78

VOLTAGE AND CURRENT STRESSE
ON THYRISTOR VALVES
FOR STATIC VAR COMPENSATORS

Task Force 01.02 ‘Valves for SVC’
of Study Committee 14
(DC Links and Power Electronic Equipment)

October 1993

@ogre



VOLTAGE AND CURRENT STRESSES ON
THYRISTOR VALVES
FOR
STATIC VAR COMPENSATORS

Prepared by
CIGRE Working Group 14.01
Task Force 2
“Valves for SYC”

Edited by

MILAN CEPEK
Chairman
Task Force 14.01.02



CIGRE Working Group 14.01
Task Force 2: “Valves for SYC”
that prepared the Technical Brochure

Dr. P. C. S. Krishnayya
Mr. P. Czech

Mr. M. Cepek

Mr. J. Bélanger

Mr. 1. Bonfanti

Mr. P. Charles

Mr. B. Depommier
Mr. K. Engherg

Dr. M. Hiusler

Dr. K. Imai

Dr. S. Kobayashi

Mr. W. O. Kramer
Dr. H. Mehta

Mr. R. M. Middleton
Mr. C. §. Miller

Dr. C. A. O, Peixoto
Mr. G. Thiele

Mr. M. L. Woodhouse

Convener, Working Group 14.01
Past Chairman, Task Force 2
Chairman, Task Force 2

Principal author of Part II
Principal author of Part I

Canada

Canada

Canada

Canada

Italy

France

France

Sweden
Switzerland
Japan

Japan

United States
United States
United Kingdom
United States
Brazil

Germany
United Kingdom



CONTENTS

FOREWORD

PART 1

VALVES FOR THYRISTOR CONTROLLED REACTOR (TCR) TYPE
STATIC VAR COMPENSATORS

1. Imtroduction

2. Basic Configurations

3. Functions of the Valve

3.1
3.2

General

Functional Structure of a Valve
3.2.1 Grading Network

322 Valve Reactors

3.2.3 Firing and Monitoring Systems
3.2.4 Overvoltage Protection

3.2.5 (Qvercurrent Protection

3.2.6 Thermal Overload protection

4, Stresses under Steady-State Operating Conditions

4.1

4.2
4.3

Effect of A.C. System and SVC Components on TCR Valve Stresses
4.1.1 Impedance of Transformer and A.C. System

4,12  TCR with Fixed Capacitor Banks (FC)

4.1.3  TCR with Thyristor Switched Capacitor Banks (TSC)
Switching Stresses

Thermal Stresses

4.3.1 Thyristors

4.3.2 Damping Resistors

433 Other Compenents

5. Stresses under Transient Conditions

5.1
5.2
5.3
5.4
5.5
5.6
5.7

AC System Faults

Temporary Overvoltages

Switching Surges

Fast Surges Transferred from the A.C. System
Effect of Insulation Failure on Off-State Valves
Effect of Insulation Failure on Conducting Valves
Control Malfunction

571 False Firing

5.7.2 Firing Failures

5.7.3 Control Interaction with Power System

6. Conclusions

7. References

Appendix 1: Definition of Partial Blocking
Appendix 2: False Firing of a TCR Thyristor Valve
Appendix 3: Coordination of Thyristor Blocking Voltage and

Individual Protective Firing Level

Appendix 41 Thyristor Characteristics with Respect to Dielectric Test Stresses



PART II VALVES FOR THYRISTOR SWITCHED CAPACITOR (ISC) TYPE
STATIC VAR COMPENSATORS

1. Introduction
2. Basic Configurations

3., Functions of the Valve
3.1 General

3.2  Functional Structure of a Valve
3.2.1 Grading Network
3.2.2 Valve Reactors
3.2.3 Firing System
3.2.4 Supervision System
3.2.5 Overvoltage Protection
3.2.6 Overcurrent and Thermal Protection

4. Stresses under Steady-State Operating Conditions

5. Stresses under Transient Conditions
5.1 A.C, System Faults
5.2  Temporary Overvoltages
5.3  Fast Surges Transferred from the A.C. System
5.4  Lighting Strikes Directly on the Low Voltage Bus
5.5  Switching Surges
5.6 Current Stresses on Conducting Valve as a Result of
the Previous Cases 5.3 - 5.5
5.7  Imnsulation Failures
3.7.1 Phase to Earth
5.7.2 Phase to Phase
5.8  Control Malfunction
5.8.1 False Firing .
5.8.2 Loss of Firing Signals
5.8.3 Misoperation of the Voltage Control Loop
5.8.4 Loss of Synchronization
5.9  Transformer Saturation Harmonic Effects

6. Conclusions

7. References



FOREWORD

The application of Static Var Compensators (SVC) employing thyristor valves in power transmission sys-
terns has been rapidly increasing in the past decade. Nevertheless, there is no international standard for testing
of thyristor valves for static var compensators. Study Committee 14: “DC Links and Power Electronic Equip-
ment”, responding to the request of its members, mandated Working Group 14.01 “Valves for HVDC and
SVC”, to produce a guide on the subject. Consequently, Task Force 2 “Valves for SVC” was formed with
experts on SVC valves from power utilities, SV C manufacturers, research and test laboratories and consultants
as members. The companies represented in the Task Force are: ABB, (Sweden), ABB (Switzerland), CANA
(USA), National Grid Company (UK), CGEE Alsthom (France), CESI (Italy), EPRI (USA), FURNAS (Bra-
zil), GEC Alsthom (UK), General Electric (USA), Hydro-Québec (Canada), Promon {Brazil), Siemens (Ger-
many), Toshiba (Japan), Western Area Power Administration (USA) and Westinghouse (USA).

The scope of work was limited to SVCs for power transmission systems. SVCs for industrial applications
(e.g. flicker control, control of voltage fluctuations caused by motor starting) are not in the scope.

As an essential initial step in developing a guide for testing of SVC valves, the Task Force undertcok a
thorough review of the electric stresses experienced by the thyristor valves in operation. The review was ap-
proved by Study Committee 14 in 1992 and is published as this Technical Brochure.

The Technical Brochure describes the stresses on valves for the two most common types of SVCs using
thyristor valves, i.e. the Thyristor Controlled Reactor (TCR) type and the Thyristor Switched Capacitor (I'SC)
type. The two types are discussed in two separate parts of the document. The voltage and current stresses expe-
rienced by the valves of the two types are quite different from each other, due to the differences in their opera-
tional requirements and protection arrangements.

The electric stresses are discussed in considerable detail for various operating conditions and different
SVC designs. Both steady-state and transient conditions caused by internal and external faults are addressed.
SVC designs incorporating different types of overcuirent and overvoltage protection schemes are discussed.

The Task Force is in the final stage of completing the “Guidelines for testing of SVC valves” which is
expected to be available as a CIGRE Technical Brochure in due course.

This Technical Brochure on electric stresses is envisaged to help in understanding the basis for the tests
and interpreting the test procedures discussed in the “Guidelines for testing of SVCvalves”. The information
will also serve as a basis for comparison of stresses on valves in any new or innovative SYC designs, to determine
whether new or modified test procedures will be required.

CIGRE Disclaimer )

While the members of CIGRE and the publisher believe that the information and the guidance given in
this work are correct, all parties must rely upon their own skill and judgement when meking use of it. Neither
the authors or publisher assume any liability to anyone for any loss or damage caused by any error or omission
in the work, whether such error or omission is the result of negligence or any other cause whatsoever and how-
soever caused and any and all such liability is hereby disclaimed.

Copyright and Copying .
Ali Rights Reserved. No part of this publication may be produced, stored in a retrieval system, or transmitted
in any form or by any means — electronic, or otherwise — without the prior permission of the publisher.
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L INTRODUCTION

Part I of this CIGRE Technical Brochure deals with the
steady-state and transient electric stresses experienced by
the thyristor valves in static var compensators employing
controiled reactors. The aim of this Technical Brochure is
to provide the technical basis needed for defining meaning-
ful test conditions for the thyristor valves, Special consider-
ation is given to the stresses and protection of the thyristors,
which are the most sensitive components of the valve. Strate-
gies for protecting the SVC are considered while taking into
account the system requirements, which will be different in
different cases.

2. BASIC CONFIGURATIONS

Figure 1 shows some arrangements of static compensa-
tors for reactive power contral. The controiling element is
the thyristor valve. For applicaticn in HV networks a step-
down transformer is connected between the point of com-
mon coupling and the thyristor valve. Thyristor-controlled
reactors (TCR; are often combined either with fixed capaci-
tor banks (FC) shown in Fig. 1a or with thyristor-switched
capacitor banks (TSC) shown in Fig. 1ib.

=C

L

a) Thyristor controlled reactor (TCR) with fixaed
capacitor (FC)

s¢ |

£

b) Thyristor controlled reactor (TCR) and thyristor
switched capacitor (TSC)

TCR

FC ‘|A' TCT

¢) Thyristor controlled high reactance transformer
(TCT) with fixed capacitor (FC)

Fig. 1 Basic Static Compensator Schemes

If the reactor has only to be switched on or off by the
thyristor valve, the device is called a TSR (thyrister switched
reacror). The TSR valve is either fired at a fixed firing angle
of $0° for continuous conduction or it is blocked. The
stresses of a TSR valve are identical to those of a TCR valve
when operating fully conducting or when blocked.

Another type of TCR, shown in Fig. le, is the thyristor-
controlled high reactance transformer (TCT) whose leakage
reactance ig equal t¢ 1 p.u. and which is designed to saturate
at a rather high voltage level {1, 2]. A comparison of these
SVC types can be found in [3}.

A six pulse TCR is normally formed of three delta-
connected single phase units as as shown in Fig. 2. The reac-
tors may be split or not. The typical split arrangement with
the valve connected in between provides extra protection of
the thyristor valve in the event of earth faults or faults in
the reactor. In most cases, the system on the valve side of
the stepdown transformer is unearthed which aveids high
fault currents in the event of a single earth fault.

"

Fig. 2 Three phase TCR connection

3. FUNCTIONS OF THE VALVE
31 General

The main function of the valve is to act as a switch.
In steady-state operation the thyristor valve is fired pericdi-
cally each half cycle with a firing angle o« between 90° and
180° (Fig. 2). Thus the reactor current can be controlled
from maximum to zero continuously. At a firing angle of
90° the valve current is sinugcidal. For firing angles berween
90° and 180° harmonic currents are generated.

Firing angles below 90° cause a pronounced d.c. cur-
rent and an unbalanced loading of the valve (Fig. 12a). Ex-
cept for the action of voltage breakover protection (VBO)
against temporary overvoltage (see section 3.2.4), firing
angles below 90° are considered as false firing.

1
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a : firing angle

@ conducticn angle

Fig. 3 Current i and Voltage u, of TCR Valve
{Simplified Waveforms)
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3.2 Functional Structure of a Valve

Descriptions of typical TCR valves can te found in the
literature e.g. [1], [2]. Fig. 4 shows the functional structure
of the valve with series-connected thyristor lavels. A thyris-
tor level is the term for the assembly of a bidirectional thyris-
tor pair and its auxiliary equipment for gating, monitoring
and grading. By adequate series connection of thyristor
pairs, the valve is matched to the design dependent voltage
rating of the SVC (up to about 40 kV). Typical vaive current
ratings are 2 to 3 kA.

The high current rating requires forced cooling of the
thyristors which are therefore mounted on heatsinks de-
signied for an appropriate cooling medium that also has ade-
quate dielectric withstand capability.

Thyristo\r valve 1
T T T T
I 7 I
: |
1 I
1 b ilel 2| 3
E Hiaawvinkl *— [
| | I |
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| 1 r'r_z 2| |3 |
| ey gE
I I Thyristor lavel l[ E l
Bt i

| X l
I |

| 3 |
| LT _—— |1
[ S S —

Vaive electronics

(earth potengial) q ‘

D o—
V2R 4] I
(¢} <

| : . Supervision signals
L= y from the thyristors

>y
3

Firing signals to
the thyristors

1. Gating device
2. Grading and local

5. Valve supervision

6. Valve protection
overvoltage protection 7. Valve reactor {if fitted)

3. Thyristor monitoring usually saturable

4. Firing impulse generator 8. Valve surge amrester

(if provided)

Fig. 4. Functional structure of a TCR valve

3.2.1 Grading Network

A series resistor-capacitor (RC) circuit (also called damping
or snubber circuit), is connected in parallel with each thyris-
tor pair to ensure uniform a.c. voltage distribution between
the thyristors for power frequency as weil as for high fre-
quency voltages appearing at turn-on or turn-off, or caused
by switching transients. This RC network is also designed
to damp the extinction voitage overshoot.

The steady-state voltage across a TCR valve has no
d.c. compenent. However, if a TCR (or TSR) valve remains
in a continuously blocked state, internal d.c. voltages can
arise in part of the valve due to differences in thyristor leak-
age currents. A d.c. grading network may therefore be re-
quired to limit such voltages. The peak voltage stress across
a thyristor level when blocked is given by the sum of the
crest value of the fundamentai a.c. voltage and the remain-
ing d.c. voltage.

When deblocked in phase control (i.e. as a TCR), each
thyristor level is subjected to stresses which depend upon
the operating voltage, the firing angle and the special protec-
tive acticns particular to the design (see section 5.7.2). Max-
imum stresses of different components may cccur at differ-
ent operating conditions, DC grading components are, for
example, stressed at their limits by high voltage applied
without firing. Extreme load conditions for such components
may resuit from high voltage applied for testing purposes,
for a time longer than under actual power system cond:tions.

Maximum repetitive damping capacitor voltage and
maximum damping resistor dissipation occur normally when
the TCR valve 1s fired near 90°. The current in the RC net-
work consists of a sequence of pulses. To reproduce stresses
for testing purposes correctly, it may be important to simu-
late the total dissipation using the true shape of the current
in the grading circuit

3.2.2 Valve Reactor
Valve reactors may be connected in series with the valve
for the following purposes:

- To reduce the thyristor current stresses immediately
after turn-on resulting from commuration of arrester
current (where arresters are provided) and from the
discharge of stray capacitances in parallel with the
valve.

- To limit the du/dt appearing across the thyristors dur-
ing fast front voltage surges.

- To reduce radio interfarance.

