuing oxidation
of its components.

For the reasons discussed above, it is likely that in the long term
paraffinic oils (suitably modified with additives) will replace napthe-
nic oils as the standard electrical insulating liquid. It is therefore
probably safe to assume that if transformer oil is chesen for use in
the outdeor valvas, a suitable type of oil will always be available

Highly Purified 0Oil.
2 to considerally

.
th fire Doint from
1 p1 f‘vh

By refining and purifying mineral oil., it
inmprove its fire-resistant properties (e
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Synthetic Liquids.

All of the liquids in this category are significantly more expensive
than mineral oil due to the manufacturing processes required, since
many of them are energy-intensive. Much of the infeormation in this
section is derived from reference [Al1.36].

Organic Compounds.
Esters.

Esters are oily liquids which can be made with exact proportiocns of
paraffinic or aromatic characteristics; this enables them to ke
"tailor-made" for a particular insulation system while avoiding the
flammability problems of mineral cil. Thev can also have very Q,ad
stability and electrical characteristics, but are tvnically 3 to 4
times the cost of mineral oil.

Hydrocarbons.

Hydrocarbon liquids can be manufactured by the polyrerization of
suitable gases under very high temperature and/or pressure Some types
can have extremely good stability and heat-resictant characteristics

hut coste are similar to those of esters.
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Organic Compounds Incorporating a Foreign Atom.
Silicones.

The inclusion of a silicon atom in a suitable organic ocompound zan
vield a dielectric that has good insulating and fire-resistant proper-
ties. Thus silicone liquid is commonly used as a fire-resigtant
insulant for small and medium-sized power transformers. Its npmain
disadvantage is poor heat transfer preoperties arising from a relatively
high wviscosity and, in particular, a slow fall in viscositv with
temperature. This property can lead to thermal runaway in some designs
of ecuipment.

Chlorinated Compounds.

The most well-known members cf thig groun are the »neolychliorinatzd
biphenvls (PCB'g) which are relativelv cheap (twice the cost of mineral
oil), wvery fire-registant and stable. However, their toxicity and

1
tendency for Dbic-accumulation has ied to them being bamed in manvy
countries. Other chlorinated compounds such as C:HCl; and C:Cl

3
similar attractions to pcb's, but problems of stability, materials
compatability and envirommental effects would need thorough investiga-

tion.

Fluorinated Compounds.

Some fluorocarbeons have excellent insulation and fir
ties, but are very expensive at present (40 tc 50 time
transformer oil). There are also auest ons about the nature an
toxicity of the gases produced on dischary

Refrigerants.

The main attraction of refrigerants (such as Y ig in their use
as evaporative coolants; the refrigerant can

temperature consistent with achisving acceptab

ting components. The bpresence of the elect

fluorine gives theam excellent discharge suppression properties,
same mechanism as does the fluorine in SFe. However, the pr
these constituents also gives rise to the same »nroblems with =ha
products, ie the toxicity and chemical aggressivenege of the hvdr
chloric/hydroflucric acid vapours produced in the presence of poistura,

O T

They are also fairlv expensive compared to mineral oil, anr have
recently Dbeen the subiect of debate cver their =ffects on *the coczone
layer. For thisg latter reascn, it is pogzible that they may eventuallv

be banned in some countries.

Mixtures of Liguids.

Given the rumber of liquid the ~umber =of
mixtures that could be evalu Fv  urderastan-—
ding the mechanisms that nronartisg,  the

majority of mixtures can be
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advantages. Some of the relatively few miutures that have been
evaluated are discussed below.

Strictly speaking, mineral oil ghould be congidered under this heading
since it 1is a complex mixture of hydrocarbon liguids. However, in
evaluation and use it is generally treated ag a single entity rathe:

than a mixture. The same also applies to some commercial synthetd

fluids, such as the ester-bhased MIDFL's.

The general philosophy of wixing is to irprove the proper
cost fluid by means of additives. A mixture of two eypen
would have to have excepticnal properties to be werth
the liquids discussed above, onlv three tvpes are suf
sive to form the basis of a viable mixtures: vuater,
some of the chlorinated compourds, in particular
considered below.

J S

N 3 I

As discussed earlier, the major prchlem with deionised water ig that
freezing. This can be overcome by adding monoethvlene glveol in rel

vely high propertions (up to 60% for some applications), at the expense
of reduced cooling efficiency. The problem of dissolving of metals is
more intrinsic to the ligquid, and cannot be overcome bv the conventio-

nal use of additives.

The use of additives to inhibit oxidation in mineral oil is long-
established. Additives are also used to remove acids formed by
decomposition of the oil, and to depress the cloud-point when neczs-
sary. Unless the more volatile components of the oil are removed by
processing, however, it is not possible to solve the oroblem of
flammability with only low levels of additives.

The chlorinated compound C2Cl: is less than twice the cost of mineral
oil, with comparable dielectric strength. Its main use is as an
industrial cleaning agent, giving rise to its relatively low cost. The
disadvantages of its use as an insulant are that it freezes at -23°C.
and it has a strong solvent action on materials. However, it hapnens
that a 50/50 mixture of this liguid with transformer oi! overcomes not
only the freezing and solvent problems of C:Cl:. but also the
flammability of the oil. This mixture is therefore guite attractive as
an oil substitute, and it is being commercially exploited bv Westing-
house under the trade name "Wecosol".

¢

¢

(

The behaviour of mixtures is not always easy to predict. For ample,
experiments have been carried out on transformer oil containinc a high
level of dissolved SFs [Al1.41]. It was thought that the electro-
negative properties of the SFs would irhibit breakdown in the oil;
however., in practice the field intensification caused by the SFe ions
at the anode resulted in a reduction in electric strength. This
illustrates the complexities that can be encountered when studving
mixtures.

The only viable mixtures of practical interest are water/qglvool as a
coolant and 0i1/C»Cls as an insulant or coclant. Indeed., it igs unlikely
that other mixtures will be discovered that are beth better and cheaper
than these two; however, it ig cuite posgible that mixtures with
different combinations of properties mav come to light which are more
desirable for particular applications.




b) Gaseous Dielectrics.

