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Abstract - ASDEX Upgrade (AUG), an ex-
perimental tokamak device for nuclear fusion
resear ch, requires an eectrical power up to a
few hundred MVA for atime period of 10— 20
s. Static converters powered by flywhee gen-
erators are used to feed the magnet coils of
AUG. Engineering activities devoted to opti-
mising the existing power supply by dtatic var
compensators (SVC) are under way to satisfy
future power demands. Sudden load changes
can occur in the flywhed generator networks
and the busbar voltages can be extremely dis-
torted while thyristor converters are operated
at high current levels during an AUG load
pulse. A major concern under these conditions
isto avoid a resonant excitation of SVC mod-
ules. The paper presents the design criteria
for the installed SVC modules, measurement
results under normal and fault conditions
(switching, resonant excitation) and design
improvements derived from numerical smula-
tions. These will provide harmonic filtering and
allow to economically compensate large
amounts of reactive power (120 MVAr) by
vacuum-switched SVC devices.

Keywords: SVC, reactive power, harmonics,
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[. INTRODUCTION

During the next few years AUG will strengthen its
efforts concerning investigations of advanced toka-
mak scenarios. To fully exploit these operating
modes, a plasma flattop time of at least 23 skin
times, i.e., 10 seconds will be necessary [1]. AUG
long pulse operation of 10 s will be achieved by a
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reduction of the plasma current to avaue of 1 MA.
In contrast to the short pulse operation (e.g. 45 s
a 1.4 MA), itisrequired for the 1 MA long pulse
operation to fully exploit the flywhed energy of the
generators EZ3 and EZ4 which feed different net-
works and have rather different properties:

EZ3 has aflywhed energy of 500 MJand a
short pulse apparent power of 144 MVA
which drops below 100 MVA &fter an effective
supply time of 8s.

EZ4 has aflywhed energy of 650 MJand a
short pulse gpparent power of 260 MVA

In relation to the generator EZ4, the flywhed gen-
erator EZ3 provides an up to 60 % smadler ratio of
apparent power to flywhed energy. Hence, reduc-
tion of part of the gpparent power in compensating
reactive power by static compensators is required
for this generator in order to take full advantage of
the available flywhed energy. Satifactory condi-
tions for long pulse operation can be achieved with
a reactive power compensation plant consisting of
four 30 MVAr modules (referred to a frequency of
100 Hz) [1] asshown in Figure 1.
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Fig. 1. Arrangement of the SYC modulesin the
10.5 kV flywhed generator network



The compensation is provided by tuned capacitor
banks being energised by line synchronised  vac-
uum breskers. That solution is far less expensive
than thyristor controlled compensation but requires
an accurate tuning with regard to the generator and
load characteristics in order to keep trangent phe-
nomena a an acceptable level. Andyticd and nr
merica investigations were performed to investigate
the operational boundary conditions and to derive a
design with acceptable voltage and current surges
under normal and fault conditions[2].

In 1998, a 30 MVAr prototype unit conssting of
two vacuum-switched 15 MV Ar modules (see Fig.
2) was commissioned.

Fig. 2. Outdoor ingtdlation of prototype SVC unit

The three-phase arrangement of that unit is shown
inFg. 3
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Fig. 3. Three-phase arrangement of 30 MVATr unit

Since then, more than 1500 load pulses with gatic
var compensation have been performed. Based on
the experience with the ingtaled unit an extengon of
the SVC facility to 120 MVAr is under construc-

tion. The totd system will congst of eght vacuum-
switched 15 MVAr modules. The number of mod-
ules per load pulse as wdl as the optimum time for
switching each module is determined by the SVC
control system and will depend on a measurement
of the reactive power supplied by the flywhed gen
erator power supply.

1. SVC DESIGN AND OPERATIONAL EX-
PERIENCE

The large inductive voltage components lequired
during plasma ignition and ramp-up of the poloida
field (PF) magnet coils lead to alarge reactive load
component for the generator. The reactive power
reaches its maximum at the flat top of the plasma
current (t > 1.2 siin Fig. 4), where the high
ramp-up voltage level of the coil crcuits is no
longer required and the coil currents have reached
thar maximum values. The characteristics of the
reactive power during an AUG load pulse was the
determining factor for the decison to compensate
reactive power by switchable capacitor banks. The
vacuum switches are equipped with a synchroniser
gear specidly developed for distorted supply volt-
ages. That way dectricd trangents can be kept at
acceptable levels, see Fig. 4, despite of the prob-
lems to be faced in the variable frequency network
of flywhed generator EZ3. During an AUG load
pulse the frequency in the EZ3 network may de-
crease from 110 Hz to 85 Hz and sudden load
changes can occur. Hence, the period length varies
between 9 and 11.7 ms. In order to achieve a
switch-on of the SVC units synchronised with the
voltage-zero crossings of the three phases it must
be considered that evenfast vacuum breskers have
closng and opening delay times of about 33 ms
regpectivdly 17 ms. The thyrigtor rectifier units
cause a condderable amount of harmonics which
makes the recognition of the naturad zero-crossing
difficult. In addition the closing and opening times of
suitable vacuum bregkers have a jitter. Even small
jitters (0.5 ms in the best case) cause eectrica
transients at period lengths of typicaly 10 ms. De-
Spite of these problems it can be summarised from
the load pulses performed so far (> 1500) that no
problems related to the synchronised switching of