3.2.3 Firing and ¥onitoring Systems

Firing of the thyristors is initiated by control signals
from circuits at earth potential. To insulate the signal trans-
mission paths for the different potentials to earth of the thy-
ristors, one of two solutions is normaily utilized [12]:

- Magnetic coupling via pulse transformers
- Optical coupling via light guides.

Usually, redundant thyristor levels are provided to al-
low for uninterrupted operation in the event of an outags
of a thyristor level. In order to make the best use of built-in
redundancy and thus improve the availability of the valve,
monitoring of the thyristor status can be provided. If more
levels than permitted fail during eperation, the monitoring
system can be used to trip the SVC. Similarly, monitoring
of repetitive firing by voltage breakover (VBO) action can
be provided.

As described above, the valves can contain electronic
equipment for firing and monitoring of thyristor levels. The
operating environment for these circuits is hostile, particu-
larly with regard to interference arising from the rapidly va-
rying electromagnetic fields that can te present. Great care
is required to ensure that the circuits are designed in such
a way that they do not malfunction [9].

Part I (TCR) - 2



3.24 Overvoltage Protection

Overvoltage protection is provided to protect the valve
or thyristor levels against high voltage stresses which may
transiently occur. This can be achieved by voltage limiting
devices such as arresters or by protective firing initiated at
a predetermined voltage across the valve or across each indi-
vidual thyristor. The latter is commonly referred to as volt-
age breakover protection (VBO).

When arresters are used for valve overvoltage protec-
tion, they are connected directly in parallel with the valve
[5}. If firing can occur during arrester operation, the thyris-
tor valve must be designed to commutate the maximum ar-
rester current prevailing at turn-on of the valve. The corre-
sponding arrester current is determined frem studies, taking
into account the worst overvoltage at the instant the valve
is fired. The choice of the overveitage protection level of
the arrester determines both the stresses of the valve and
of the arrester. This is shown in Fig. 5, in a simplified circuit,
with a fundamental frequency power source. Both cases il-
lustrate overvoltages during which the arrester limits the
valve voltage. For case b the protection level Uy 15 lower
than in case a, resulting in a lower voltage stress for the
valve. On the other hand a higher arrester current will be
commutated to the valve if firing occurs during arrester con-
duction.

_—
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UA‘/’ ‘\/\Uz UA,(/. — ~\/112
N\ . \,
' N L AN

A
El) UA> U2

A
b) Ua< Us
Ua: Protection level of arrester

{dashed area = voltage time area resulting from valve
prospective voitages above protection
level)

Fig. 5. Arrester stress resulting from different
protection levels

Due to the phenomenon of partial blocking (see section
4.2 and Appendix 1) or after failure of thyristor levels, the
voltage across individual thyristor levels may exceed the per-
mitted limit, even if the total valve voltage does not exceed
the design value. In order to limit the thyristor voltage under
these conditions, metal oxide varistors (MOV) or similar
voitage limiting devices can be connected across the individ-
ual thyristor levels. If this technique is chosen, special mea-
sures are necessary to avoid overlcading the protection de-
vices If the firing pulss to one leve; fails (see section 5.7.2).
On the other hand, protective overvoltage firing of the thyris-
tors at sach thyristor level (e.g. by means of breakover
diodes) changes a detrimental overvoltage stress, into a cur-
rent stress which the thyristor must withstand [10]. Since
the veltage across this protecting device cotlapses, the result-
ing power developed in it is negligible. Therefore this protec-
tion device can operate repetitively without being over-
loaded. Repetitive protective firing increases, however, the
stresses on other components (see secticn 5.7.2).

Protective firing of the whoele valve can be coordinated
with the surge arrester of the valve according to different
strategies. In one swategy, the surge arrester is the main pro-
tection of the valve against cvervoltages, Out-of-sequence
firing caused by protective firing is minimized by setting
the minimum protective firing veitage of the valve sufficient-
ly above the protective level of the surge arrester, taking into
account uneven voltage sharing among series-connected
thyristors under the worst operating conditions (sse Appen-
dix 3}. The benefit of this strategy is that it decreases the
possibility of thyristor stresses caused by overvoltage protec-
tive firing operation when the arrester is carrying current,
since firing under this condition would mean that the arrest-
er current has to be commutated to the valve. With this strat-
egy, the valve must be designed to withstand a voltage with
a sufficient margin above the arrester protective level. In ad-
dition, special measures are required to avoid ordinary firing
during arrester conduction which could still damage the
valve.

A second strategy accepts protective firing operation
due to overvoltages. In this case, a surge arrester is normally
not required. The overveltage firing threshold must be set
high enough so as not to interfere with the norml operation
of the TCR. Hence repetitive firing due, for example, to
the effect of valve extinction overshoot, coincident with the
worst case system temporary overvoltage must be avoided
under cenditions during which the valve must remain con-
trollable. Protective firing of the valve is permitted at a volt-
age which is usually 5% above the limit of controllability,
including extinction overshoot.

Protective firing of the valve may be achieved either
as a result of the sum of individual thyristor level protactions
or by firing of the complete vaive in response to a voltage
measuremeant across the valve. The method chosen will be
design dependent. Sometimes, both valve overvaltage pro-
tection and individual thyristor protaction may be employed.

3.2.35 Overcurrent Protection

If gvercurrent exceeds the design value, the valve is
protected by tripping the static compensater. Until the SVC
is tripped, the thyristors may, in additicn, be continuously
fired in order to avoid voltage strass critical for them at ele-
vated junction temperature, If a TCR is connected in parallel
with capacitor banks, continuous firing may be maintained
for some time, even after tripping, in order to avoid detri-
mental voltage stress from the charged capacitor banks. In
this case, the frequency of operation will be the resonant
frequency, which may be different from the power system
frequency. This has to be considered in the design of the
firing circuit.

it should be recognized that overcurrents typically en-
countered it TCR valves cannot, in themselves, damage the
thyristors. The overcurrent causes an increase in tempera-
ture of the thyristor, taking it into a region where its voltage
withstand capability may be impaired. Failure of the thyris-
tor following overcurrent is essentially a voltage withstand
failure brought about either by intense iocal heating induced
by the passage of excessive leakage current at high tempera-
ture or by weak triggering initiated by reduced forward volt-
age blocking capability at high temperature. Thus it is the
voitage that is the damaging agent [91. If voltage stress is
avoided, e.g. by continuous firing, the thyristor is able o
withstand higher current without damage [5].

The time-dependent setting of the tripping level of the
overcurrent protection is adjusted according to the overcur-
rent capability of the thyristors, taking into account the pos-
sibility of increased stress due to asymmetrical current load-
ing described in section 5.1 (see also Fig. 8). An overcurrent
protection based solely on time and magnitude of fault cur-
rent will trip for some incidents which the valve would be
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able to withstand. A mere sophisticated overcurrent protec-
tion considers the true current waveshape for both conduc-
tion polarities and cooling conditions. For that purpose a
thermal model of the thyristor described in the next para-
graph may be useful.

3.2.6 Thermal Overload Protection

As with other heavy electrical current equipment
(transformers, motors), a thermal model can be provided
for a thyristor valve, With regard to overload capability, the
critical component of a valve is the thyristor. One way to
model its thermal response is to use a microprocessor con-
taining an equivalent circuit of the thyristor, its heatsink and
cooling medium. The algorithm for calculating the junction
temperature as a function of the true thyristor current is ex-
plained in [11]. The data needed for the representation of
the equivalent circuit can be obtained from the thyristor data
sheet and the characteristics of the heatsink. The thyristor
junction temperature which is the output from the thermal
model can then be used to detect when the permitted upper
limit of the junction temperature has been reached. The initi-
ated protective action is design dependent and can be one
of the following:

~  Limit the valve current such that the junction tempera-
ture does not rise further.

This is a safe operating mode providing the valve is
stitl controllable under the prevailing a.c. voltage.
Where active overvoltage protection is provided, it
must be coordinated with current limitation control.

- Apply continuous firing (o = 909).

Continuous firing as a protective action requires the
controlled reactor impedance tc be high enough that
the circuit current does not exceed the rated continu-
cus current of the valve when it is operated under full
conduction at maximum continuous voltage. Continu-
cus firing avoids voltage stress on the thyristor at times
when the junction temperature may exceed the limit
for full voltage blocking capability. This mode is a tem-
porary action, which may cause transiently further
temperature increase during overvoltage conditions.
The resulting temperature should remain below the
value above which the thyristors can be damaged by
the thermal effect of current alone. Controllability is
regained after operating for some time at normal a.c,
voltage levels during which the current as well as the
thyristor temperatures return to normal.

- Trip (same as described earlier under "Overcurrent
Protection™).

Tripping is the ultimate action for protecting the valve
against overload conditions exceeding the design val-
ue.

4. STRESSES UNDER STEADY-STATE
OPERATING CONDITIONS

Figure 3 shows the principal waveforms of valve volt-
age {(u,) and valve current (i) for a given firing angle (&)
and power source.voltage {u} where

u = /2Uy sin wt Y]

and Ujq is the line-to-line voltage on the valve side of the
stepdown transformer (rms value at no-load operation).

The simplified circuit does not include the reactances
of the stepdown transformer and the a.c. system. For a prac-
tical design, both reactances have to be taken into consider-

ation (see also section 4.1.1). Using the simplified circuit,
the instantaneous valve current in one polarity is given by:

22Uz

[cosa - coswt} 2

for o < wt < 27T

Except when « = /4 (90°), the valve current in each
polarity is separated by a blocking interval which is symmet-
rical about voltage peak and of duration (Zo-7). During
this interval, the valve voltage recovers to and fires from
the instantaneous line-to-line voltage, u (see Fig. 8).

Due to the thyristor reverse recovery current I; (shown
in Fig. 6) and the presence of stray capacitances and the
inductance L in the circuit, the valve voltage at turn-off over-
shocts the ideal (prospective) voltage. The rate-of-rise {dw/
dt) of the valve voltage is mainly determined by the decay
of the reverse recovery current and the size of the damping
Ee:]sistor. For mere information on turn-off behaviour see

9].

Line-to~line

voltage Valve veltage
s

~ Thyristor current

di
at

\
\
\

. . - AN
Discharging current of \
stray and damping
capacitances at turn-on

Fig. 6. Voltage and cwrrent in a TCR valve

(Steady-state operation)

The extinction overshoot factor k; is defined by

Uos
Ko = =28 (3}
€ fiUzg sina

where U, is the valve voltage peak following turn-off and
the expression in the denominator is the ideal (prospective)
value of the voltage at current zero during steady-state.

Fig. 7a shows the effect of varying the firing angle cn
the valve voltage. Depending on the firing angle, the maxi-
mum periodic valve voltage is either the peak of the power
frequency voitage U, or the extinction overshoot voltage U,,,
whichever is greater.

The voltage stress of the individual thyristor is in-
creased by the voltage distribution error arising from several
independent sources:

- tolerances of the valve grading components,

- differences in reversa recovery charge of the thyristors,

-  effect of stray capacitances and stray inductances (for
fast transients).
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The magnitudes of the thyristor reverse current at

turn—off and the current-time area ( f idt) connected with
it are called:

- Reverse recovery current I,
- Reverse recovery charge Q.

I and Qp depend mainly on the junction temperature
and the di/dt prior to the recovery {see Fig. 6). They are also
stightly influenced by the voliage during turn-off. :

The I, is mainly responsible for the extinction over-
shoot, The Q;; and especially the differences of the maxi-
mum recovery charge Qpmax minus the mean value Qg
(Qremax — Qs and the difference of the mean value Q,, mi-
nus the minimum value Qumin (e = Qumin) are responsible
for the off-set voltage distribution errors for positive and
negative polarities respectively (see Fig. 12a and 12b}.

Neither the extinction overshoot nor the voltage distribution
error are constants. They depend con the cperating condi-
tions. When performing tests they can be reproduced and
verified for defined turn-off conditions.

w] e

A
Upgs < U,
o approaching .180°

A
Uos> U2
« approaching 90°

Fig. 7a  Valve voltage in a TCR without capacitive
load (at different operating points)
4.1 Effect of A.C. System and SYC Components on

TCR Valve Stresses

The stresses imposed on the TCR (or TSR} valves are
influenced by the a.c. system and the main components of
a SVC such as FC and TSC. Stresses resulting from switch-
ing or system faults are considered in section 5.3. Influences
on steady-state operation are given below.

4.1.1 Impedance of Transformer and A.C. System
Fig. 2 shows only the TCR valves and the controlled
reactors. The usual circuit also includes a transformer for
connection to the a.c. system. Both the reactances of the
transformer and the a.c. system impedance have to be added
to the controlled TCR reactor. An extreme case for a TCR
is the TCT (Thyristor Controlied Transformer) in which no
Eeactor ejxists, only the leakage reactance of the transformer
Fig. 1c).

The impedance of the transformer and the a.c. system
is taken into account for steady-state conditicns, by the [oad
(or regulation) factor kg {see 4.1.2).

The main difference between an idealized delta TCR
connection without transformer and a combined delta TCR

with transformer (reactance} can be seen in the interdepen-
dence of individual phases during operation. For an ideal-
ized delta TCR there is no interacticn between phases at any
firing angle. For a combined deita TCR with transformer
and symmetrical cperation, three distinet ranges can be dis-
tinguished:

a) firing angle larger than 150°
b) firing angle between 120° and 130°
¢) firing angle smaller than 120°

In the following, for the sake of simplicity, no FC is
assumed at the secondary of the transformer. Within the
range (a}, the three phases are independent. The equivalent
inductarnce to be controlled is

L=2L,+Ls (4)

where 1, is the inductance of the reactor within the delta
connection .

L; corresponds to transformer leakage inductance
per phase (wye equivalent)

Within the range (b), two TCR phases influence each
other. If U is the phase-to-phase voltage (rms value)
and « is angular frequency, the instantaneous TCR current
in one polarity within the delta connection becomes:

i= ufz 1+ Li (cosa ~ coswt)
T2l + Ly L2 + 40,0, + 312
(5a)
for @ < wt < (300°-q)
and for  (a+60°) < wt < (360°-q)

alternatively

. u& ; L
i= m I:C05{300 —a)—COSCUt + {1 + AT aLL - 3L";]
RER S (cosa—cos(SGO'—a))} ()
for (300°-0) < wt < (+60°)

This applies to each polarity of the TCR current.