Gases.

Simple Gases.

Due to their natural occurrence, gases in this category are all
relatively cheap. However, none of them offer better dielectric
strength than air, and so they are not really contenders for this
application. A brief discussion of these gases is given below for
completeness.

As one would expect, nitrogen has a dielectric strength virtually equal
to that of air. Tt is highly stable. inert and abundant, and is of most

ture.

Hydrogen is used as a coolant in turbo-generators due to its low
viscosity and good heat capacity, but its dielectric strength is only
about half that of air. Safety is a major consideration in its use,
since concentrations between 6% and 67% in air are highly explosive.

Helium is a very voor insulant (less than 10% of the dielectric
strength of air) and is of interest only in crvogenic applications,
where 1its dielectric strength in the liguid phase is substantiallv
better than air.

Oxygen has a dielectric strength approaching that of air. However, it
is not used as an insulant, presumably because of the consequential
fire hazard and the problems of oxidation.

Oxide Gases.

Carbon dioxide is an inert gas that has been used (pressurised) as the
insulant in high-voltage, low-loss capacitors. Its dielectric strength
is somewhat less than that of air.

Sulphur dioxide falls in this category, but is not used as an insulant.

Electro-Negative Gases.

Electro-negative gases generally have good dielectric strength because
they allow the formation of a stable corona layer around areas of high
electric stress. This "stress-relieving” mechanism makes them tolerant
of features such as poor surface finish on electrcdes.

SFs is by far the most significant gas in this category. It was
originally applied as the insulating medium in switchoear. since itg
electro-negative proverties and good thermal conductivity make 1t an
excellent arc-quenching medium. However, itg good dielectric strength
{2 to 3 timesg that of air! meant that its use then snread to metal-
clad buswork, where its arc-guenching properties were no Jonger
utilised, Today it is universally nsed for substations of 132kv  ard
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above, and the break-even voltage above which the technology becomes
desirable is gradually falling. Tts proverties under all conditions are
thoroughly documented, and there is world-wide experience in its use.

The Freons have excellent dielectric strength, especiallv in the ligquid
phase, but they are not generally used as bulk insulants because all of
them undergo the liguid-gas phase change within the range of normal
operating temperatures. They also have a strong seclvent action, as
evidenced by their use as industrial cleaning fluids., Their beoiling
points make them suitable for two-phase cooling systems, most notably
refrigeration equipment; thev are also being used increasinglv for
semiconductor cooling applications. However, recent concern over their
effect on the ozone laver places a cuestion-mark over their Iong-term
acceptability for industrial aprlications.

The gases CsFs and CH»Cl: also come into this categorv. Thev hoth h
good dielectric strength, but are ewpensive due to their bhei
relatively exotic. Their use as insulants is limited.

Hydrocarbon Gases.,

Hydrocarbon gases such as methane, ethane, opropane, butane and hexane
have been investigated as dielectrics, but their hich flammability
makes them unsuitable for most applications.

Vapours of Dielectric Liquids.

Some types of transformers have been designed to be insulated by a
Freon in the gas phase. Under cold start conditions, the Freon Iis
predominantly liquid, but as the equipment warms up, the vapour
pressure of the Freon increases until the full dielectric strength is
achieved. SFs 1is usually added to provide some degree of insulation
under cold start conditions.

The potentially most interesting item in this categorv is the wvapour
mist svstem being developed by PRI and Westinchouse {Al1.27). This was
first developed for transformer insulation, but could be applied to
many other tvpes of equipment including HVDC valves. "Climatic control"
will obviously be required to ensure that the mist is maintained.

Mixtures of Gases.

As with liquids, the usual purpose of mixing gaces is to take a

cost "base" gas and improve its properties by means of additives. The
most well-known example of this is the addition of a small amount of
SF¢ to air; the strong electro-negative nropertiss of SFq mean that a
low concentration of SFs feg 5%) onreduces large increase in
dielectric strength. Further additions of SFe produce progressivelv
smaller improvements in dielectric strength, until eventuallv the
conventional breakdown strength of SFe is achieved at 100% concentra-
tion.

o]

The use of a mixture of SF: and N» revresents a slichtlyv different
approach. Nitrogen is a poor irsulant compared tc SF¢; however,
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pressurised SF¢ ligquefies at inconveniently hich temperatures, and the
addition of some (low-cost) Ne gives a useful overall improvement in
low-temperature performance. The dielectric strength of SFe can also be
improved by the addition of some fluorocarbons and other gases, but
only limited evaluation of these mixtures has beer carried out.

c) Vacuum.

Vacuum insulation is widely used in circuit-breakers for low to medium
voltages. However, providing such insulation for a complete valve would
be a significantly more complex exercise, due to the need to avoid
leaks in a much larger structure. Whereas leaks in pressurised
equipment result in some loss of operating pressure. there is no
automatic contamination of the equipment. However, leaks in a vacuum
system result in the ingress of uncontrolled foreign materials., which
is intrinsically more serious.

Most high-power transformer tanks built today are cavable of withstan-
ding some degree of vacuum, so that the unit can be evacuated in the
later stages of manufacture to speed up the removal of meisture
absorbed in the paper insulatior. However, it is likely that subgtar-
tial development would be required before such tanks (similar to those
which would be needed for an outdoor valve) could maintain wvacuum
conditions over life. All of the valve compeonents would also need to be
evaluated for their suitability for use in vacuum.




Al.5 SELECTION OF THE INSULATING MEDIA.

A rigorous appraisal of the costs and benefits of the different
insulating and cooling media has not been carried out. However, ip
compiling the information presented so far. the following general
imprescions have been gained:

- Transformer oil is a very good insulator. However, its disadvantacges
(mainly flammability and the need for reprocessing) mean that
considerable effort has been expended over many vears *tc find
alternatives to it. To develop a new generation of egquipment
(such as the outdoor valve) insulated by transformer oil would be
going against thig trend in the industrvy. The main problem with
alternatives to oil has been to achieve adequate cooling efficiency
at the same time as good insulation. However, an HVDC valve would
require a separate cooling system anvway, so that some of these
problems would be avoided.