the ingtalled SV C modules have occurred, i. e. the
trangent phenomena a switching of the modules
ae negligble A typicd messurement result is
showninFig. 4.

1 Plasma current (1.2 MA/div)

'l. Activepower (500 MW/div)
1 —g——
Reactlvepower (500MVAr/div) 1 '__’___.f'—u-m—-‘

o ol Typlca] PFcoil current (150kA/div) ™

|
- Typical PFcoil voltagg(zo kV/div)
Capaci- currentof ...

.. SvC Mod. 1
= .. SVC Mod. 2

| e : EZ3statorcurrent

i 2z et T .. = I e T N

|

0 1 2 3 4 5t/s

r EEE—

32ka || .Capacitorcurren
IC11

32ka |LCabaci- curren
1C21

16 kAﬂm
EZ3statorcurrent

& 15/
Y

G
Y

Tors:
U12

1c22h
U23

* 1IC2

100 ms

A
Y

Fig. 4. AUG load pulse (#11224, 1.2 MA) with
reactive power compensation (2 x 15 MVAr)

1. ANALY SIS OF FAULT CONDITIONS

A. Unsynchronised switching

For safety reasons al components have been de-
sgned for unsynchronised switching. For a rough
cdculaion of the maximum switching surge Du &t
the generator busbars the following formula can
derived [2]:

pu=2Yn - 1 g0 Yooy g 208 x1- Doy
UNO 1+k UNO NO
(k=38)

Un: Nominal busbar voltage; Uye: Synchronousinternal
voltage at t =ty (to: switching instant), U,: Capacitor
voltageatt=t,

In norma operating mode the individua SVC mod-
ules are switched on and off automaticaly but only
once during each load pulse (Ug = -Uy after each
load pulse). To limit the maximum overvoltage at
unsynchronised switching the next load pulse is
inhibited until Uy » 0. The number of unitsmodules
and optimum time for switching each module is
determined by the SVC control system and c&
pends on a measurement of the reactive power
supplied by generator EZ3. The worst case sce-
nario is switching on a SYC module & maximum
phase-to-phase voltage. In that case the maximum
transent voltage at the generator busbars is only
about 20 % higher than the nomind voltage - see
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equdion-(1). For safety reasons thls has b%n
tested during commissioning: The measured busbar
voltage and capacitor current isdisplayed in #g. 5.

Fig. 5. Measured capacitor current and busbar
voltage a unsynchronised switching-on of SVC
module (worst case)



Whereas no mgjor overvoltages can occur & the
generator busbars due to unsynchronised switching,
the capacitor voltage can rise up to 30 kV in that
case (Fig. 6) which is congdered in the design val-
ues of dl components.
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Fig. 6. Smulated busbar and capacitor voltage at
unsynchronised switching-on of SVC module

B. Excitation of resonances

More than 1000 load pulses with reactive power
compensation were performed without any prob-
lems. During an experimenta campaign which re-
quired high rotational speeds of flywhed generator
EZ3 (corresponding to network frequencies > 105
Hz), resonances were doserved in SVC modules.
The resonances accurred during the flat-top phase
of the plasma current (Fig. 4) where — under nor-
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md conditions — the SVC modules are in_the
deady date. As shown in Fig. 7 the module EUr-
rents rise up to vaues of about 2.4 kKA (almost four
times the nomina vaue) before the SVC modules
are switched off by the overcurrent-time protegtign.

t/s

Fig. 7. Resonant excitation of SVC module (AUG
# 13373): Measured capacitor currents (in the
three phases of one SV C module)
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Besides the fact that overvoltages occur W|th| nthe
SVC modules during resonant excitation (as out-
lined in the section Unsynchronised switching) the
resonant currents also cause an asymmetrica load
component for the synchronous generator which
can be seen in the phase curents of EZ3 displayed
inFg. 8.