Within the range (c), all three TCR phases interfere
with each other. At full conduction of the valves, the current
becomes:

Lo Ui
EU(3L1 + Lz}

The equaticns for TCT current can be derived from the
above given equations (5a), (5b) and (6), by setting L, to
zero.

(sinewt ~ 907) (6)

4.1.2 TCR with Fixed Capacitor Banks {FC)

When filters are connected at the line side of the step-
down transformer, their infiuence upon the TCR valve can
be included as part of the a.c. system. When connected at
the valve side of the transformer (Figure 7.b), the filters in-
fluence the valve voltage, especially during turn—off of the
valve. It can be seen from the U/llgve diagram in Fig.7.b that
the secondary bus voltage U, follows a slope in proportion
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to the short circuit impedance of the transformer, agsuming
constant primary bus voltage (U,). At turn-off of the valve,
the capacitor banks smooth the bus voltage, depending on
their size. The capacitor banks are often designed as filters.
Filters provide a similar smoothing effect as pure capacitor
banks.

Assuming ideal filtering to sinusoidal waveshape of the
secondary voltage, the maximum valve voltage 1s deter-
mined by the actual bus voltage U, rather than by the no—
load voltage Usq. This influence can be allowed for by intro-
ducing the regulation factor kyy into equaticn (3}

Uos = ke km f?—,UmSina (33.)

where kig = UpfUsg

The values of k4 as well as k. are both functions of
the firing angle. It can be shown that the maximum vaive
voitage reaches its maximum at a firing angle slightly larger
than 90°. The load factor k4 for maximum valve voltage

can be smaller or larger than 1.0 depending upon the design

of the SVC.

Careful design of the filter(s) is needed in order to
avoid a parallel resonance at a frequency where the TCR
generates harmonic currents. If parallel resonance occurs,
the valve side voltage can be distorted considerzbly, leading
to additional stress of all major components of the SYC con-
nected to the low voltage bus. ’

XTr

XTCR

FC TCR
Q< 1890 u; Uz, Usg "
2
Bl < Isve® X1r
\
a - 900
capacitive inductive

Isve
(a.c. system impedance included in Xrg)

Fig. 7b. Load Voltage U; for a TCR with FC

4.1.3 TCR with Thyristor Switched Capacitor Banks

(TSC)

When a TCR is operated in parallel with a single TSC
(Fig.1b) it can be treated in the same way as the combina-
tion FC/TCR with regard to the on-state of the TSC. With
the TSC turned off and with no FC present, the load factor
kia becomes 1. The load factor ky is therefore different de-
pending on the status of the TSC. Similarly, the case of
parallel operation with more than one TSC or a combination
of TSC and FC can be considerzd.

4.2 Switching Stresses

During the transition from the valve's off-state to the
on-state, additional stresses must be considered for the thy-
ristors, particularly for the last level turning on. These
stresses are caused by the following effects:

- initial current conduction in a small area of the silicon
wafer,

- initial step-like thyristor current due to the discharge
current from parasitic capacitances in parallel with the
valve and from the damping circuits (Figures 6 and
11y,

- unequal voltage sharing resulting from deviations from
perfectly coherent turn-on.

The dynamic behavior of the thyristors influences their
stresses immediately after turn-off as well. The stresses re-
lated to the extinction overshoot have already been de-
scribed earlier (section 4). Following the interruption of cur-
rent, the thyristors gradually acquire forward blocking
capability but their ability to withstand forward duw/dt is se-
verely limited [9]. The situation is further complicated by
the fact that, due to the differences in Q,,, some thyristors
start recovering earlier than others. If forward voltage tran-
sients, e.g. due to capaciter bank switching, occur during
the recoveary period, then spontaneous turn-on of some thy-
ristors may occur. This phenomenon causes partial blacking
(Appendix 1). Without a firing pulse, the turning-on thyris-
tors are vulnerable to di/dt failure. For this reason it may
be vitai that a properly co-ordinated protection scheme is
employed to ensure that, if conditions for satisfactory recov-
ery are not met, the thyristors are safely fired before destruc-
tive turn-on can occur. Partial blocking means that scme
thyristors are forced to withstand the total valve voltage and,
without appropriate overvoltage protection, they can be
damaged.

Partial blocking may also oceur if, due to disturbances
of the system voltage, the valve current is distorted in the
way shown in Fig. 8b. Sometimes when the current reaches
zero, the thyristors coming out of conduction block reverse
voltage for an interval of time (hold-coff) which is too short
for their recovery. In this case the fastest thyristors may turn
off while the other thyristors remain conducting.

Another possible cause of partial blocking is ordering
the valve to block in the middle of a gate pulse, leaving a
very short pulse sufficient to fire some but not all thyristors
of a string. Without individual overvoltage protection of the
thyristors (VBO), it is clearly necessary to design the thyris-
tor firing devices in such a way that this event cannot hap-
per.

4.3 Thermal Stresses

Some valve components are subjected to thermal
stresses which affect their operating characteristics. Valve
components contributing to valve losses are considered as
heat sources. These are in the order of importance:
- the thyristeors

- the damping resistars

- current carrying connections within the valve inciuding
the terminals

- valve reactors (when provided)
-  DC grading components {when provided}

- gating circuits.
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Maximum losses of the different heat sources occur
at different operating conditions. Proper design of the valve
including the provisicn of sufficient cooling and proper ar-
rangement of those components which are sensitive to ther-
mal stresses, is needed in order to withstand the operating
conditions for specified operaticn of the valve.

4.3.1 Thyristors

Ag described in section 3.2.6, the most sensitive part
of the thyristor is the silicon wafer. The junction temperature
of the thyristors depends on the valve current (the losses due
to voltage blocking are much smaller) and on the cooling
conditions. Following a change in operating conditions and
with constant inlet coolant temperature, thermal equilibrivm
is typically reached in seconds to minutes of operation, de-
pending on the thermal time constant of the thyristor and
its heatsink. Due to tcierances in their forward voltage drop,
individual thyristors are heated differently which leads to
differences in their juncticn temperatures.

Most of the thyristor characteristics are very sensitive
to its junction temperature. Especially important is the voit-
age blocking capability, together with the corresponding
leakage current and the reverse recovery charge which af-
fects the behavior of the thyristor during the turn—off pro-
cess. Practical voltage limits of the thyristor in the off-state
are influenced by the energy absorption capability of the thy-
ristor stressed in the reverse direction and by the forward
leakage current threshold for spontaneous turn-on [9].

As stated in section 3.2.1, differences in thyristor leak-
age currents may cause internal d.c. voltage stress of the
valve. The most important parameter for differences of leak-
age current is the spread in junction temperature which
therefore must be considered for the proper design of the
voltage grading network.

4.3.2 Damping Resistors

Losses in the damping resistors depend on the firing
angle and on the secondary bus voltage {(see formula 9 in
section 5.7.2). At o =90°, which correspends to full conduc-
tion for a TCR and normal operation for TSC, the damping
losses are zero because ng voltage is blocked. Maximum
losses oceur if the valve is fired at an angle which slightly
exceeds 90° because there the voltage jumps will be the larg-
est. As the firing angle is increased, the damping losses de-
crease because the voltage jumps become smaller, reaching
zero at 180° where the valve stops conducting.

In valves where overvoltage firing protecticn of thyris-
tors is employed, this protection can operate repetitively in
the absence of the normal firing signal to the affected thyris-
tor. Section 5.7.2 explains why the damping resistor is sub-
jected to higher losses in such a case as compared to normal
operation. If the valve is designed for continuous operation
under this condition, the damping resistors must be rated
for it.

4.3.3 Other Components

Other components may be exposed to thermat stresses
if they are located near heat sources. Special attention is re-
quired for valve electronics which should be located in such
a way that their operating ambient temperature is not signifi-
cantly above the maximum vaive hall air temperature.

5. STRESSES UNDER TRANSIENT
CONDITIONS

In this section the stresses on TCR valves are described
under various system disturbance conditions. Since the char-
acteristics of the valve depend on the protection chosen,
many scenarios are possible. Only some typical cases will
be discussed:

A. C. systemn faults,

- temporary overvoltages in the a.c. network,
- switching overvoltages,

- insulation failures within the SVC,

- malfuncticn of the control.

o

1 A.C. System Faults

A.C. system faults may cause a combined stress of
overcurrent followed by temperary overvoltage after fault
clearing. During a low impedance fault, the a.c. content of
the valve current becomes virtually zero. The d.c. compo-
nent of the valve current decays according to the time con-
stant L/R where L is mainly the inductance of the TCR reac-
tor and R is given by the quality factor of the circuit,
including the controlled reactor and the thyristor valve. The
value of R of the valve can be calculated with sufficient accu-
racy frem its conduction losses (Fig. 8a). As a consequence,
the valve conducts asymmetrical current for some time. The
heating effect on the thyristors in the direction which carries
the larger portion of this current may be mere than twice
the heating effect which would cccur under symmetrical
loading.

N

Fecd;r

It L TCR valve
&

iT,TJ' T

Tenyeramre limit for full blocking capability

\_//—._-
t t 1 [\ /\
51 iz i3 t

t; , tz are beginning and end of a.c. fault

ts is first current zero

Ty is instantaneous junction temperature of
the worst thyristor

Fig. 8a. Thyristor current i and junction temperature
T, for a three phase a.c. system fault
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After fault clearing, depending on the polarity and
magnitude of the recovery voltage, the valve current may
be chopped or may be maintained for some time without
current zero crossings, as shown in Fig. 8a. The first current
zero crossing (t; in Fig. 8a) is especiaily late if there is a.c.
system undervoltage at recovery. Field tests have principally
confirmed this behaviour [6]. Control action is possible cnly
after the first current zero crossing. Several strategies are
considered:

-  blocking of firing pulses,
- resumption of phase control,
- continuous firing.

For blocking, it is required that the junction ternpera-
ture at current zero be below the maximum permitted value.
Suecessful blocking is shown in Fig. 13, cases ¢ and d. This
depends upon the hold-off interval available. An insufficient
hold—off interval leads to refiring of the thyristars (Fig. 13,
case b). The design has to take account of this characteristic
of the valve voltage. Reduced hold-off conditions may arise
also after false firing (see Appendix 2).

Figure 8b shows the effect of an a.c. system fault on
valve operation with immediate resumption of phase controt
with alpha close to 90°. The voltage shape across the valve
during about a quarter of a period after the first current zero
is the same as in case of blocking. Therefore critical voltage
stresses are similar to those for blocking. With continuous
firing, voltage stresses of the thyristors are avoided (see Fig.
13, case a).

it,u Valve voltage u, \

Uyo

/ t

Thyristor

current
i

iTo

{

RTAWAWAWA
VEVEVEAVA

Recovery of voltage System
voltage u

Fig. 8b. Valve voltage u, and thyristor current iy for
a three phase a.c. system fault

For the design of the TCR valve with respect to stresses
resulting from a.c. system faults, the following system condi-
tions have {0 be considered:

- type of fault,
- fault distance,
- point-on-wave of fault application,

- duration of fault,

- repetition rate of successive faults,

- single phase or three phase operation of fault ¢learing
breaker,

- angle of recovery voltage at instant of fault clearance,
- temporary overvoltage factor,

~  prefault current in the TCR and the initial thyristor
junction temperature,

- Presence of FCs, TSCs or other TCRs at the same
location and the effect these have on the fault recovery
waveshapes for both the “on” and “off” states (see
section 5.3)

- protective actions of the valve and /or the valve firing
system.

5.2 Temporary Overvoltages

During operation, the TCR can be exposed to system
temporary overvoltages. System studies are required to spec-
ify the voltage-time profile, for which TCR control must be
maintained. Two basic TCR strategies are available for deal-
ing with temporary overvoltages.

UA
1.0 —71 Time-dependent
s I overcurrent protection
s | operative in this region
// I
’ |
-~
~ |
- | -
:
a) Continuous 1.0 1
conduction
Ug - =— Cvervoltage
_+  protection
1.0 »~ .- threshold
. //ﬁ e
S
,/,’,” 180% reactance
Pt N
’44/ Reduced reactance
! .
>
b) Current limit -0 I
U .
A i L
1.0 -1
P
|
e [
// I
L |
-~
-~ ! }
1.0
c) Hybrid I
Fig. 9. TCR control characteristics at temporary

overvoltage
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In the first strategy, temporary overvoltage stresses on
the valves are converted into current stresses by ordering
continucus conduction of the thyristors (Figure %a). In nor-
mal circumstances this would be the natural response of the
TCR controiler, since fuil conduction corresponds to maxi-
mum var absorption. A consequence of this approach is that
the valves then experience an overcurrent for which they
must be designed. On clearance of a temperary overvoltage
within the specified voltage-time profile, phase controt ae-
tion is immediateiy available. If the temporary overvoltage
exceeds the specified value, the valves may experience ex-
cessive overcurrent heating of the thyristors. In this case,
overcurrent protection may be invoked (see section 3.2.5).
As an alternative to tripping, and within certain limits, the
valves can be kept in continucus conduction without dam-
age. On clearance of the temporary overvoltage, the TCR
current will return to normal but the thyristors may now be
too hot to withstand the voltages arising from resumption of
phase controi. If this is the case, then additional protective
circuits are required which will temporarily inhibit phase
control action until the thyristors have cocled down to a safe
level.

In the second strategy, continucus cenduction is not
employed. Instead, at a specified current level, the TCR con-
trotler acts to limit the maximum current in the TCR, there-
by preventing further temperature rise of the thyristors (Fig-
ure 9b). Since the valves are still in phase control, they must
be designed to withstand the specified temporary overvol-
tages including extinction overshoct.

A valve surge arrester, when provided, would limit the
peak voltage across the valve under these conditions (see
section 3.2.4). If the valve incorporates overvoltage protec-
tion, the protection must be coordinated so that it does not
operate at the maximum specified temporary overvoltage. i
the specified overvoltage is exceeded, then protective shut-
down of the compensater is required. This second strategy
requires more thyristors in series than the first, but allows
economies to be made elsewhere, e.g. adoption of a ransfor-
mer/reactor combined reactance of fess than 100 %%. If con-
tinuous firing is employed in this case, then an overcurrent
exists even at 1 p.u. voltage.

Combinations of both strategies may be employed to
meet specific cost or performance objectives (Figure 9c).