- Gas insulants are significantly cheaper than ligquids. During the
development phase they are also generallv more convenient to work
with.

- SFs is by far the most widelv used gas insulant, and new
applications are still being developed. These factors f{along with
their attendant advantages such as cost, familiarity, availabilitv,
service experience etc) make SFe a verv gtrong contender as a gas
insulant.

- Water is a very good coolant, with its nearest rivals being several
times less efficient. This holds true even when glveol is added to
prevent freezing. Only a phase-change Fraon cooling svstem can
achieve similar levels of heat transfer, with considerably greater
complexity. There are therefore strong arguments for using vater as
a coolant.

3
~+

In practice, it 1is not possible to chocse the insulant and coolan
independently of each other. The possibility of leakage from one into
the other (and its consequences) means that insulant/coolant vairs mist
be evaluated. On the basis of the above impresgsions, the ideal
combination would be to use SFs as the insulant and water as the
coolant. This combines the proven advantages of SF¢ as the industrv-
standard gas insulant with the excellent cocling performance <of water.
However, this svstem does suffer from the hazardous bv-nroducts that
are produced if an arc occurs in SFs in the presence of moisture. In
particular, problems would occur if a water leak caused a flash-over.
The number of flash-overs that have occurred bv thig mechanism in
commercial air-insulated, water-cooled installatione has been low;
however, this mav be due to the relativelv low field stresses that are
used with air insulation. Making use of the proverties of the SF¢ by
going to higher field stresses may make small leaks more serious. Tt
may be possible to circumvent these disadvantages by careful design;
for example. one could ensure tlat leaking water was aguided along
regions of low field stress. Components vulnerable to hydre-fluoric
acid could be positioned away from regions where water might leak, or
chielded or coated to protect them from moisture. An extreme measure
would be to ensure that the gas was always at a higher »nressure than
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the coolant, so that leaks would result in gas dissolving into the
water system rather than vice-versa. In addition, it would be nec

to persuade the customer that satisfactory measures had bheen
In practice, it could be argued that a flash-over would cause extensive
damage inside the valve tank. and therefore dealing with any breakdown
products might be regarded as fairly straightforward compared to other
aspects of the repair process. Whatever the difficulties might be, the
advantages of using water are substantial.

If the problems associated with the SFs/water combination proved insur-
mountable, then the next best approach would be to use GSF¢ with a
compatible coolant. Freon is the most obvious choice, having already
been investigated in some depth. There are other possibilities; the
main requirement is that the coolant does not contain hvdrogen which
could react with fluorine in the event of an arc. A detailed
engineering evaluation of the various possibilities would be needed to
choose a candidate for development.




Al.6 CONCLUSIONS.

The criteria for choosing an insulant and coolant for the outdoor valve
have been discussed, and the wide range of ncssible fluids has been
considered. It is not veossible to choose an insulant or coolant on the
basis of one or two simple parameters such as dielectric strength or
cost: instead, one must take into account all the engineering inplica-
tions of using a particular combinaticn of insulant and coolant in an
outdoor valve, such as life-time cost, materials compatability. envir-
onmental constraints. customer acceptabilitv and sc or. From the
limited survey carried out, the conclusion is that SFs in combination
with either water or a more compatible coclant is to be preferred. A
more detailed evaluation would be needed to justifv these conclnsions.
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APPENDIX TwOQ: VALVE MECHANICAL DESIGN.

A2.1 INTRODUCTION.

Appendix One considered the insulating and cooling media that would he
used for an outdoor valve, and this Appendix goes on to lock at the vay
in which an outdoor valve would be implemented in vractice. The
features to be considered here include the valve structure, the number
of valves per tank, and the provisions for maintenance and renlacenant
of valves. These are generally treated as the mechanical aspects of the
valve design.

The mechanical design of the valve is important in twe arezs.
it has substantial influence on the ccost of the T“WV@Vtef
in terms of the direct capital cost and th

maintenance. Secondlv, it determires the sei
valves, which is usually specified by the o
Important desion constraint in

The mechanical structure of the valve itself generallv comprises all
parts of the valve except the electrical components and conductors, the
cooling system and the fibre-ovbtic system. However, it is pcocssible for
some components to perform dual functions, suchk as the central air-duct
of an air-cooled valve also supporting the valve modules. The partiou-
lar mechanical design of the valve will depend on a nurber of factors,
including the following:

- The number of thvristor levels in the valve:

- Whether or not the valves are to be stacked:

- The seismic reguirements for the installation;

- The cooling system chosen (in particular, whether liguid or gas);

- The insulation system chosen;

~ The maintenance philoscophy.

With these general considerations in mind, the following section
reviews the mechanical designs that have been emploved in evisting

outdoor valve installations.




A2.2 TECHNOLOGY REVIEW.

Existing wvalve mechanical designs fall naturally into twe classes:
those that are gas-cooled (normally with air) and those that are
liquid-cooled. 1In a gas-cocled valve, the vclhuane of gas that must be
circulated tc achieve the required thermal mass flow rate means that a
large duct is required somewhere in the system. It is often convenient
to put this duct in the centre of the valve and arrange the heat-
dissipating components round it; gas can then either bhe sucked or blovm
across them [A2.1). Apart from the HVIX Working Group, all BVDC
manufacturers have built valves to this deszign. Bowever, liguid cooling
offers a number of advantages over gas cooling, an important one heing
that the same thermal mass flow rate ozn be achieved in a wugh more
compact system due to the greater heat capacity per wnit wvolume of
ligquids. Eliminating large ducts and transperting the coolant  in

flexible pipes allows much more freedom in the mechanical design of the
valve. This freedom can be used to ortimise the valve against other
criteria such as compactness, ease of mainternance and geiemic withstand
capability. All manufacturers therefore have moved or are mowing *o
licuid-cooled gystems; the only exception to this ic Mitsuhishi, vhose
high-pressure tanked valve design uses circulating SFe to ool the
valve [A2.2].