Fig. 8. Resonant excitation of SVC module (AUG
# 13373): Measured capacitor currents and
corresponding stator currents of generator EZ3

100 ms

(IC: 30 kA/div, IL: 100 kA/div)

To find the cause of resonances the measured
curves were investigated in more detall. Fig. 9
shows azoom of Fig. 8 which alows to andyse the
frequencies of the resonant currents in the time do-
main.

Fig. 9. Resonant excitation of SVC module (AUG
# 13373): Detail of Fig. 8.

The beat curve shown in Fig. 9 conssts of w9
frequencies: 11 Hz and 329 Hz which can be ex-
plained andyticdly from the differentid eguations of
an RLC equivaent circuit being excited by an ater-



nating voltage with frequency w. In the case that w
is close to the resonant frequency n of the RLC
crcuit (w » n), the following formulafor the current i

can be derived [3]:
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Fig. 10. Asymmetrica load of generator EZ3 (fault
condition): Stator currents during load pulse without
SVC (AUG #13374), IL:60kA/div

Such dator %rr%znts havg( rarely been observed
oA :

during q)é@# A??Tr%ﬁ%ﬂ'med that ttgy
are caused by réfainirig’ihaccuracies in the gate

control of one of the high current converters. The
curves displayed in Figs. 79 were measured at a
system frequency of 106 Hz, i. e the third har-
monic of that system frequency is ws = 318 Hz.
The per-unit naturd frequencies nof the SVC sys-
tem can be determined by [2]:

X, : reactance of capacitor C; X: reactance of SVC inductor, X'":
subtransient reactance of EZ3; k = X/ 3 X4'"; m: number of RPC
units

During AUG shot # 13373 only one SVC module
was connected, for which a resonant frequency n =
340 Hz can be cdculated by means of equation
(3). I. e the fallowing parameters of the sine func-
tions in equation (2) can be derived

m/= 8A454 3

4 4
@ I power \\\\\ \\
~ ;[ Frequency NN
g .
H

* T m="8ies4 3 2

0 100 200 300 400 500
3.Harmonic
V.-N +n
1Rz Y L » 329Hz



So far the cause for the rare occurence of asym:
metricd load components could not be identified
yet. Therefore, it must be assumed that the occur-
rence of third harmonics in the IPP system cannot
be excluded for future load pulses, so that conse-
quences for the desgn of the SVC system must be
drawn. The points of resonance of the system
which can be caculated by equation (3) are dis-
playedin Fig. 11.

Figure 11: Susceptance functions of m = 1..8 RPC
modules in the EZ3 network

IV.SVC DESIGN IMPROVEMENTS

It cannot be excluded that third harmonics will oc-
cur in the EZ3 network. Because of the varigble
frequency, the third harmonic can cause a resonant
excitation of SVC modules in the whole frequency
range (85-110 Hz), depending on the number of
modules connected during the load pulse (see Fig.
11). Under these conditions the most promising
design improvement was to ingd| additiond ress-
tors which will be connected in pardld to the SVC
inductor (Fig. 12). They have a resstance vaue of
70 w, and provi——— —T—the 3° har-
monic. l

Fig. 12. SVC module Extenson by damping resis-
tances tuned to the 3 harmonic



The effect of the damping resistances was rumeri-
cdly investigated. Results from smulations using the
Simplorer code [4] are shown in Fig. 13. The yp-
per curve was caculated assuming that one SVC
module without additionad damping resstances is
excited to resonances due to an asymmetrica com
ponent of the load current of EZ3, smilar to the
fault in Fg. 9. The lower smulation result was
achieved using the same input parameters, but the
SVC gmulation mode was additiondly equipped
with 70 wresistances, as shownin Fig. 12.

Fig. 13. Smulated capacitor current at resonant
excitation of one SV C module with / without (lower
/ upper curve) damping resistances

The smulation results show that after ingtalation of
the damping resistances the SVC modules will be
aufficently invariant agang resonant excitation
caused by minor asymmetrica faults as they can
occur in the flywhed generator network during high

power pulses.

V. CONCLUSION

Based on the experience gained with a 30 MVAr
reactive power compensgtion unit with two vac-
uwum-switched SVC modules (prototype unit) an
extension of the SVC system to 120 MVAr is ur
der congtruction.

More than 1500 load pulses were performed and
the trandent performance of the SVC prototype
unit was very satifactory. In rare cases resonances
in SVC modules could be observed which can be
explained by the rough conditions in the EZ3 fly-
whed generator system during high power pulses.
Therefore, dl SVC modules will be equipped with
additiond damping resistors which will ensure a
proper damping behaviour in case of resonance in
the range of the 3% harmonic. It is expected that
this design change will lead to a high avalability of
the SVC system despite of the presented network
problems.

From the experience gained © far it can be con
cluded that SVC by vacuum-switched devicesis a
reliable and economic way to compensate large
amounts of reactive power.
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