5.3 Switching Surges

In static compensators, the load is purely reactive or
capacitive and censists of components with low losses.
Where a TCR is operating in combination with capacitor
banks, filter banks or a TSC, resonant circuits with low natu-
ral frequency are formed. System disturbances such as fault
application and clearing, or disturbance on the low voltage
side of the compensator, excite these resonant circuits. The
resulting transient voltages including TSC switching tran-
sients have rise times in the range of a switching surge.

As an effective means of evaluating the resuiting volt-
age stress of the vaive, digital computer simulation and tran-
sient network analyzers have been used {see (2], chapter 9).
Experience shows that transfer of switching surges from the
a.c. system to the low voitage side of the SVC is important
for the arresters, but it is not design limiting for the thyristor
valve. However, attention is called to the possibility that a
switching surge may distort the waveformn of the valve volt-
age during recovery in such a way that the thyristors are
turned on unintentionally (Appendix 1 and Fig. 14).

5.4 Fast Surges Transferred from the A.C. System
For SVC substations with suitable overhead earth

wires, the possibility of a direct fightning stroke on the low
voltage side need not normally be considered. Lightning

surges from the a.c.systern are transferred to the valve
through the stepdown transformer [7]. The magnitude of the
voltage appearing at the valve terminals is reduced consider-
ably by the voltage dividing action between stray capaci-
rances of the controlled reactor and of the thyristor valve
(Fig. 11). Where the controlled reactor is air insulated, the
magnitude of the surge voltage appearing at the valve termi-
nals is small, particularly for TCR valves placed between
split reactors.

Another source for high frequency overvoltage from
the a.c. system might be switching operations of disconnec-
tors and circuit breakers. However, there is little information
on the transfer of this kind of overvoltage. Field measure-
ments have shown that, with damping resisters used for
breakers on the a.c. system, and with properly located surge
capacitors on the LV side, this kind of overvoitage can be
avoided (8]

5.5 Effect of Insulation Fallure on Off-State Valves

Valve stresses due to insulation failures to earth de-
pend on the earthing conditions. For a single phase to earth
tault on a SVC which is high impedance earthed on the LV
side, the voltage to earth is reduced to zerc in the fauited
line, whereas the voltage to earth of the healthy lines is in-
creased by a factor of 3. The increassd voltage stress dur-
ing the fault time has to be considered for the valve design. If
the SVC is solidly earthed on the low voltage side of the step
down transformer, the voltage to earth of the healthy phases
rermains practically unchanged in the event of an earth fault.

Earth faults may cause steep front surges between the
terminals of the blocked valve, especially if the valve termi-
nals had been charged to high potental by a preceding
switching surge (Fig. 10).

UBV\
Aa

Fig. 10.. Insulation failure to ground (following a
common mode switching surge)
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The du/dt and magnitude of the steep front valve voit-
age depend on the stray capacitances and inductances of the
actual design. To estimate the prospective magnitude of this
voltage, the simplified high frequency scheme of one TCR
branch with spiit reactors, shown in Fig. 11 can be used.

Cv

CL
i By l——ﬂ——
U 4 Rp—s—m: -

r M
™
I CE CVE== f = CVE

Co Winding capacitance

? S

e

R,5 Bus bar connections

Cv Stray capacitance of AB  Valve terminals
valve and reactor halves .
between terminals Stray capacitance

to ground

VE;CE

Fig. 11. Simplified high frequency equivalent circuit
of a TCR branch for analysis of insulation
failure to ground

The surge capacitors keep the busbar potentials ug and
Ug almost constant for the first few microseconds after an
insuiation failure, For a fault on terminal B to earth, the pro-
spective voitage step across the valve becomes

Cve + CL
—_— 7
CV+CVE+CL] 7

where Uy is the initial voltage on terminal B to earth prior to
the fault and Cp, Cvg, Cy are the stray capacitances. The
amplitude, rate of rise and natural frequency of the actual
voltage transient at the valve depends on the magnitude and
distribution of the circuit stray capacitances and stray induc-
tances.

Auasp = Up|

It is known that indoor insulation failures have became
rare. For outdoor insulation failures, the effective stray in-
ductance (not shown in Fig. 11} exceeds several micre Hen-
ries, thus reducing sensibly the voltage steepness.

Note:  When evaluating the need for impulse voltage tests
it is necessary to take into account the temperature
and voltage dependent characteristics of the thyris-
tors (see Appendix 4).

5.6 Effect of Insulation Failure on Conducting

Valves

If an earth fault occurs while the valve is conducting,
the valve current may be increased by a factor of two in the
case of multiple earth faults for valves connected between
split reactor halves. Higher fault currents can be caused, if
the reactor is built as one unit per phase.

A case which could occur is a developing short circuit
in one half of the controlled reactor in split arrangement.
Usually, symmetrical firing of all phases is provided. With a
short circuit in one half of the reactor, a considerable asym-
metry in impedance between the three phases is present and
the current in the fauited phase can prospectively reach
twice the rated value. However, the SVC controller normally
acts to limnit the current to a lower value as required by the
function of the SVC with regard to the a.c. system. There-
fore the fault may remain undetected by the overcurrent pro-
teetion. To detect this condition a current negative sequence
relay can be provided. However, some time may be needed
to distinguish negative sequence current due to a reactor
l1:a1.:1t from negative sequence current caused by a.c. system

aults. .

In the typical case of vertically stacked half reactors,
with the vaive electrically connected between them, it is pos-
sible that, during the fault time, the short circuit reaches
both halves of the controlled reactor. This means, that the
valve is bypassed by the arc which prevents further stress on
the thyristors at the expense of a totally affected reactor.

In an arrangement with only one reactor per phase, the
valve stresses in the case of a short circuit of the reactor are
much more severe. The thyristors can be destroyed immedi-
ately by discharging capacitors connected to the low voitage
bus (transformer stray capacitances, surge capacitors, TSC
etc.), if no special countermeasures are provided (see sec-
tion 3.2.2). Since the fault current reaches high values, being
limited mainly by the short circuit impedance of the step-
down transformer, the SVC is tripped by instantanecus
overcurrent while the valve is free fired.

5.7 Control Malfunction

Many anomalies of operaticn can arise due to the mal-
function of controls. Some examples will now be discussed:

false firing of the valve,
- firing failure,
malfunction of the closed loop control.

The valve protection should cover all these control mal-
functions. Where it represents a limiting condition, the de-
sign should take care of i,

571 False Firing

In Fig. 12a the voltage and valve current waveshapes
are shown in a very simplified manner for a TCR valve firing
at o = 0°.

L it
A Uy
TnY¥Y Ty Ty : Qn max
T Y & Tsz Tiz @ Qp mean
Tu¥Y Z45Txs Ti3 : Qu min

i,u
’ e N Ut1z = Uy /3
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FaN A
/"7‘/\ it N I bt
// / \\ \ u
/ y \ \ T13
/ / AY AY
/ \
‘. \ S
T N }
\
N
N /
hY /s
N s
Nl

it Fault current
Uy Subsequent valve voltage
urit, UTiz, Uiz Lhyristor voltages

Fig. 12a. False Firing at ¢ = 0°
Due to the asymmetrical current waveshape, the valve is

stressed by overcurrent in one direction, followed by a short
hold-off interval for the last conducting thyristors.
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Fig. 1Zb. Deviations of thyristor voltages and hold-
off intervals due to the spread of reverse
recovery charge
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Possible valve curreats and voltages follow-
ing system faults or false firing
(shown for the worst case o = 0°)

The duration of the reverse voltage, i.e. the hold-off
interval depends on the quality factor of the TCR circuit.
For high quality factors, the hold-off interval can be rather
short. Pericdic firing with «@ = 0° may follow because of
insufficient hold-off intervals. In addition, the spread of the
reverse recovery charge establishes voltage deviations within
the valve which are shown also in Fig. 12a. These further
reduce the hold-off interval “or some thyristors. If the valve
is blocked, these voitage deviaticns can only decay through
paraliel paths e.g. parallel resistors or the leakage current
of the parallel thyristors. The decay time constant may be
rather long (a few 100 ms)

For firing at & = 0, Fig. 12a gives the blocking voltage
of three thyristors with different reverse recovery charges,
The curve {ur2) is the voltage of a thyristor with the mean
value of Q. This trace also represents the voltage wave-
shape appearing across the complete thyristor string (u,).
The curve (upq;) is the voltage of the thyristor with the high-
est reverse recovery charge Qmax and the other curve (urya)
represents the thyristor with the smailest, Qumya- In Fig. 123
the voltage overshoot due to the decay of the reverse recov-
ery current has been neglected.

Fig. 12b shows, in more detail, how the spread in recovery
charge affects the available hold-off intervals for differant
thyristors in the valve. It is important that the minimum
hold~off interval is greater than the turn—off time of the thy-
ristors, otherwise a thyristor can turn on without a firing
pulse.

A special case of a current waveshape following a false
firing ¢an cccur if, during the current flow, the busbar volt-
age is recuced (Fig. 13, case d). In this case the current does
not reach zero until the d.c. component becomes sufficiantly
low, depending upon the quality factor.

Current and voltage waveshapes of the valve after false
firing are influenced by protective measures, Different pos-
sthilities are explained in Appendix 2
3.7.2 Firing Failures
If all but a few thyristors in a string of the valve are
fired, the blocked thyristors will attempt to suppart the whole
voltage across the valve. The blocked thyristors may be de-
stroyed subsequently by overvoltage uniess individual over-
voltage protection (VBO) is used. Some valve designs rely
upon the ability of thyristors 1o protect themselves by built-
in protective firing in the event of high voltage. Other de-
signs compensate for the risk of increased thyristor failure
rate by increased redundancy of thyristors or provision of
redundant firing circuitry.

To protect the thyristors, metal oxide (MO) based volt-
age limiting devices, connected at each thyristor level, or
other equivalent voltage limiting protection can be used.
However, if this strategy is employed, the protectien device
may be exposed to excessive duty if the firing pulse to one
tevel fails. Therefore it may be necessary to trip the SVCoer
take other protective action to relieve this duty.

‘Where individual overveltage protection firing is used,
the voltage response of the protected thyristor level is gener-
ally as shown in Fig. 14,
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Fig. 14 Voltage on late firing thyristor level
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Repetitive operaticn in this mode determines the con-
tinuous repetitive rating of the thyristor and its associated
compenents, Maximum damping resistor dissipation and
maximum thyristor voltage do not eceur at the same operat-
ing condition as can be derived from the foilowing equa-
tions. The voltage across a thyristor which fails to turn on
when the rest of the valve is fired, will follow the squation
(8) until its value reaches the VBO level, at which protective
firing takes place.

ur = iR + 1C fidt+Us, )
where R is the damping resistor
i is the valve current
C  is the damping capacitor
Ue, s the initial voltage on the capacitor C

The power dissipated in the damping resistor due to
voltage jumps can be approximated by the following formu-
la:

k=N 1
P = > i-CaUE (9)
k=1 2

Where
is the power system frequency
AU is the voltage jump at firing or at extinction
N is the number of voltage jumps per cycle
(usually one during turn-on and one’ during
turn-eff for each direction as per Fig. 3}

If periodic operation of active overvaltage protection
(either by VBO, cr by the thyristor itseif) is allowed by the
design, then the compenents must be rated for it. In such
cases, one or both voltage jumps per cycle which are asso-
ciated with the turn-on will attain the protective voltage
threshold repetitively. As the regularly fired thyristors start
conducting, the voltage across the unfired level rises and the
resulting current charges its damping capacitor via its damp-
ing resistor. When the voitage across the unfired level reach-
es the threshold cf the protective device, the thyristor is fired
as shown in Fig.14. Maximum voltage jumps at firing and at
extinction occur in normal operation near « = 90° where the
thyristors are fired near the crest of the blocked power fre-
quency voltage (see Fig. 3). Protective firing at this condition
causes only slightly increased losses in the damping resistor
because the voltage across the unfired level rises so quickly
that the damping capacitor does not have time to be charged
appreciably before the protective firing takes place. Maxi-
mum damping resistor losses are obtained with firing angles
near 180° which allows charging of the damping capacitor
up ta a value very near to the threshold of the protective
firing device. Note that in this case the voltage jumps at
turn—off are very small.

If the valve is operated at high firing angles (near
180°), a failure to fire a thyristor might cause valve blocking
in one conducting polarity only, while the valve operates as
usual in the other polarity. In order to avoid a significant d.c.
cempoenent of the valve current, the maximum firing angle
for the healthy polarity must be limited if pericdic overvol-
tage protective firing is allowed. The maximum firing angle
should be limited to:

. IlUp )
a = aresin 10
AU, (10)
where n  is the number of protective fired levels

Ue is the protection voltage
U, is the rms value of the fundamental of
the valve side volitage

5.7.3 Control Interactions with the Power System

Ideally, normal closed loop operation of the TCR pro-
duces no d.c. current. D.C. current is, however, possible due
to contrel interaction with the power system. This can lead to
saturation of the stepdown transformer creating harmonic
currents which may distort the power system voltage further
[4]. The result may be unstable operation with asymmetrical
valve current, if the controller is not designed correctly.

Control or protection interaction with the system can
also be caused by a failure of electronic controf. For exam-
ple, the loss of all firing signals, due to & power supply fail-
ure in the controls, could cause sudden blocking of the TCR.
If the a.c. system is weak, this could cause high overvoltages
which have to be considered for valve design and control.

Care must be taken with the design of the SVC protec-
tion to avoid incorrect interaction with the power system

6. CONCLUSIONS

The electrical stresses on TCR thyristor valves for
SVC depend greatly on the particular SVC system chosen,
the specific protaction philosophy and the contingencies of
the SVC and the power system to which it is connected.

Consideration of a typical valve and its main compo-
nents with regard to stresses under different system operat-
ing conditions should serve as a basis for understanding the-
interdependence of specification, design and protection of
TCR valves for SVC. Knowledge of valve stresses and rele-
vant thyristor parameters is needed to determine necessary
and sufficient testing conditions.
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APPENDIX 1
DEFINITION OF PARTIAL BLOCKING

Partial blocking of & thyristor valve with series-con-
nected thyristors means that only some of the thyristors are
in the blocked state, while others are turned on for reasons
other than the normal valve firing. Possible causes of partial
blocking can be

- improper firing,
- duw/dt firing following an insufficient hold-off interval or,
- protectiire avervoltage firing of individual thyristors.