In order to minimise the area of the valve hall, indoor walvez are

usually stacked four high. This arrangement, known as a "cuadrivalve",
is convenient for electrical connections and clearances, but it often
results in a structure that is tall and thin, and therefore wvulrerable
to seismic damage. To avoid this problem, ASFA have designed a flexible
quadrivalve which hangs fram the ceiling of the valve hall [A2.3]. The
valves can move in a controlled mannzr in response to seismic loading,
and are therefore intrinsically more tolerant to earthcuakes than rigid
structures.

The maintenance vphilosophy chosen for an installation has a substantial

impact on the mechanical design of the valve. Three different approa-

ches have been adopted to valwe maintenance:

- Valve replacement;

- Module replacement ;

- Component replacement.

Valve replacement was universally emploved on mercury arc schenes,

since the converter could not be out of service for the length of time

it took to carry out routine maintenance on a valve. Thz valves wzrs

mounted on wheeled platforms tc facilitate their movement bstween the

valve hall and the maintenance area  The same nhilesonhy waz  alsc

emploved in the tanked-valve schemes at Cabora-Bassa and Shin-Shinanc
1 i

5

due to the length cf time needed to drain, revair and raflill =z valve if
maintenance was required. Elaborate valve transo neacdsd  to
move the tanked valves from their outdecr a
building.

maintenzng

One of th
there is ea
maintain the
copplete s
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out depends on the design of the valve and the ease witly which faults
can be located:; a widely-used approahh is modular replacement, whereby
a medule contains one or more thvristor levels, and ig the cmallest
replaceable item in the valve. The faulty medule is located while the
valve is operating, and at the next shutdown it is replaced and taken
away for diagnosis and repair. The advantage <f this approach is ‘that
only a small nunber of spare modules are required, rather than a
complete valve. If a quadrivalve arrangement is used. this effectively
dictates in situ maintenance, since individual valves are no longer
removable.

Further advantages are gained by using in situ

replacement of
components. If modules are used, the valve must have twe independent
structures: a module structure to support the corponents, and a valve
structure to support the modules. If there are no remwahle modules,
the whole valve structure can be integrated and sirplified. Eowever,
this does require that, during a maintenance period, it Is nos=ible to
locate individual failed compenents rather than just a failed pmodale.
This can be made eazsier by the use of thvristor-leve!l status monitors
which indicate if the level iz faulty whilst the valve is operating,
and also by careful wvalve layout and the use of dedizated test
equipment. Component replacement gives the minimum pessible cost  of
spares holding.

For an outdoor valve, the number of valves per tank is an |
congideration. Cabora-Bassa has twe valves per tank, whereas
Shinano and the new Mitsubighi design have only o si
number of valves per tank reduces the number of bushings required
(ie interfaces betwszen the tank internal insulation system

outeside world), which are an important source of unreli t
outdocr installations. Figure A2.1 shows the nurber of bushings
required for a group of 12 valves versus the number of walves per tank.
However, increasing the number of valves per tank alsc incurs the
following disadvantages:

- The tank becomes larger and heavier, meking handling and shinciag
more difficult;

- Achieving a leak-tight tank structure bhecomes more diffigalt as
the tank becomes higger;

- If maintenance is based on tank replazement, then the cost of +the
spare tank increases.
A final consideration in the design of an cutdocr valve is wheth the
tank, if made of a conducting material, should be at earth tial
("dead") or at some other peotential in the circunit For Zabho 53,
the tank formed one of the conrections to the wvalves ingide, thus
saving one bughing per tank. However, thisg means that the tank s to
be stood on post insulators and fenced off, reculting in pnoor seicmic
capability and increased land arez recuireamerts. The use 2f thz more

<
compact "dead-tank" approach has hecome standard in the ind
conventional metal-clad egquipinent.
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A2.3 DESIGN CONSIDEPATIONS.

The technology review in the previous secli
factors which must be taken inte acoount i
outdoor valve, as fcllows:

- Tank material;

- Connections between tanks;
- Maintenance philosorhy;

- Number of valves per tank;
- External environment;

- Fault monitoring;

- Valve mechanical structure.

These factors will now be considered in more detzil

a) Tank Material.

Steel 1is almost universally usad for the construction =f tanks for
"metal-clad" electrical equipment (hence the rame!. Howsver. the use of
an engineering plastic cof some kind Jdoes have some attract 3

Including:

- Lower weight;

Reduced stray capacitances between the valve and the tank;
- Easier design of bushings;

General insulating properties.

A Jarge steel tank cculd weigh several tens of tong, and therefore the

total weight of the tanked unit could be considerably veduced Ly t

use of a plastic tank. However, unlecs there are specific transport
o) b i

limitations, the actual cost saving (in site foundations) fromp this
would be small. The use of a steel tank would result in high stray
capacitances between the valve compenents and earth (particularlv if a
liquid insulant was used), which is undesirable for the valve elegtri-
cal design, whereas this would not be the case for =a non-condust ing
tank material.

Bushing design would also be simpler with a plastic tank. This is
because for a conventicnal structure, the high-veltage connections have
to pass through a solidly-earthed plate., resulting in high fisld
stresses and therefore a complicated fand npotentiallv unreliahle)
insulation system. With an insulating tank, these problamg would  be
considerably alleviated.

Finally, if the tank is insulating, it may be npossible *o  redics
internal electrical clearances compared tco a metal desian, since the
tank surface cculd float at some intermedizte pctential rather thano
being solidly earthed.

To have the necessary strangth, any non-metallis Vwonld have to
be a fibre-reinforced commoszite; ovwevesr,  a s se-frame would
still be necessary tc enable the tank to be 11 £ a oylindrical
tank was uged, then it could he pozgible to ag  one part;
cylinders up to 6m in diameter can he produc onz piece on a




mandrel. A non-cylindrical tank would probably have to be fabricated
from sections.