To consider one specific case of partial blocking, as-
sume that, under abnermal transient conditions, a forward
current was extinguished by the application of a reverse
blocking voltage to the valve and that a forward blocking
voltage reappears with a certain positive du/dt within a short
tume.

Depending upon the individual turn-off times of the
series—connected thyristors, some thyristors may turn-on
without any firing pulse while the other thyristors have to
black the complete valve voltage. The forward current of the
conducting thyristors is mainly given by the displacement
current via the damping circuits of the blocked thyristors.
This effect, called partial blocking, means that, for forward
blocking voltage, the initially blocked thyristors may be over-
stressed while, for an immediately following reverse hlock-
ing voltage, the originally conducting thyristors may be over-
stressed {see Fig. 15).

APPENDIX 2
FALSE FIRING OF A TCR THYRISTOR VALVE

The waveshapes of vaive current and voltage after
false firing depend on the protective measures adopted. Oth-
er important parameters are the quality factor of the circuit
and the magnitude of the a.c. voltage source during the criti-
cai period after false firing. Fig. 13 shows several possible
current and voltage waveshapes for the worst case of false
firing at ¢ = 0°. Cases a through c assurne constant a.c. volt-
age.

Case a

Continuous firing is applied for both current direc-
tions. As a consequence, voltage stress is avoided while the
initial d.c. component of the valve current decreases. After
some time, normal a.c. current is reestablished which allows
normal operaticn.

Case b

In this case, continuous firing is generated for the thy-
ristor string which experiences the initial firing at o« = 0°.
Such protection may be provided to prevent the overheated
thyristors from getting into the conducting state in a danger-
ous way. Hereafter the TCR hag to be tripped or continuous
firing for both directions (case a) is required to reach normal
operation.

Case ¢

The traces show successful blocking of the valve after
the first current zero crossing. Successful blocking requires
a sufficient hold-off interval for the thyristors to regain their
off-state blocking capabilities. Normal operation is possible
immediately after the blocking as shown in Fig. 8a in a simi-
lar condition following an a.c. system fault.

Case d
A.C. voltage is reduced during the conduction of the
fault current which delays the next current zero crossing. Ail

a) Valve current and veltage

e ——
- ~

-
1 ,// R —~ \\\
o nv, undisturbed o

5

superimposad
switching surge

valve voltage o

b} Thyristor veitages with partial blocking of the valve

b1) Thyristors which fail to block forward voltage

x thyristors with 7\

turn off failure 7~

\  mean valus of

\\ thyristor voltage
\ /

reverse overvoltage —

of transiently

turned on thyristors

(n - x) thyristors

successfully blecked thy-
ristors

with returning
N Fd

forward voltage
\ ,/ thyristor voltage
n = the number of series “—~
thyristors in the valve
x = the number of thyristors

which fail to turn-off

\ t
Y
\
S mean value i

Fig. 15 . Partial blocking at turn-off with resulting

thyristor overvoliage

the protective actions explained above can be applied, but
blocking of the valve can only be achieved after the first cur-
rent zero.

APPENDIX 3

COORDINATION OF OPERATIONAL THYRISTOR
VOLTAGE AND INDIVIDUAL PROTECTIVE FIRING
LEVEL

To protect the thyristor, the protective firing level must
be lower than the maximum repetitive biocking voltage of
the thyristor. On the other hand, unnecessary protective ac-
tion must be avoided. Therefore the protective firing level
UpLmiz 18 chosen to be above the maximum thyristor voltage
Urmay in normal operation, taking into account tolerances
and temperature dependency of thyristor and grading net-
work characteristics and assuming that redundant thyristor
levels are short circuited. Fig. 16 shows the coordination of
individual thyristor voltages, minimum protection firing lev-
el and thyristor blocking capability expressed by the non-re-
petitive peak off-state voltage Upsm.

Part I (TCR) - 13



A
!
|
!
|
|
|
| |
I I | I I
R A
R U
UC ; UT max} UDSM
6 UpL min
T
Upsm given by thyristor specification or data sheet
UpL min  minimum protective firing voltage, taking
into account tolerances and temperature
dependency
X maximum voltage deviation due to spread
of recovery charge
Urmax  maximum operating thyristor voltage
A
Ur peak operating thyristor voltage including
extinction overshoot and voltage sharing
unbalance due to grading network
component tolerances
Uc maximum normal a.c. voltage (peak)
per thyristor with redundant thyristor
levels short circuited
Fig. 16 . Coordination of protective firing levels

The causes of increased voltage stress of the thyristors are:

- A.C. voltage (peak) per thyristor at the limit of con-
trolled operation and assuming that the redundant thy-
ristors are short circuited, U,

- extinction overshoot factar, k.

- tolerances of damping components (factor f,) and
spread in reverse recovery charges resulting in voltage
deviation X.

 The peak value of the operating thyristor voltage, ig-
noring voltage deviation due to spread in reverse recovery
charge is

Ur =1, k. U,

The voltage deviation,x, due to the spread in reverse
recovery charge, can be caiculated as

Qr - Qymin
C

where Qg is the mean vzlue of the reverse recovery charge,
Qr,_.mm is the minmimum reverse recovery charge and
C is the damping capacitance of a thyristor level.

X =

The maximum thyristor voltage Urpay equals
U'rma_x = UT + X

The value of the VBO voltage must be chosen between
the maximum operating thyristor voltage and the maximum
permitted thyristor voltage Upsyy. Therefore the relation for
the minimum VBO voltage Upp iy becomes:

Upsm > UpLamin =

fy ke Up + x

APPENDIX 4

THYRISTOR CHARACTERISTICS WITH RESPECT TO
DIELECTRIC TEST STRESSES

Valve dielectric tests are usually performed at room
temperature since it is not economical or even possible to
reproduce normal working temperature of the valve in the
factory. Therefore stresses of dielectric tests may differ from
operating stresses. In terms of voltage withstand, the thyris-
tors have lower capability at low ambient temperature than
at normal working temperature [9]. Therefore tests applied
under low ambient conditions represent the most difficult
voltage duty for the thyristor. On the other hand, thyristors
at maximum service temperature, though exhibiting in-
creased voltage blocking capability, have reduced du/dt ca-
pability.

It is important to note that the thyristor is sensitive
not only to du/dt and temperature but also to the magnitude
of the excursion and the initizl voltage from which the excur-
sion commences.This is because detrimental du/dt initiated
turn-on is displacement charge dependent as well as dis-
placement current dependent and because the thyristor junc-
tion capacitance varies as a non-linear function of applied
veltage, with the principal variation taking place within a
few hundred volts off zero. This voltage dependence on junc-
tion capacitance is important because a pre-bias of a few
hundred volts in either direction can significantly reduce the
displacement current and charge due to a transient of given
magnitude and rate-of-rise. The worst case occurs for an
impulse initiated from zero pre-bias but requires, as a mini-
mum, a certain design-dapendent voltage excursion in order
to exceed the charge threshold for firing. This means that
steep-frent transients below a certain amplitude do not pose
a threat to the thyristors, whatever the steepness of the wave-
front. This shouid be considered when deciding on the need,
or otherwise, for lightning or steep front impulse voltage
tests between valve terminals.
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i INTRODUCTION

A Static Var Compensator (SVC) in a power transmis-
sion system cften comprises thyristor-switched capacitors
%TSng in combinaticn with thyristor—controlied reactors
TCRs), see Fig.1. Sometimes a fixed capacitor bank (FC)
or a tuned filter bank is connected in parailel with the TSC.
The operating requiremnents and protection arrangements fer
the thyristor valves used for capacitor switching are general-
ly quite different from those for a TCR valve.

Part I of this CIGRE Technical Brochure deals with
steady-state and transient stresses of a thyristor vaive used
for switching a shunt capacitor bank in a static compensater
and serves as a basis for defining proper testing of the valve.

1

=y ®Y ¥ &Y &
L X X X ps
FC TCR  TS8C TsSC TSC
Fig.1: Single line diagram of an SVC

comprising TSCs and TCRs

2. BASIC CONFIGURATIONS

As menticned in the introduction, a SVC for a trans-
mission system often comprises a combination of T5Cs and
TCRs, but it can also sometimes comprise only TSCs. The
TSCs are switched on or off in steps, unlike the TCR which
is phase angle controlled. A suitable combination of TSCs
and TCRs can provide conitnuous control of reactive power,
see Ref.5 , chapter 2.

A single line diagram of a basic thyristor-switched ca-
pacitor bank is shown in Fig.2a. It consists of a capaciter
bank, a series reactor and an electronic switch compased
of a string of anti-parallel connected thyristors. The series
reactor is selected with due consideration to resonance of
the system and it also serves to limit the inrush current from
the capacitor at the instant of firing of the vaive.

Fig.2b shows the fuil three-phase representaticn of the
circuit for the delta—connection of the TSC. Wye-connection
is also possible (see Fig.2c) but it requires that the neutral
point of the secondary of the SVC transformer is available
and can be connected to the neutral point of the TSC bank
(4-wire system). It should be noted that any harmonic distor-
ticn of the system voltage will result in different harmonic
current flow in the TSC depending on whether the TSC is
delta or wye conrected.

3. FUNCTIONS OF THE VALVE
3.1 General

A TSC valve is operated as a switch, which is either
on or off. When oz, the valve is fired periodically each half-
cycle at the natural zero crossing of the TSC current. The
valve then conducts the fulf capacitor current. When off, no
firing pulses are applied and the valve blocks the current,
Contrary to the case for 2 TCR, continuous contrel of a TSC
by phase angle control is not possible. An atternpt t0 reduce
the current by delaying the firing of the valve would just re-
sult in a severely distorted current waveform, but with the
fundamental current component almost unaffected.

In the rest of section 3.1 it will be assumed that the
TSC is directly connected to a bus with infinite fault level,

i.e. the system and the coupling transformer impedances are
negligible. In practice this assumption can seldom be justi-
fied, and due consideration has to be given to the effects
of the step-down transformer and network impedances.
Here the assumption, that the TSC is directly connected to
an infinite bus, is made for the sake of simplicity and with
the intention of making the description of the basic TSC ope-
rating characteristics easier to comprehend.

o, ]
GDTUI Uvy &

+
U Z;

a) Single line diagram  b) Delta-connection

T

& +Ur h
K o2C
Uy
A

- Y| Uy
+T -
IJO A +J_
- | UC_"r

d) Definition of

c) Wye-connection
voltages

Fig.2: Basic TSC connections

Fig.3 shows the waveforms of voltage and current fora
single-phase TSC or one of the phases of a three-phase TSC
when on. The firing angle « of the TSC valve is defined as
the system fundamental frequency phase angle correspond-
ing to the time interval from the zero crossing of the system
voltage to the instznt of firing of the valve. Ideally the firing
angle « is m/2 radians {90 degrees) in steady state operation
with the TSC on.

(VI{A)
150
100 b-- PN -
U;
50} f-en--
0 [
a ! !
50fc---q--b - d- e L SR
BT EEEEEETREEEEE Y57 Ak ---------- » -
- _Uc E
£.120 0.130 0.140 0.150 0.180
{sec)
Fig.3: Waveforms of voltage and current of a TSC

when on

TSC bus voitage (U}, capacitor voltage (Ug) and TSC current (I
Tnfinite fault level at the TSC bus. TSC tuned to 4.5 times the system
fundamental frequency.
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Switching-off of a TSC valve is performed by blocking
the firing puises. Since an aiready conducting thyristor con-
tinues to conduct until the anode current decreases to zero
even if the firing pulse is blocked, the extinction of the vaive
is executed at the next zero crossing of the TSC current.
During steady-state operating conditions, the switching-off
therefore takes place at system crest voltage. At this instant
the capacitor voltage is alsc at its crest value. After extine-
tion of the valve current the charge trapped in the capacitor
wilt discharge via the internal capacitor discharge resistors
and via external discharge paths, for instance through the
voltage grading circuits of the thyristor valve. As the dis-
charge resistances are usually large, the discharge process
is slow and it may last up to several minutes.

Due to the presence of the series reactor, the capacitor
crest voltage is k.=n?/(n®-1) times higher than the crest voit-
age U at the infinite bus. Here n denotes the TSC tuning
factor defined as the ratio between the TSC self-resonant
frequency f,=1/(2mvLCT) and the system fundamentai fre-
quency f;, where L is the inductance of the series reactor
and C is the capacitance of the TSC capacitor. Consequent-
ty, n=1/(27f/LC)

For a typical TSC the tuning factor n is between 3 and
5 and the voltage factor k, then becomes 1.13 to 1.04. After
extinction of the valve current, the difference between the
system voltage and the capaciter voltage appears across the
valve. The waveforms associated with biocking of the valve
are shown schematically in Fig.4.

(V)(A)
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200
150 Ll I 1 fl "'-__-\----I
100

50

i
'

m e a4
. ]
.

-100 : - i N A . o]

0.140 Q.150 0.160 0.170 0.180 0.190

Fig.4: Waveforms when blocking the TSC (see)

T3C bus voltage (U;), capacitor voltage (Ug), voltage across TSC
valve (Uy) and TSC current (I1). TSC tuned to 4.5 times the system
fundamental frequency.

The extinction of the valve current initiates a transient
overshoot on the valve voltage similar to that of a TCR valve.
However, at the extinction, the voltage which appears across
the valve is (k—1)*U (i.e. typically oniy 0.04 to 0.13) times
the infinite bus crest voitage U. The peak value of the extinc-
tion overshoot under steady state operating conditions is
therefore several times lower than the maximum voltage
across the valve appearing half a cycle after the extinction.
This maximum voltage is %1+k,)"U, Le. typically 2.04 t0 2.13
times the crest voltage U.

As can be seen from Fig.4, the voltage across the valve
after switching-off _includes, in addition to the alternating
component originating {rom the system, also a direct compo-

nent originating from the charge trapped in the capacitor. If
the TSC off interval is long enough, the capacitor will dis-
charge completely, and only the alternating component wili
be present across the valve. The voltage stress on the valve is
then substantially reduced, compared to what it was initially
after blocking. Operation at a high switching on and off repe-
tition frequency therefore means more severe voltage
stresses on the valve, than operation with longer on and off
intervals.