The last three advantages discussed above (lower stray capacitzancs,
easier bushing design and reduced internal clearances! all arize from
the fact that the tank walls are not zarthaed conductors, and therafore
electric and magnetic fields can penetrate the walle. However. this
then encounters the problems faced by a live tank, namelv that the tank
must be supported on insulators and fenced off. Furthe face
charge would build up on the tank, which would increase tresses
in the event of a polarity reversal. The surface of the A would have
to be shedded or protected from the envirﬁnmaﬂ+ te » facz
tracking in regions of high field stress. ally, the not
screen radio interference from the valves, go thig wouls o~ he
provided separately. It is believed that these diszdvantz it
outweigh the honofzts above, and therefore a conductive tank bz
preferred. Steel ig the economic choice of matesrial for :
k) Connecticns Between Tanks.
The methed by which connections are made to the tank also includss  the
question of whether the tank should ke "live" or "dead"
High-voltage bushings to the open air are bulky {(up to 8m long for =
500kV DC hushing), ewpensive and failure-prone. In gome envirommente,
regular cleaning is required to remeovs pollution Civen that the
converter transfcrmers and the valves are in metal tanks zt ig clearly
undesirable to bring a connection out from the transformer tank th h
through another,

one bushing, and then back into the valve tank
metal-clad buswork weould avoid the substantial drawbacks of
bushings. The use of SF¢-insulated buswecrk is now ztandard wractice
high-veltage AC installatieons, and the technclogy has already
applied to BVDC converters (See Appendiy 1, section Al.2).

IR

If metal-clad intercommections wers used, this would
preclude the use of a live-tank design. There are two main
to a live-tank desiomn:

- the nunber of bushings is reduced if the tank is uszd =as a
connection;

- the insulation requiremzents inside the valva tanks zre rinimised
Allowing the tank to be live meanz that for gome wvalves in 3
converter, part of their insulation can be wrovided by low-oo3t post
insulators outsid the tank., When a dead-tank Iz used all the
insulation has to be provided inside the tank

If metal-clad buswork was used, then the
disappears, since the opan-2ir bushings ar
advantage iz also logt, but it could be a
system in the oprofected environment insid

reliable than one eyposed to the atrosghere.

preference fcr dead-tank equipment, it
approach should be adopted. This gives the
safety, nprotection from lighining strixss

interference.




£

The insulant used in the buswork could be chesen independentlv of that
in the wvalves and transformers, since interfaces between ocomreon
insulants (eg oil and SFs¢) are standard practice. The choice betwsen
S

single-phase and fthree-phase conductor systems would be determined by
detailed mechanical and eccnomic analysis of a particular design.

c) Maintenance Philoscophy.

This aspect will bz a key feature of the design and narksting 2f  an
outdoor wvalve. The maintenance strategy nmumst have the follawing

features:

- A low requirement for maintenance (demcnstrated by caloulation and
preferably by service eyperience as well);

- Relatively esasy maintenance when it is vremquired:

- A fault monitoring svstem to indicate the status of the valve.

If sufficient good service ewperiznce is gained, this last remuiremsnat
could be dropped, but it will almost certainly be needed at first.

The use of light-triggerad., self-protecting thvristors is an essentiz!
requirement for achieving the levels of religbility that wiil ke
needed. Tt has also been industry practice that. for radical innova-
tions, a prototype wvalve has been installed in an existing HVDC
converter in order to gain service experience, and this would alreost

certainly be reguired for an outdoor valve.

It is inevitable that over the 25-35 vear life now bheing
HVDC converters, some valve maintenance will be regquir
therefore be made as easy as possible, subject to the e
offs involved. The maintenance philosophies digscussed in section
{valve, module or component replacement! are considerad below.

A valve replacement strategv f(or tank replacewent, if there is pore
than one valve per tank!, is attractive in that converter cveration can
continue while a faulty valve ig bheing repaired. Since the tank will
normally be a sealed insulation system, gaining access for repair and
then resealing the tank afterwards will take longer than th

ding operations on an indccr valve. Valve veplacenent = Fhe
pressure for rapid access, diagnosis, repair and recoprmicsioning,
Howaver, this must be set against the substantial disadvantages of thig
approach, namely:

- The high cost of the spare valve;

- The difficulty In transporting complete walve tanks around the
converter site
- The need for mechanical and electrical interchangeabilite of wvalwve

tanks.

To minimise the cost of the gpare tank, it will be necessary to have as
few valves pner tank as possible, but thisz will increaze the number of
connections betveen tanks, with the resulting 2ffects on acost and
reliability.

In practice, with good diagnogtic systems, 1% may be cuicker fo enter
the wvalve tank ard repair it I»n situ than to disconnmest the rtank  and
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replace it with the spare. Informal discussions suggest that thisg |
now the practice adopted at Cabora-Bassa, ewven though the schame wa
originally designed with valve replacement in mind.

&
S

If the valves are repaired in situ, then this allows maintenance to be
carried out on more than one tank at a time. This mav be necessary if
"wear-out" mechanism is encountered, whereby significant mumbers cf
component could fail in a short space of time. BRecause of thisg and the
other factors listed above, a valve replacement strategy does not cea
attractive.

W

=3

If repairs are to be carried out inside the tank, thig has implications
for the mechanical layout of ecuipment. For example, it may be
necessary to leave larger clearances for access than are necessary for
electrical reasons. However, the cost implications of this would not ke
substantial unless a very exrvensive insulant was being used. There will
also be the need for strict cleanliress during maintenance, and thi
will be more difficult tc achieve on site than in a purpose-built
repair facility. A temporarv tent could be erected over the tank being
repaired, or alternatively the valves could be hcused in a permJLEﬁt
(but low-cost) "barn" similar to these often used for metal-clad
switch-gear. The degree of cleanliness needed will dzpend on the
insulation svstem being used; a high-pressure SFe svstem uging forced
circulation of the gas (as in the Mitsubishi design [A2.21) will bhe
much more sensitive to contamination than a low-pressure system using
separate coolant.