At switching~on of the TSC, a transient oscillatory cur-
rent component is superimposed on the steady state funda-
mental frequency current component. The frequency of the
transient is determined by the capacitance of the TSC capac-
itor and the inductance of the series reactor and is normally
3 to 5 times higher than the system fundamental frequency.
The initial amplitude It of the transient component depends
an the switching-on firing angle and the capacitor voltage at
the instant of switching-on. Switching-on should be ex-
ecuted at the firing angle «,p, for which the minimum
switching-on transient is generated. This optimum firing
angle is:

Qop [radians] 32 for Ugg < -U

%o [radians] = m-arcsin(Ueo/U) for -U < Ueg < U

Qope [radians] i) for Uep > U

where
Uco = instantaneous voltage across the capacitor at the
instant of switching-on
U = infinite bus crest voltage

The optimum firing angle @ and the relative ampli-
tude I/T of the switching—cn transient current, i.e. the ratio
between the initial amplitude It of the transient component
and the amplitude I of the steady state current component
are shown 1n Fig.5.

240
-1 200
1€0

‘-1 120

80

Optimum switching-on angle @ope and switching
transient I1/I versus capacitor voltage Ugy for
switching-on at the optimum angle for

o= 3-5, i-e- kg= 1-089.

The form of the curve for I/ depends on the tuning
factor n and is drawn for n=3.5, i.e. the voltage factor
k,=1.08%. The curve for Qopt 1§ independent of the value of
tuning factor n, and remains the same for all tuning factors.
The above shows that the switching-on should take place
when the voltage across the thyristor valve crosses zero. If
there is no zero crossing, it should occur when the voltage
across the vaive is at a minimum. Typical waveforms at
switching~on at the optimum firing angle are shown in Fig.6
for four different capacitor voltages Ugq. Note, that there
exist two values of capacitor voltages, Ugg = +kU and
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Uco = ~kU, for which the amplitude It of the transient com-
porent is zerc, when the TSC is switched cn at the optimum
firing angle ap. Thus, switching-on can be achieved with-
out transients when the capacitor is charged to the voltage
Uco = =k U. Here kU is the crest value of the capacitor
voltage, when the TSC is on in a steady-state condition.
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Fig.6: TSC switching-on at the optimum angle Qpp. for

minimum transients and TSC switching—off

TSC bus voltage {Uq), current (I1) and capacitor voltage (Uec)
Uep = capacitor voltage at the instant of switching-on
1 = crest value of TSC bus voltage and k; = voltage factor

The above formulae can also be used when the TSC is
connected to a bus with finite fault level, provided that the
value of the inductance L includes the inductance of the se-
ries reactor plus the equivalent inductance of the coupling
transformer and the network as seen from the TSC. The val-
ue of the voltage U should then be the equivalent Thevenin
source voitage rather than the bus voltage. For a delta-con-
nected TSC with common line impedances of two or more
phases it may be quite compiicated to determine the correct

equivalent inductance and source voltage, in which case a
true three-phase representation of the system is recom-
mended.

3.2 Functional Structure of the Valve

Descriptions of typicai TSC valves can be found in ref-
erence [4]. With respect to electrical stresses on the vaive it
is practical to consider the functional structure of the valve
shown in Fig. 4 of Part L.

In order to achieve sufficient valtage withstand capabil-
ity, each phase of a TSC valve is built of 2n appropriate num-
ber of series—connected thyrister pairs. Each pair consists of
a pair of thyristors in direct anti-parallel connection, i.e. the
anode of one thyristor i3 connected to the cathode of the
other thyristor of the pair and vice versa. Alternatively, two
separate strings of series-connected thyristors can be used
for each phase, one string for the positive current direction
and one string for the negative current direction. An impor-
tant advantage of the direct anti-parallel thyristor pair ar-
rangement is that a common voltage grading circuit can be
used for the two thyristors in the pair.

Cne thyristor or a thyristor pair and its associated aux-
iliary equipment at the same voltage pctential represent 2
thyristor level.

For full utilization of the thyristor current handling ca-
pability forced cooling is required. ‘The thyristors are there-
fore mounted on heat sinks. Air or water is normally used as
the cooling medium for the heatsinks.

Paralleling of thyristors or strings is pessible but nor-
mally not used. If the power handling capability is not suifi-
cient, it is instead common practice to select a higher sec-
ondary voltage on the SVC transformer or to connect two or
more complete TSC branches in parallel.

For valve structures including mere than one phase,
due consideration has to be given to additional stresses oc-
curing berween phases because of the charging of the capaci-
tors. Depending cn the switching-off instants for nearby
phases, capacitors might be charged to full voltage with op-
posite polarities. The combined d.c.-a.c. stress also depends
on the connection of the TSC-branch, wye or delta.

3.2.1 Grading Network

For uniform voltage sharing between the series con-
nected thyristors voltage, grading circuits are connected in
paraliel to each thyristor pair (or thyristor in case of separate
strings for each current direction).

The sharing of the direct voltage component, which
originates from the voltage trapped in the capacitor bank at
the extinction of the valve current, can be greatly improved
by voltage grading resistors connected directly across each
thyristor level. Without such resistors the distribution of the
direct voltage compcnent is determined by the thyristor leak-
age currents, which may vary considerably from thyrister to
thyristor.

The voltage grading network also includes series resis-
tor-capacitor (RC) circuits (also called damping or snubber
circuits) across each thyristor level for an even distribution
of alternating voltage components along the thyristor string
as well as voltage transients from the power system. The
RC—circuits should be designed for optimal damping of the
extinction voltage overshoot. In addition, they should be de-
signed to reduce the difference in voitage distribution at
turn-on of the valve caused by differences in turn-on times
of the thyristors and at turn-off caused by differences in the
reverse recovery charges.

During steady-state operating conditions, the step in
the voltage across a TSC valve at turn-on and turn-off is
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low, typically 4 to 13 % of the crest voitage U across the
complete TSC. However, the TSC valve should also be able
te operate under fault conditions, for instance a line-to-line
fault in the system, or at false firing with subsequent block-
ing. Under such conditions the voltage step at turn-on and
turn-off may be much greater. In addition, the rate of
change of the current at the zero crossings may be several
times higher than in steady state operating conditions and
consequently imposes & higher than normal recovery charge
in the thyristors. These conditions must be considered when
designing the voltage grading circuits.

3.2.2 Valve Reactor

The valve design for a TSC may inctude saturable reac-
tors connected in series with the valve in addition to the se-
ries reacter. The purposes of these reactors are:

- to reduce the thyrister current stresses immediately af-
ter turn-on, resulting from commutation of arrester
current (where arresters are provided) and from dis-
charging of parasitic capacitances in parallel with the
valve;

- to limit the du/dt of the thyristor voltage during fast
front voltage surges;

- to reduce radio interference.

The valve reacter must be designed for the worst gver-
voltage conditions. In normal operation the valve voltage at
turn-on is rather low which means that, if the valve reactor is
saturating, the time to saturata the reactor is rather long.
This will cause a delay in the real turn-on of the valve, and
generate current harmonics which must be allowed for in the
rating of other SVC components.

3.2.3. Firing System

Firing of the thyristors at the appropriate instant in the
cycle is initiated from the SVC control circuits at sarth po-
tential. The valve firing system transmits this information
from earth potential to the thyristor levels at which point
gating pulses are generated to turn on the thyristors.

3.2.3.1.

From the systern performance point of view it should
be possible to fire the thyristors at any instant required by
the system. Thus restrictions in the operation of the TSC
stiould not be introduced by the firing system, i.e. unre-
stricted firing capability should be provided (see Ref.1).

System Requirements

The firing system should be arranged to deliver gate
pulses in such a way so as to cover the complete conduction
intervals of the thyristors in order to achieve a diode-like
conduction. The system must ensure that the thyristors will
start to conduct as soon as a forward voltage appears across
them. Also, in the case of multiple current zero Crossings
during a half-cycle, it must ensure that the thyristors will be
re-gated if necessary. If a "puise on demand® system using
short gate pulses is employed instead of a long gate puise
systemn, then the forward voltage threshold for release of
gate pulses must be kept low to minimize the generation of
harmonic currents, :

For TSC wrning on from a significant voltage, imper-
fection in the coherent turn-on of the thyristors should be
minimized in order to prevent turn-on overvcitages on indi-
vidual thyristors.

The front of the gate pulses should be as steep as possi-
ble and the pulses should have a sufficient amplitude so as to
minimize the thyristor turn-on stresses.

When bloecking a TSC, particularly during transient
conditions, the firing systern must be able to deliver addi-

tional gate pulses, as necessary, to protect the thyristors
from damage arising from forward recovery failure or from
overvoltage arising from a partially blocked valve caused by
insufficient recovery time (see part I, appendix 1).

3.2.3.2.

The valve firing systems in use today can be divided
into two major groups:
- magnetic systems
- optical systems.

Description of Different Techniques

The magnetic systems utilize magnetic firing pulse
transformers for transmission of the firing information from
earth peteatial up to the thyristor levels. Most often these
systems aiso supply the energy required for firing of the thy-
risters from earth potential via the firing pulse transformers.
Such a system can offer unrestricted firing capability. The
energy for firing is supplied from an auxiiiary source at
earth potential, and therefore is available at any instant inde-
pendently of the voltage across the valve. In addition it is
possible to design a magnetic firing system, so that the dura-
tion of the firing pulses to the thyristers is equal to the ex-
pected conduction interval and with sufficient amplitude
during the complete pulse length in case refiring should oc-
cur. It should e realized that presence of a gating current
during the blocking of the reverse voltage will increase thy-
ristor leakage current which increases its loss and may upset
voltage distribution.

The optical systems can be based on direct or indirect
light triggering.

The thyristors used in most TSC valves in operation
today require an electrical gating signal. Then the optical
firing system must be of the indirect type, where the firing
information is transmitted in the form of light pulses by fi-
bre-optic light guides from earth potential to the thyristor
levels. Each thyristor level is then provided with a cireuir,
which converts the light pulses into electrical pulses applied
to the gate of the thyristor. The energy required for these
circuits can be obtained from the voltage across and the cur-
rent through the thyristor, or it can be supplied via auxiliary
transformers from earth potential. It is not sufficient to de-
rive the energy only from the voltage across the thyristor or
only from the current through it. A combination of both is
necessary, because there may be a requirement for keeping
the valve on or off for long intervals of time.

Thyristors which can be fired directly by a light puise
have been developed. For valves employing such thyristors,
direct light firing via fibre—optic light guides is used.

Some systems generate short pulses with a duration of
some tens of microseconds. In such case monitering of the
thyristor voltage is required, so that the firing pulse can be
released only when there is a forward blocking wvoltage
across the thyristor and also that a refiring can take place in
case of multiple current zero crossings during the half-cycle.

The availability of light sources which can provide fir-
Ing pulses long enough to cover the complete conduction in-
terval simplifies the optical firing systems.

Properly designed, both the magnetic and optical sys-
tems can meet the system reguirements,

3.2.4.

It is known that failed thyristors become short circuit
and are able to safely carry current. It is therefore possible to
continue the operation of the valve, provided that redundant
thyristors have been installed, and that a sufficient number
of series—connected thyristors are still available to match the
voltage requirement.

Supervision System
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Most TSC valves therefore include a supervision sys-
tern continuously monitoring the status of the thyristors.
Failed thyristors can be detected only during the blocking
state. This system senses the voltage across zach thyristor
level. The menitoring signals can be sent from the thyristor
potentials to earth potentiai for processing system informa-
tion. Light guides or magnetic transformers can be used for
the signal transmission. The supervision system normally
provides information on the number of failed thyristors and
their locations and pravents prolonged operation when more
thyristors than the redundant ones have failed. It can also
contain information on failed thyristor level electronics, re-
peated VBO operation and the voltage across individual thy-
ristors.
3.2.5. Overvoitage Protection
Overvoltage protection can be provided for the whole
valve (i.e. across the complets string of thyristors), and/or
for each thyristor level (i.e. across each individual thyristor
pair). For valve protection, metal oxide arresters are usually
employed. Voltage break-over devices (VBOs) may be in-
stalled as a protection for each individual thyristor level.

The development of the metal oxide arrester has pro-
vided the TSC design engineer with an effective toal for limi-
tation of overvoltages. Thanks to its strongly nonlinear ¥/I
characteristic, the metal oxide arrester can effectively limit
overvoltages while consuming practically negligible power at
normal operating voltages. Protective levels (instantaneous
values) of 1.6 to 1.8 times the crest value of the continuous
operating veltage (CCOV) of the arrester can be achieved.

In order to limit transient overvoltages arising from the
power system, an SVC is normally provided with line-to-
earth arresters both on the high and the low voltage sides of
the SVC main transformer. In some cases it is preferable to
employ line-to-line protection. The design of these arresters
is similar to that of conventicnal line metal oxide arresters,
although the required energy capabilities may be higher,
since large capacitor banks are often involved in SVC appli-
cafions.

An effective way to protect a TSC valve against aver-
voltages is the connection of an arrester across the valve ter-
minals, see reference [2] and Fig.4 of Part I. When the TSC
is switched out, the vaive is subjected to the voltage from the
system plus the voltage trapped in the capacitor bank. This
must be considered when selecting the rated voltage of the
arrester. The selection of the arrester should be such, that
the SVC can operate without the arrester being overstressed
when the TSC is switched in and out with a high repetition
frequency compared to the capacitor discharge time con-
stant. In designs where the arrester is connected directly
across the valve, precautions should be taken to avoid firing
of the valve when there is a high current in the arrester. Such
a firing weuld cause a very high rate of rise of the valve
current and may be hazardous for the thyristors.

Besides the commeon method to protect a TSC valve
against overvoltages by connecting an arrester directly
across the valve, ather locations and combinaticns of arrest-
ers are in use, e.g.:

- Arrester parallel to the valve and arrester parallel o
the series connection of valve and reactor

- Arrester parallel to the capacitor and arrester parallel
to the series connection of valve and reactor,

- Instead of being connected directly across the valve
terminals the arrester could also be connected in para-
llel with the series combinaticn of the valve and the
series reactor. For this alternative the protection level
with regard to the valve is not so well defined because
of the voitage across the reactor. The benefit of this
arrangement is that the rate of rise of the thyrister cur-

rent is limited if the valve is fired when the arrester is

carrying 2 high current.