(H r— bk

JALI]

Another implication of in situ maintenance is that replacsable items
should be kept toc a size and weight that can be conveniently handled bv
one person. If lifting gear is required for maintenance fas is the case
with conventional modular replacement), this will congiderablyv cormli-
cate the overall mechanical desi¢cn of the system. Whers a separate
liquid coolant is used, it is a definite advantage to be able to
replace a thyristor without disturbing any cooling circult connections,
and therefcre component-level replacement f(at least for actively cooled
components) is preferable in this case.

The maintenance philosoprhy recommended for an outdoor valve is  there-
fore in situ revair based on component replacement.

d) Number of Valves Per Tank.

The considerations relating to the nmumber cof valwves per tank are as
follows:

- The number of connections between tanks:

- Electrical operation;

- Cross-contamination of equipment:

- Whether the tanks are to be shioped corplete or
- The mechanical preblems of constructing lar;e. :eak—‘*nn tank
- The thermal expansion and distortion of

-~ The scheme compactness recuired.

,
5
23
T
3
D
J']

u

o1l

large tank

Adicrugsed bhelow.

10}

These noints ar

Firstly, it should be noted that the nuber of interconnzohions betuese:
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tanks falls as the number of valves in a tank goes uwp. giving ths
advantages already discussed in section A2.2.

Regarding electrical operation, all schemes built *today are dssicned
only for 12-pulse operation, rather than the é-pulse aoreratin
early schemes. Since failure of any one valve will tharefaras  remiive
there iz
a
i

that a whole 12-pulse group be taken out of service, S0
operational disadvantage in having all twelve valves in cne Nk, Foroa
back-to-back 1link, it would be acceptable to have a rectifier and
inverter group (24 valves in total) in one tank, thus eliminating al!
DC bushings.

If three-phase transformers are used (rather than separate cingle—vhase
units), then having gix valves per tank is a convenrient arrangeﬁent.

ie
since one valve tank will bhe associated with cne transformer tank.

The potential preoblems of cross-contamination will depend on  the
insulant and coclant used. 1If a flashover leads to urdasirabls by~
products,; then the more eguipment that is located inside one tank, the
more work will be required in Zdecontaminating the tank.

There are several mechanical considerations which will affect the

largest size of tank that can be used in practice. There are inm

advantages in shipping tanks as complete sealed units (for reason

cleanliness in assembly, ease of comissioning etc), but there are

clear limits in the size of unit that can be shipred. Achieviry freedom
;

from leaks will also be inherently more difficult as the tank sgirma
increases. The effects of thermal expangion hecome more pronounced as
size iIncreases, although the use of a "barn" to shield from Jirast
sunlight would prevent uneven heating from solar gain. Finallv, if
space is at a premium, then increasing tha nupher of valves ner  *tank
will reduce the amount of interconnecting buswork and therefrre the

site area required.

Generally speaking, therefore, it is desirable to have as many valves
in one tank as peossible fup to a maximum of 12 or 24 for a rectifier/
inverter unit) so long as the tank size remains manageable The actual
number of valwves per tank for a scheme will depend mainly on the number
of levels per valve, as well as the other factors discussed ahove

e} External Environment.

If valves are to be maintained in situ, then some means wil! be
necessary to stop contamiration of the valve tank when it ig opened. If
the wvalves are located outdoors, a temmorarv or permanert  "air-lock”
will be required to create a clean enviromment around the tank opening.
Alternatively, a permanent barn structure over the whole ~onvarter
would be convenient although possibly more costlv,  The ann

) roach uged
will depend on the climate and environrent 3t the converter zi

te.

f) Fault Monitering.

The increased difficulty of inspection for a tanksed alve means  *that
initially at least, some form of automatic fzult monitoring will he
recquirad Hopevay, there is an intringia oroblam gith thig: -convons tas
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nal monitoring systems (indicating the status of each thyristor level)
require a fairly signifizant amount of active electronics, which would
be substantially less reliable than the light-triggered thvrisior being
monitored. This would defeat the cbhject of using LTT's in the first
place. To be realistic, therefore, a monitoring system would have to
utilise one of the advanced passive senzing ‘techrelogieg now heing
developed.

Such a sensing system would be fibre-optic based., with s2ither one fibra
per thyristor or a distributed svstem with ore fi‘re covering several
devices. The voltage on each level could be sensed with a simple piezo-
electric transducer causing micro-bending loss in a fibre. Alternati-
vely, the damping resistor terperature aould be used as a surrogat

measurement; "too hot" implies repetitive 30D firing., "too c¢old”
implies a short-circuit thyristor. Current in the darmping retwork could
be measured, and passive current sensing is alreadv at the laboratory
stage. The developirent of this sensing system would be an important
exercise in its own richt, with potential cammercial application in

cther areas.

g} Valve Mechanical Structure.

The mechanical structure of the valve is strongly affected by the tyux
of coolant used (gas or liguid), and the mainterance philoscphy
adopted. Since the recommended design for an cutdoor valve doss ne
differ from GEC's approach teo indocr wvalves in these areas, ie liguid
cooled with in situ component replacement., then the ocutdecr valve ca
be wvery sgimilar to the present indoor design. This has obvio
attractions for standardization and minimizing develonment costs.

The existing lavout of a valve tier is detsrmined oprimarily by
mechanical rather than electrical clearances. The spacing between tiers
is also dictated by the reed for access to change a thyristor It i

"f)

therefore unlikelv that any significant advantage could ks taken 2f a
better insulating gas in n@klna the valve more corpact. The main gain
would be in reducing the clearances between valve stacks (if there is
more than one in a tank) and between the valves and the vwalls of the
tank. Even in these areas, however, *the need for human access for
maintenance may restrict the extent to which clearancez can be
compressed.