The main purpose of using arresters or combinations
of arresters is to limit the valve voltage resulting from exter-
nal circumstances (surge impulise voltages coming from the
a.c. system) or from internal faults (e.g. valve recovery voli-
age after false firing ), thus minimizing the number of series
connected thyristor levels.

The energy dissipaticn the arrester has to be designed
for depends on the worst operating and fault conditions. The
arrester design may require system studies to establish ade-
quate design criteria.

A TSC capacitor may be overcharged, for instance at
recovery from an a.c. system fault or if there is a fault in the
control system. If the capacitor is charged to a high positive
voltage, it begins to discharge slowly after the valve has been
turned off. As soon as the systermn voltage becomes suffi-
ciently negative, so that the voltage across the arrester ex-
ceeds the knee-peint, the arrester provides a discharge path
to the capacitor. The voltage across the capacitor then drops
to approximately two times the system norninal crest voltage
U, see Fig.7
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Meaning of Symbols:

TSC bus voltage (U,), capacitor valtage (Uc), thyris-
tor valve voltage (U,)and TSC current (Iy).
Expected capacitor voltage (Ug;) and valve voltage
(Uy,} without arrester are also shown below.
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Fig.7: Waveforms due to a single false firing in a TSC

provided with an arrester directly across the valve
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In many applications, the capacitor can withstand the
maximum voltage it may be exposed to, before discharging
via the arrester across the valve takes place. In some applica-
tians, with very severe overvoltage conditions, it is necessary
to also employ an arrester directly across the capacitor ter-
minals. Theoreticaily, it would be possible to select the rated
voltage of this arrester such that a protective level (instanta-
neous value) of approximately 2.5 times the nominal capaci-
tor voltage (rms value) is achieved, i.e. approximately 1.8
times the nominal capacitor crest voltage. This however
would require a very high energy dissipation capacity of the
arrester. Therefore for practical reasons the arrester 1s often
selected in such a way that the protective level equals 2 to
3 times the nominal capacitor crest voltage.

In addition, the capacitor may also be provided with
an overcharge protection, which prevents the valve from be-
ing switched out, when there exists an excessive voltage
across the capacitor. This prevents the capacitor from being
switched out with a trapped voltage higher than the protec-
tion set level. This protection ensures that, after blocking
of the TSC, the discharge current through the valve arrester
is reduced. Setting of the levels for the overcharge protection
requires due consideration of the system aspects. The setting
must be high enough in order not to prevent switching off
of the TSC during even the most severe system overvoitage
situation caused by external fauits or operating conditions.
Internal faults such as false firing may cause even higher
overvoltages across the TSC capacitor than external faults.
The internal faults are often associated with strongly dis.
torted waveforms with multiple zero crossings of the current
during each half-cycle. In such conditions the overcharge
protection defines the highest voltage level across the capaci-
tor at which biocking of the TSC takes place. If the voltage
across the capacitor at the current zero crossing is above
the set level, blocking is prevented at that zero crossing.
However, the next current zero crossing normally is asso-
ciated with a capacitor voitage below the protection setting
and then blocking takes place at that instant. In other words
blocking of the TSC, when the overcharge protection is in
operation, takes place at the first current zero crossing with
a sufficiently low capacitor voitage. The overcharge protec-
tion thus sets an upper limit for the capacitor voltage at
blocking and hence also for the valve arrester stresses due
to the discharge current from the capacitor. Due to the re-
duced discharge current through the arrester, the voitage
stress on the valve is somewhat reduced.

It is 2 common practice to provide TCR valves with
some type of voltage break-over device (VBO) in order to
protect the valve against overvoltages (see part I, section
3.2.4). Often, individual protection is provided for each thy-
ristor level. When an overvoltage exceeds a specified level,
the device fires the thyristor. Since the thyristor pairs are
connected in direct anti-parallel connection, each of the two
thyristors of the pair protects the other in the reverse direc-
tior. Alternatively, this device can also be designed as a
valve protection, measuring the total valve voltage and firing
all the thyristors in one direction simultaneously. .

For TSC valves, use of this type of protection as a main
overvoltage protection has the following disadvantages:

- From a system point of view a TSC should, contrary
to a TCR, be switched cff during overvoltage condi-

, tions. This is because a conducting TSC will raise the
voltage and therefore compound the avervoltage situa—
tion.

- Firing of the TSC valve, when exposed to a high volt-
age, means a high inrush current, which may be haz-
ardous to the valve.

-  Finaily, repetitive firing of a thyristor level by the VBO
(e.g. due to failure of the normal firing circuit) will
generate harmonics. It should be checked that the har-

monic injection dees not jeopardize the system opera-

tion (e.g. disturbance to telecommunication systems).

If VBO protection is provided, the valve break-over
level must be selected sufficiently above the arrester level
in order not to fire the vaive, but solely to give individual
thyristor protection. Redundancy and uneven voltage sharing
in the valve must also be considered.

Ag an illustration of the harmonic generation caused
by repetitive VBO firing of one thyristor level, Fig.8 shows
the resultant TSC delta-phase current (for further details,
see Ref.1).

Vaoltage across thyristor with missing gate
kV) pulse (Urrz) and voltage across complete
15 TSC Uy)

' ‘ f} + . ' ' i
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PP 3 S S S S S S R N SN N B
0.00 0.01 0.02 0.03 0.04 0.03

TSC current (I;) and (sec)
TSC capacitor voltage (Uc)

Fig.8: TSC operation with missing firing pulse to one
thytistor. The valve is provided with individual

thyristor level VBO protections of 3.5 kV.

At t=0 the TSC is on and the cperation is normal. Starting from t=15
ms, the firing pulse to one thyristor in the positive current directicn
fails permanently. The only thyristor, which can block any forward
voltage is that with the missing pulse. Note that the corresponding wa-
veforms for a firing system with a firing pulse length for each thyristor
corresponding to its expected conduction interval would be differant
and they would include more even harmonics.
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The main reason for installing VBO protection is to
protect individual thyristor levels from the stresses due to
partial blocking {see appendix 1 of Part I).

Thyristors turning on by themselves when the voltage
exceeds the forward blocking capability may, in the case of
loss of the firing pulse to one thyristor, give the same effect
as VBO firing. However a thyristor of normal design for TSC
applications cannot usually withstand repeated break—over
from high voltage. A loss of a firing pulse to one thyristor
then results in a permanent short circuit of the affected thy-
ristor level.

3.2.6 Overcurrent and Thermal Protections

The temperature of the thyristors in the valve is an im-
portant parameter for the valve current handling capability.
A thyristor valve is designed for a specified rated current.
Steady-state operation with this current sheuid not, under
specified cooling conditions, cause the thyristor junction
temperature to exceed the design temperature for the condi-
tions specifiesd. If operation at system overvoltage is re-
quired, the TSC norminal current must be chosen to be lower
than the valve rated current in order to allow for sufficient
margins, so that the thyristor design temperature is not ex-
ceeded during specified overload cycles.

The thyristor voltage blocking capability decreases if
the thyristor data sheet rated junction temperature is exceed-
ed. This is especially true for the forward voltage blocking
capability. This decrease is not dramatic for moderate over-
temperatures. For thyristors of normal design, more than
90% of the voltage blocking capability is still available for
temperatures up to 20 to 30°C above the rated junction tem-
perature. The increased leakage current may however affect
the voltage distribution in the thyristor string.

High overcurrents in a TSC may be an indication of an
a.c. system fault or a false firing of the valve. If the ampli-
tude of the overcurrent is high and causes high thyristor
juncticn temperatures, it may be hazardous to block the
valve. For coordination of the valve overcurrent design with
the systern requirements, it is important that a.c. system
faults are closely defined so that, for the worst case specified
condition, vaive blecking is still possible (see sections 5.1
and 5.2}.

Depending on the system requirements, different strat-
egies for overcurrent protection can be adopted. Selection of
the strategy is often a compromise between different re-
quirements. One possible arrangement would be to design
the valve to allow one false firing, after which blocking
should be possible. For repeated false firings or overcur-
rents, the protection generates a continuous firing of the
valve and initiates a tripping of the SVC. The duration of the
continuous firing should be sufficlent to ensure that no
biacking of the valve occurs before the SVC main circuit
breaker has been tripped and, in addition, the thyristors have
cooled down sufficiently for safe blocking of any voltage that
may be trapped in the SVC capaciters.

More sophisticated versions of the instantaneous over-
current protection are combined with a thermal overlead
protection which simulates the thyristor junction tempera-
ture. The junction temperature is predicted from measured
current and cooling conditions and a mathematical model of
the thyristor and its heatsink. With this temperature predic-
tion, it can be decided when the valve can be safely returned
from continuous firing to normal control, thereby avoiding
tripping of the SVC,.

Apart from the above mentioned reasons, the need for
a thermal overload protection is not as obvious for a TSC as
it is for a TCR. In most applications, the TSCs are switched
out during overvoltage conditions and will not be exposed to
overload currsnts to the same extent as TCRas.

4. STRESSES UNDER STEADY-STATE
OPERATING CONDITIONS

The principal voltage and current waveforms of the
thyristor valve under steady-state operating conditicns are
shown in Fig.3 and have been previously discussed in section
3.1. The waveforms apply to a single-phase TSC supplied
from a sinusoidal voltage source with negligible internal im-
pedance. They are also valid for an idealized three-phase
TSC with no common line impedance of the three delta~con-
nected phases of the TSC.

For TSCs with trickle charge control, the capacitor
banks are kept charged to minimize the switching-on tran-
sients. In such systems the thyristor valve is re—fired, when
the TSC is off, in one direction as necessary. In this way the
charge trapped in the capacitor at switching-off is restored
and the capacitor voltage is kept equal to the system peak
voltage. For such systems the thyristor valve must be de-
signed to withstand the full direct voltage from the capacitor
bank on a continuous basis.

Switching-off transients must also be considered.
Ideally, the voltage across the valve at the instant of extinc-
tion would change instantaneously as a step directly from
zerp up to a value corresponding to the difference between
the capacitor voltage and the bus voltage. However, due to
thyristor recovery charge, capacitances and inductances in
the circuit, the extinction of the wvalve current causes a
damped transient oscillation in the valve voltage, which is
superimposed on the ideal step and produces an overshoct.
Since the ideal step in steady state operation is low, typically
0.04 to 0.13 of the TSC bus crest voltage, the extinction peak
voltage including the overshoot is several times lower than
the maximum voltage appearing across the valve haif a cycle
after the extinction. In steady-state operation therefcre the
requirements on the RC-circuits in the voltage grading cir-
cuits are much less severe for a TSC valve than for a TCR
valve.

A situation in which with the TS5C is repeatedly
switched on and off with a high repetition rate means that
the switching-off peak voltage will appear frequently across
the valve. The possibility of such a situation should be con-
sidered when determining the possible voltage stresses on
the valve and its components. In this context, special atten-
tion should be paid to the arrester across the valve, so that
the high repetition of the switching—off peak voltage doesn't
overheat the arrester.

For stresses caused by parallel connected TCR or FC
see Part I, Section 4.1.2-4.1.3.

5. STRESSES UNDER TRANSIENT
CONDITIONS
5.1 A.C. System Faults

A fault in the a.c. system, for instance a line to earth
fault, may expose a TSC valve to overcurrents and overvol-
tages. When the fault occurs, there is a sudden change in the
systemn voltage. If the TSC is on, the voltage change results in
an oscillation between the TSC capacitor and the induc-
tances of the circuit. This osciilatory current may have a con-
siderable amplitude, especially for a nearby fault initiated at
the instant of system crest voltage. The peak value of the
oscillatory current component can be estimated by the sim-
ple formula

IOpaak = Ustep VC/ Lt

where
Usiep = instantanecus value of the step in the voltage
C capacitance of the TSC capacitor bank
Lot total inductance in the circuit, including
transformer and system

it
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The peak value of the fundamental power frequency current
from the TSC bank is
I]peak =wC kl Upeak

where

w = power system fundamental angular frequency
kK, = voltage factor according to section 3.1
Upeak= TSC bus crest voltage

To give an exampie, assume that Usep=Upeay  yields
IOpeak/Ilpeak = 1”{“’ ky Vi_dotc) = tﬂr/(k;(x)

where w; is the resonant angular frequency of Ly, with C
= ILwC

For typical TSC tuning factors of n =3 to 5 and typical power
system and SVC transformer inductances, the value of the
ratio w,/ (k) is 2.5 to 4.5. Assuming that the fault occurs at
nominal system voltage, an oscillatory current 2.5 to 4.5
larger than the TSC fundamental current at nominal system
voltage can be expected. If the fault occurs during an over-
voltage condition, the oscillatory current can be correspond-
ingly higher.

During the fault the amplitude cf the oscillation attenu-
ates at a rate depending on the system damping and the con-
trol of the thyristor valve.

At fault clearing, the system voltage recovers and a
new sudden change in the voltage is applied to the TSC bank.
As the fault current extinguishes near the natural zero cross-
ing of the current, and the system impedance is inductive,
the fault ciearing takes place at an instant where the system
voltage ig close to its crest value. The voltage change at fault
clearing may therefore also initiate a considerable magni-
tude of the oscillatory current in the TSC, if on.

For faults leading to sudden collapse of system voltage to a
low value (eg. to less than 50% of Uy) it is advantageous to
block the TSC for the following reasons:

- The transient currents initiated by the fault are sup-
pressed.

- The TSC will be blocked at fault clearance-so that the
large current transients which can occur at recovery
are not excited.

- Because the TSC is blocked, the system is not exposed
to further increased overvoltages following fault clear—
ance, which, with a conducting TSC, will persist for the
time it takes the control system o switch off the TSC.

- The TSC valves, capacitors and surge arresters are not
exposed to the large stresses which would otherwise
arise as a result of having to block a conducting TSC
during high system voltage after fault recovery.

On the other hand, blocking removes the voltage sup-
port being provided to the system during the fault. (Note that
the MVAr output falls with the square of the voltage and is
therefore cnly 25 % of the rated value at 50 % U ).

Given that application of undervoltage blocking can be
an important way of recucing SVC stresses, and hence costs,
it is important that the system requirements are considered
carefully and clearly specified.