Where advantage is taken of the bhetter insulating properties «f the gas
in the valve tarnk, nmore efficient corona shields mavy be regired to
control maximum field stresses. If the valve has to withstand s_zsmic
digturbances, the deflection of components ingide the +tank will also
need to be studied to ensure that adequate clearances are maintained




A2.4 CONCLUSIONS

reviewed, and the considerations involv cugsed. Given that Appen-
dix One recommends a design based on a gas insulant and s separate
liquid coolant, the following conclusions have been reached:

Previous practice in the mechanical desigr of outdoor valvas has been
ed dige
in

- The tank shculd be made of steel;

- Tanks should be earthed ("dead-tank")

- Metal-clad conrections should be used betwesan tarks;

- Maintenance should be carried out hy enterirg the tank and replacing
components in situ:

- As many valves ag possgible should be located
the tank size remains practical, and i
net located in the same tank.

~ A "barn" structure cver the whole converter offers  advantages
maintaining cleanliness and allowing easy acces
conditions.

- Fault monitoring ueging rassive optical-fibre sensing should bhe
developed for early installations.

- The existing indoor valve mechanical design could be used without
major modification.

1

These recommendations represent a departure from previous practice in
this area, but should offer the best combinaticn of cost, convenience
and customer acceptability.
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Scheme Transmission Voltage x No Capacity Commissioning
Distance of circuits Date
(km) (kV) (MW)

Gotland-Swedish 96 + 150 30 1854/1970

Mainland

Cross-Channe! 1 65 + 100 160 19611

(GB-F)

Volgograd-Donbass 470 + 400 720 1962-1965

(USSR)

Konti-Skan (DK-S) 180 250 250 1865

Sakuma (J) 50/60Hz tie 125 x 2 300 1365

New Zeaiand (NZ) 609 + 250 600 1965

Sardinia-ltalian 385 200 200 1967

Mainland

Vancouver Pole 1 74 + 260 312 1968/69

(CDN) -

Pacific Intertie 1362 + 400 1440 1970

(USA)

Nelson River 830 + 450 1620 1973-77

Bipole 1 (CDN)

Kingsnorth (GB) 82 t+ 266 640 1974

'Decommissioned 1984,

Table 1.1: HVDC Schemes in service (Mercury-arc valves).




Scheme Transmission Voltage x No Capacity Commissioning
Distance of circuits Date
(km) (kV) {(MW)
Eel River (CDN) As 80 x 2 320 1972
Skagerrak (DK-N) 240 + 250 500 1976/77
David A Hamil (USA) As 50 100 1877
Cabora Bassa-Apolio 1414 + 533 1920 1977-79
(MOC-ZA) -
Vancouver Pole 2 T4 - 280 370 1977/79
(CDN)
Square Butte (USA) 749 + 250 500 1877
Shin-Shinano (J) 50/60Hz tie 125 x 2 300 1977
Nelson River 930 + 250 900 1978
Bipole 2 (CDN)
CU Project (USA) 710 + 400 1000 1979
Hokkaido-Honshu (J) 168 250 300 1979/80
Acaray (PY-BR) 50/60Hz tie 26 50 1981
EPR1 Compact (USA) 0.6 100/400 1000 1981
USSR-Finland As + 85 x3 1070 1982
Inga Shaba (Zaire) 1780 + 500 560 1982
Durnrohr (&) As + 145 550 1983
Gotland 2-Swedish 98 150 130 1983
Mainland
Eddy County (USA) As 82 200 1985
Itaipu (BR) Bipole 1 783 + 600 3150 1985
Chateaugay (CDN) As 140 1000 1984
Pacific Intertie 1362 + 500 400 1985

Upgrade (USA)

Highgate (USA) As 56 200 1985
Oklaunion (USA) As 82 200 1985
Blackwater (USA) As 56 200 1985
Miles City (USA) As 82 200 1985
Madawaska (CDN) As 144 350 1985
Sidney (USA) As 200 1986
Cross-Channel 2 12 + 270 x 2 2000 1985/86
(GB-F)

intermountain (USA) 794 + 500 1600 1987
Quebec-New England 1000 + 450 200072090 1986/92

(CDN-USA)

iCompleted but not in service.

As = Asynchronous tie

Table 1.2: HVDC Schemes in service {Thyristor valves).
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Device Radiation Dose Mask
EL300 C22-B1-28 0 None
EL300 C22-B1-33 40 kRad None
EL300 C22-B1-12 40 kRad #1
EL300 C22-B1-48 80 kRad #1

Table 5.3.1: Radiation doses and masks used for the first set of 30mm

devices.

Device Radiation Dose Mask

EL300 C22-B2-16 23 kRad None

EL300 C22-B2-29 23 kRad None

EL300 C22-B2-51 11.5 kRad $#1 on main cathode
EL300 C22-B2-33 11.5 kRad #1 on main cathode
EL300 C22-B2-62 23 kRad #1 on main cathode
EL300 C22-B2-04 23 kRad #2 on satellite well
EL300 C22-B2-25 23 kRad #2 on satellite well
EL300 C22-B2-05 23 kRad $#3 on satellite well
EL300 C22-B2-13 23 kRad #3 on satellite well
EL300 C22-B2-02 75 kRad #2 on satellite well
EL300 C22-B2-03 75 kRad #2 on satellite well
EL300 C22-B2-08 75 kRad $#2 on satellite well
EL300 C22-B2-14 75 kRad $#3 on satellite well
EL300 C22-B2-07 75 kRad $3 on satellite well
EL300 C22-B2-10 75 kRad #3 on satellite well

Table 5.3.2: Radiation doses and masks used for the second set of 30mm
devices.
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e ]

#3 Mask /
i1t 1N

01 92 03 «— Diodes
V / Ty, / 7/ 7 7
Mask Position Dose Received
1 75 kRad
2 7 kRad
3 20 kRad

Table 5.3.3: Penetration of radiation through the #3 mask.

Temperature dv/dt Peak ramp voltage
110'C 4 kV/us 3 kv
125'C 3 kV/us 3 kV
140'C 1 kV/us 3 kV

Table 5.5.1: Dv/dt test results for the optical well.