5.2 Temporary Overvoltages

Fault clearing is often followed by a temporary over-
voltage in the system. If the TSC is on at the instant of fault
clearing and if it is then switched—-off, because of the system
overvoltage, the valve will be exposed to a higher than nor-
mal blocking veltage. Firstly, there will be a higher than nor-
mal voltage trapped in the capacitor bank due to the fault
clearing overvoltage and, in addition to that, the oscillatory

current may charge the capacitor even higher. Secondly, the
sysiem voltage is higher than normal.

If blocking at fault recovery is not applied then the
valve will experience transient overcurrent as described in
5.1 above. Depending on the functional principies of the in-
stantaneous overcurrent protection, the maximum value of
the oscillatory current must be considered when determining
the setting of the protection. The oscillatory current gener-
ated by a fault in the power system shouid not cause the SVC
to trip or to continugusly fire the valve by activating the in-
stantaneous overcurrent protection. Normally this require-
ment determines the lowest possible setting of the instanta-
Nesus overcurrent protection.

Section 5.1 discussed the overvoltage stresses on the
valve due to an a.c. system fault and a switching~off of the
TSC during the subsequent fault clearing overvoltage. How-
ever, depending on the protection strategy during temporary
overvoliages, fault clearing after a.c. system fauits may not
be the decisive case (see Ref. 4). Blocking of the TSC during
other cvervoliage conditions, for instance after a load rejec-
tion, is also a conceivable situation of high voitage stress on
the valve. For SYCs in voltage control applications the TSCs
should be switched-off in overvoltage situations. Since the
rate of rise of a system overvoltage is often fast, it cannot
normally be ensured that the TSCs will be blocked before the
maximum voltage is reached.

The design of the TSC valve should therefore take into
account the possibility of the TSC being switched-off with a
trapped voltage across the capacitor corresponding to the
maximum system overvoltage.

A high oscillatory current will also be generated at
switching-on of the TSC, when the capacitor is charged to a
voltage considerably higher than the crest value of the TSC
bus voltage. Such a situation may occur, for instance if the
TSC is switched off due to a temporary overvoitage and then
switched on again when the system voltage swings down.
The maximum overvoltage and the sudden increase in sys-
tem voltage, for which the SVC has to be designed, should
be specified. Note that "sudden” voltage changes means
changes that take place in significantly less than one half of 2
power frequency cycle and which are sustained. Changes in
voltage slower than this or which are sustained for only a
small fraction of a power frequency cycle will not excite the
natural frequency of the TSC,

For the design of the valve with respect tc stresses re-
sulting from a.c. system faults, the following system cendi-
tions have to be considered:

- system fault circuit level,

- type of fault,

- fault distance,

-  point-on-wave of fault application,

- duration of the fault,

- repetiticn rate of successive faults,

- single phase or three phase operation of fauit clearing
breaker,

- angie of recovery voltage at instant of fault clearance,

- temporary overvoltage factor and magnitude of sudden
increase,

~  prefault current in the TSC and the initial thyristor
junction temperature (normally specified as rated
maximum conditions),

- Presence of FCs, TCRs or other SCs at the same loca-
tiont and the effect that these have on the fault recovery
waveshape for both the "on” and “off” states,

- inrush effect/harmonic overcurrent and overvoltage
and possibly loss of control

- protective actions of the vaive and/or of the valve firing
system (threshold for undervoltage blocking, forward
recovery protection, capacitor overcharge protecticn
etc.)
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5.3 Fast Surges Transferred from the A.C. System

Fast surges such as lightning and switching surges are
transferred from the a.c. system via the SVC step-down
transformer and busbars to the TSC valve. The arresters on
the primary side limit the maximum amplitude of the surges
from lines and breakers in the power system. The surges are
transferred mainly via the stray capacitances of the trans-
former from the primary side to the secondary side. Howev-
er, the voltage division between this stray primary to second-
ary capacitance and the capacitance to earth on the
secondary side reduce the magnitudes of the fast surges.
Normally surge capacitors are installed line to earth on the
secondary side. These capacitors increase the secondary ca-
pacitance and reduce the magnitudes of the surges. Further
reduction of the surges is provided by the inductance and
capacitance of the secondary busbars and the voltage grad-
ing circuits of the thyristor valve.

5.4 Lightning Strikes Directly on the Low Voltage
Bus

Normaily, the secondary system is protected against
direct strikes by overhead wires or lightning rods. If such
protecticn is adequately arranged the risk of a direct strike is
minimal. For systems, where the risk of a direct strike must
be considered as a possibility, it may be necessary to employ
saturable reactors in the valve for limitation of the steepness
of the front of the lightning waves asscciated with a direct
strike.

5.5 Switching Surges

For low voltage equipment, switching surge overvol-
tages are usually ignored. The insulation coordination 18
based mainly on lightning surges. Howsever the TSC forms a
resonant circuit with a low natural frequency and low losses,
Disturbances in the system such as fault application and
fault clearing, line swirching and transformer energization
will excite the resonant circuit. The resulting transisnt over-
voltages will have rise times which can be characterized as
switching surges according to IEC 71-1 clause 51. As a prop-
er means for evaluation of the resulting voltage stresses on
the TSC valve, transient network anaivzers (TNA) and digi-
tal computer simulations have been used.

5.6 Current Stresses on Conducting Valve as a
Result of the Previous Cases 5.3 — 5.3

Fast voltage surges from the power system will normal-
iy have a minor impact on an already conducting valve, be-
cause the amplitude of the current through the valve caused
by such surges is small compared to the neminat valve cur-
rent.

Lightning strikes on the other hand are often assc-
ciated with considerable current amplitudes. For SVCs,
where direct lightning strikes cn the low voltage bus must be
considered as a possibility, it is therefore important to take
precautions, 5o that the thyristor vaives do not have to divert
the lightning current. Adequate earthing, shielding and in-
stallation of suitable arresters may be a means of diverting
the lightning current safely to earth.

Switching overvoltages may generate currént compo-
nents, which distort the TSC current and may cause multiple
zero crossings of the current. Depending on the firing system
characteristics such zero crossings may cause a valve, which
should be on, to block during 2 part of each half-cycle. If so,
the stresses on the valve voltage grading circuits increase.
Also, the thyristor stresses increase due to the increase in
their switching losses. However the switching overvoltages
wiil normaily persist cnly for a short time interval, and the
additional heating of the thyristors is normally small.

5.7 Insulation Failures

5.7.1. Phase to Earth

Normally, the system on the low-voltage side of the
SVC transformer is high-impedance earthed. Therefore the
fault current caused by a single line-to-earth fault will be
practically negligible and, in principle, it would be possibie
1o continue the operation of the SVC with a permanent single
line-to—earth fault. However, it is recommended to trip the
$VC for a single fault due to the risk that the fault develops
into a double fault.

At the initiation of a fault, the voltage potentials in the
system will change at 2 high rate. This may cause high dis-
charge currents from the stray capacitances in the systam.
The stresses which are caused by these currents and voltages
in the thyristors and the voltage grading circuits should be
considered in the T3C valve design.

If the system is low-impedance earthed, the fault cur-
rent may flow through the valve. In such case the valve
should be designed to withstand the increased current load-
ing caused by a line to earth fault.

5.7.2 Phase to Phase

A phase to phase fault generates a full short-cireuit
current and the fault must be cleared as fast as possible.
Providing the SVC with differential current protections is a
means of achieving a fast and reliable indication of such a
fault. Depending cn the location of the fault and the breaker
arrangement, this protection can be used to initiate a trip-
ping of part of the SVC or of the complete SVC if necessary.
The phase to phase fauit may cause considerable capacitor
discharge currents through the thyristor valve. These dis-
charge currents are similar to those caused by a.c. system
faults and described in section 35.1.

5.8. Control ¥alfunction

Many different types of abnormal cperation can arise
due to malfunction of the SVC control. Some conceivable
examples are:

- false firing of the valve, i.e. spurious firing for instance
by noise in the firing pulse circuits

- loss of firing signals .

- instability of voltage contrel loop

- loss of synchronization.

5.8.1.

For a TSC with properly designed control and firing
pulse systems, the risk of false firing is very low. However,
in spite of this, a worst case false firing is often used as a
design criterion for a TSC valve. Such a false firing will gen-
erate a high overcurrent in the valve, i.e. it will generate an
oscillatory current component superimposed on the normal
fundamental current component. The formulas derived in
secticn 3.1 can be used for calcutation of the amplitude of
the oscillatory current and the oscillation frequency..

False Firing

5.8.2.

If the individuai firing signal to one thyrister is lost, the
affected thyristor will, in most cases, be permanently dam-
aged, i.e. the result will normally be a short-circuit of the
thyristor, unless voltage break-over devices are empioysd as
a protection for each Individual thyristcr level. However with
individual thyristor level VBOs or seif-triggered thyristors,
the risk of generation of high harmonic currents must be
considered. See section 3.2.5.

Loss of Firing Signals

Loss of the firing signals to all the thyristors in ong
direction of cne phase of a TSC valve means that the capaci-
tor can be charged by the valve in cne direction only. The
result of a switching cn of the faulty phase of the TSC bank
will be that the capacitor is charged during the first cycie to
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the crest value of the TSC bus voltage or higher. Then the
valve cannot carry current in the opposite direction and dis-
charge the capacitor. The capaciter in the faulty phase of the
TSC bank will therefore stay charged at one polarity and,
after the first current pulse, there will be no more current in
the faulty phase. For a three~phase TSC bank with symmet-
rical control the result of a loss of all the firing signals to the
thyristors in one direction of one phase therefore resuits in
an unbalanced operation with full current in two phases and
zerc current in the faulty phase. This may generate an unac-
ceptable unbalance in the a.c. system voltages, and therefore
the TSC should be provided with a suitable protection
against such an unbalanced operation.

Such protection may be based on a measurement of the
negative sequence current in the TSC bank or a comparison
between the control order for the bank and the current re-
sponses from the bank.

5.8.3. Misoperation of the Voltage Control Loop

The gain of the voltage control loop depends on SVC
internal parameters as weil as system parameters such as the
fault level at the SVC connection point. A decrease in the
fault level means a higher gain in the voltage control loop
with an increased risk of control instability due to a too high
gain. Unless a system is provided which autcmatically
adapts the gain to the actual fault level, the gain of the volt-
age contreller must be set with respect to the lowest fauit
level. If the fault level should fali below the lowest expected
value, or if the gain should increase too much due to some
fault inx the control, the voltage control could go unstable. In
such a situation the TSC bank may be switched on and off
with a high repetition frequency. Such a situation imposes a
higher than normal stress on the valve and especially on the
arrester across the valve, if emploved, see section 4.

5.8.4. Loss of Synchronization

Correct timing of the firing pulses is essential for the
correct operation of the TSC. The result of an incorrect tim-
ing depends on the magnitude of the timing error, the char-
acteristics of the firing system and the the protection system

Mederate phase advancements in the timing of the fir-
ing pulses have normally no significant impact on the valve
operation and stresses, provided the firing pulses are long
encugh or it is ensured by other means, that the thyristors
are fired as soon as there appears a forward blocking voltage
across the thyristers in the intervals they should conduct.

The impact of a delay of the firing pulses with respect
to the correct firing instants is normally more severe, be-
cause it generates a distortion of the waveforms, which
causes an increase in the capacitor voltage and current.
Large timing errors may cause high overcurrents and over-
voltages similar to those caused by false firings.

5.9.. Transformer Saturation Harmonic Effects

Energization of a power transformer or voltage
changes due to fault clearing or load shedding are often as-
sociated with inrush currents of considerable amplitudes.
This is due to the strongly non-linear characteristic of the
transformer magnetizing curve which means that, depending
on the instant of closing the breaker, the transformer wiil be
driven more or less deeply into saturation at energization. If
capacitive shunt elements such as harmonic filters or TSC
banks are connected to a system containing saturable induc-
tive elements, oscillations due to resonances between the ca-
pacitive and inductive elements can develop. These ascilla-
tions following a transformer energization can last from
several cycles of the power frequency to several seconds,
depending on the time constant of the transformer inrush
currents.

The oscillations generated at energization of a nearby
ransformer can result in high currents in SVC harmonic fii-
ter banks and TSC banks. In general, the transformer energi-
zation is a more severe case for a harmonic fifter bank than
for a TSC bank. This depends to'some extent on the damping
introduced by the conduction losses of the thyristor valve,
Prcably more important is the property of the valve to block
during certain intervals of each cycle, when the current be-
comes strongly distorted. However the performance of the
valve in that case is very much dependent on the characteris-
tics of the control strategy. Fig.9a shows the TSC current

adopted. waveforms at energization of a 300 MVA transformer in a
POWET system,
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Fig. 9a  TSC operation at energizing of a nearby transformer
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Fig.9b shows a single line diagram of the system with the
SVC and with the transformer being energized. It was antici-
pated that the transformer was energized directly from the
bus to which the SVC is connected. The fault level at this
bus was 2350 MVA. The energizing is initiated simulta-
neously for all three phases at an instant of zero crossing
of the voltage on one phase.

132 kV fault level 2350 MVA |

132/7.5 kV xo

¢!

132/7.5 kV a

413 pH per phase
in dealta connaction

A

1210 uF per phase |
in delta connaction T

Data for transformers based on 300 MVA:

e, = 10%
e = 0.5%
Xent = 40%

Saturation knee-paoint = 120%

Nominal TSC power to 132 kV bus = 69 Mvar

Fig. 9b  TSC operation at energiziog of a nearby

transformer (Single line diagram)

The harmonics in the transformer inrush current dis-
tort the TSC current waveform and increase ¢onsiderably
the crest values of the current and the conduction losses in
the thyristors. They alsc increase the crest vaiues of the ca-
pacitor voltage. The blocking of the valve during certain in-
tervals of each cycle also introduces additional stresses on
the valve voltage grading circuits and additional switching
lcsses in the thyristors..

6. CONCLUSIONS

The stresses on the TSC valve are greatly influenced by
the overall SVC design, protection philesophy and power
system contingencies to which the SVC will be exposed.

Part II describes typical stresses on TSC valves for dif-
ferent operating conditions, both transient and steady state,
and could serve as a basis for understanding the relationship
between different designs and the corresponding stresses the
valve must be able to withstand. It should serve as a guide
for determining the critical stresses for which the valve
should be tested.
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