Number of amplifying stages: One Two Three
Control resistor values:

Pilot 105 100 80 R
Aux 1 20 R
Aux 2 5 5 R
Total control resistance 105 105 105 R
Peak currents:

Pilot 44,7 44,7 44,7 A
Aux 1 32.3 A
Aux 2 (first peak) 89.0 90.0 A
Main 1860 1843 1744 A
Thyristor energies:

Pilot 18.3 17.9 17.6 mJ
Aux 1 10.8 mJ
Aux 2 80.2 74.3 mJ
Main 2.82 2.38 2.20 J
Control] resistor energies:

Pilot 148 110 80 mJ
Aux 1 33 mJ
Aux 2 254 310 mJ
Total gate energy dissipated: 166 462 525 mJ

Table 6.3.1: Results of computer studies for thyristors with one, two
and three amplifying stages, fixed total control
resistance.
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Control resistor values:

Pilot 65 100 R
Aux 40 5 R
Total control resistance 105 105 R

Peak currents:

Pilot 44.7 44.7 A
Aux 35.9 99.0 A
Main 1844 1843 A
Thyristor energies:

Pilot 17.7 17.9 mJ
Aux 11.9 80.2 mJ
Main 2.77 2.38 J
Control resistor energies:

Pilot 67 110 mJ
Aux 113 254 mJ
Total gate energy dissipated: 210 462 mJ

Table 6.3.2: Results of computer studies for double amplifying gate
thyristors with different splits in control resistance.
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Control resistor values:

Pilot 2 100 R
Aux { 5 R
Total control resistance 3 105 R
Peak currents:

Pilot 260 44.7 A
Aux 149 99.0 A
Main 1580 1843 A
Thyristor energies:

Pilot 221 17.9 mJ
Aux 199 80.2 mJ
Main 1.61 2.38 J
Control resistor energies:

Pilot 123 110 mJ
Aux 508 254 mJ
Total gate energy dissipated: 1051 462 mJ

Table 6.3.3: Results of computer studies for double amplifying gate
thyristors with different total control resistances.

Device type Turn-on voltage causing damage

Sample 1 Sample 2 Sample 3

P+ zone, imm 1850 )
P+ zone, 1.5mm 2300 2150 x 1650 Y
P+ zone, Z2mm 1800 1700 2000 v
P+ grid 1600 1600 <1200 v
Gated turn-on 1700 1650 v
Lateral field 1500 <1250 v
Control 1900 1450 1600 v

(¥ Time of ramp application initially set long and then reduced, rather
than set short and then increased. Damage might therefore have occurred
for turn-on from voltages lower than this.)

Table 6.4.1: Ungated turn-on voltages causing damage in forward
recovery test structures {excluding Selective Failure Zone

devices).
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Radiation dose Control resistor shorted? Feak gate voltage
80 kRad Yes >120 V

40 kRad Yes 48 V

20 kRad Yes 100 V

Table 6.4.2: Peak gate-cathode voltages generated for different
configurations of Selective Failure Zone device.

Device | Control Resistors | Maximum test | Test Results
i Recl Rc2 Total | conditions
#0 i 76 18 84 R} 1.5kV 20'C ' Accidentally damaged
#43 V47 10 57 R | 3.0kV 30'C ! Resistor surface tracking
#11 | 485 40 525 Rt 3.0kV 30’'C 1 di/dt failure on main
' i i cathode
#46 v 110 25 135 R 1 5.0kV 30’'C ! Survived test
H ' 4.7kV 105’C 1 Survived test
#45 i 58 16 74 R 1 5.0kV 30'C ! Voltage failure during test
#16 1162 38 200 R+ 5.0kV 30'C ¢ Survived test
] ' 4,5kV 80’C t di/dt failure, main cathode

Table 6.5.1: Summary of results of repetitive turn-on tests on S56mm
devices.

Device | Total control resistance ! Threshold sensitivity (60V,227C)

#0 : 79 R : 28 nJ
$46 135 R : 18 nJ
#17 127 R : 26 nJ
449 541 R : 22 nJ
#21 284 R z 13 nJ
#13 414 R : 16 nJ
#25 ! 80 R : 30 nJ
$45 74 R : 26 nJ
436 | 546 R ! 18 nJ
#16 | 197 R ! 8 nJ

Table 6.5.2: Control resistance and optical sensitivities for the 56mm

devices.
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Device i Temperature | Dv/dt withstand ! Notes
#0 i 110 ' C ' > 6.0 kV/us |
: 125 'C : 3.0 kV/us |
g 140 'C i 1.0 kV/us |
#46 i 110 'C : 2.5 kV/us | Fully shorted structure
i 110 'C | 3.0 kV/us | Optical well isclated
1 110 'C i 3.3 kV/us | Optical and auxiliary isolated
#49 g 66 'C : > 5.0 kV/us
; 85 'C : 4.2 kV/us
; 85 'C i 3.1 kV/us
| 110 'C : 2.2 kV/us
: 115 'C | 1.8 kV/us |
: 130 'C ; 0.5 kV/us
i 150 'C : 0.28 kV/us
: 80 'C i > 5.0 kV/us | Optical well isolated
: 115 'C d 1.9 kV/us ! Control resiistor Rcl shorted
#17 i 105 'C : > 5.0 kV/us
| 120 'C i 3.0 kV/us
| 135 'C i 1.2 kV/us |
i 150 'C i 0.24 kV/us
#36 i 62 'C i 3.8 kV/us |
i 82 'C : 2.8 kV/us i
: 110 ’'C i 2.0 kV/us
i 125 'C I 1.4 kV/us |
g 150 'C i 0.18 kV/us
#13 l 92 ’'C i > 5.0 kV/us i
l 110 ’C : 3.3 kV/us
g 125 'C : 2.1 kV/us |
: 150 'C | 0.23 kV/us
#16 : g0 'C ‘ 2.0 kV/us .
i 110 'C ' 1.4 kV/us

Table 6.5.3: Dv/dt test results for 56mm devices, 3kV ramp voltage.
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YL
Zx 2% zl‘g = valve, usually
many thyristors
A ) in series:
AC DC ling
system to other
converter
L / !
Conv