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Abstract

Computed dynamic waveforms are compared with measured ones for
the power supply of the Compact Helical System(CHS) during 1.5T ope-
ration and found te be in good agreement.

On the basis of these results, designs for the upgraded power
supply for 2T operation are discussed in the two cases, with and
without power consumption for additional heatins.

In: the former case, the additional heating power is supplied
from the ac generator that powers the CHS coils.

Electric voltages and currents in the electiric circuit are
shown for both cases.

These designs show the possibility for 2T operation by addition
of some components without changing the ratings of existing compo-

nents.
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1. Preface

The Compact Helical System (CHS) [1] and its associated power
supply were assembled in March of 1988. This device was designed to-
generate a magnetic confinement field of up fo 1.5 T. A scheme has
been developed for increasing the field to a maximum of 2 T for
carrying oﬁt 112 GHz ECH experiments in order to evaluate prospects
for Large Helical Devices (LHD) and compare CHS experimental resuits
¥ith those of the Heliotron-E and ATF.

In this article, we report on a numerical simulation of the
existing power supply for the 1.5 T field and compare the obtained
results with measured values of its circuit constants; this will be
used in computer simulations of basic design variants for upgrading
the power supply to increase the field to 2 T. In addition, we
studied a variant 2 T power supply in which power for neutral beam
injection heating(5.5 M¥) and RF heating(5.9 MW) are simultaneously
output from a single generator.

¥e used the EMTP (Electromagnetic Transient Program)[2] in our

simulation.
2. CHS Power Supply Overview

The Compact Helical System is made up of a helical field coil
(HF), outer vertical field coil (OVF), trimming vertical field coil
(TVF), shaping field coil (SF), and inner vertical field coil (IVF).
The CHS power supply provides current to all coils via an HF+0VF
thyristor rectifier systenm in-series with a 60 MW diode rectifier

system supplying the HF and OVF coils, a TVF thyristor rectifier for



the TVF coil, and an SF thyristor rectifier for the SF coil. These
components of the CHS power supply are powered by a 125 MVA ac gene-
rator [3].

The thyristor power supply for the IVF coil works directly off
commercial line voltage, and so falls beyond the scope of this
study.

We expected that the generator output voltage for the CHS HF+0V
F coils, rated at 3 kV 11 kA for 1.5 T operation, could be set at 15
00 V. i.e. 50% of rated value. However, it became apparent during
coil excitation tests that this will have to be increased by a fac-
tor of from 1.17 to 1.25, depending on test conditions. This diffe-
rence is due to underestimating the impedance of the 3 MVA transfor-
mer in the 60 M¥ diode rectifier system prior to the test. It will
be done to make a more carefull estimate of the transformer and
rectifier system impedances in this study.

-In this article we estimate the impedance of the 80 M¥ dicde
rectifier system by using coil excitation test data from the JIPP TII

U Tokamak Toroidal Coil powered by a 125 MVA ac generator.
3. Diode Rectifier System Impedances

The 60 M¥ diode rectifier system is composed of four 3 MVA
transformers and four 15 MW rectifiers. The ratings for these com-
ponents are displayed in Table 1.

The impedance drop over the 3 MVA transformers is 5.09%, or 235
% terms of duty-cycle rating (continuous operation equalling 700%),
which produces a large voltage drop. Consequently, the values for

the resistive and reactive components of the impedance need to be

_2_



extremely accurate. Table 2 gives values of the resistance and
inductance of the 3 MVA transformers reduced to the secondary (dc)
windings.

The 15 M¥ rectifier is a three-phase bridge-type. Each arm is
made up of 500HXD22 silicon diodes in a 3P5S (3 parallel, 5 series)
configuration; each 3P has a 10 ohm + 2 microfarad series circuit
cennected in parallel. The equivalent circuit for an arm as used in
the numerical simulation is shown in Fig. 1, with rl representing
the forward bias over the diodes. Table 3 shows this resistance
value as the arm current Il is varied. In Fig. 1, L1 represents the
floating inductance of the circuitry.

A 1 microfarad + 60 ohm series circuit is also inserted into
the power line going to the 3-phase input of the rectifier.

The 8 MVA transformer impedance is a pivotal value in the nume-
rical simulation of the 60 MW diode rectifier system, so the simula-
tion results need to be checked against JIPP T-1IU coil excitation
test data. Comparison of the measured and calculated values in Table

4 show them to be in good agreement.

4. Power Circuitry for CHS 1.5 T Operation

The 125 MVA ac generator has two three-phase stator windings
that are magnetically coupled and phase offset, and so the ideal
three-phase voltage supply in the equivalent circuit Is composed of
a reactance and a three-phase delta-Y transformer, as shown in Fig.
2. Here X”g and Xo are, respectively, the generator subtransient
reactance and the zero-phase inductance; Table 5 gives these values.

Ratings for the 125 MVA ac generator are shown in Table 6.
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Fig. 3 is the skelton diagram for the electrical circuit used
in the numerical simulation.

The ratings for the transformers in Fig. 3 are adduced in Table
7. The constants for each of the CHS coils (HF+OVF,TVF and SF) and
their magnetic coupling vacuum vessels (VV) are shown in Table 8.
The HF coil is series-connected to the OVF coil. Current is supplied
to this HF+0VF coil via the 6OMW diode rectifier system and HF+0VF

thyristor rectifier system, with the latter controlling the constant

current.

5. Control System for CHS Power Supply During 1.5 T

Operation

The 125 MVA ac generator is feedback-controlled to match the
output ac voltage waveform at point G in Fig. 3 with that shown in
Fig. 4(a). Similarly, the currents in the HF+O0VF, SF, and TVF coils
are feedback-controlled by their respective thyristors to tailor
them into the control target current waveforms shown in Figs. 4(b),
4(c), and 4(d), respectively. The generator voltage setting and

control target current value are given numerically in Fig. 4.

6. Comparison of Dynamic Analysis and Coil Excitation Test

Results for CHS Power Supply During 1.5 T Operation

The generator voltage setting (1500V X 1.17PU = 1755 V) and HF
+0VF, SF, and TVF current settings are those given in Fig. 4. Fig. 5
compares the results of an 8 June 1988 #8 (Mode 2) coil excitation

test and calculations obtained from the numerical simulation. In
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general, calculated and measured current and voltage waveforms are
in good agreement. The calculated coil terminal voltage waveforms in
the Figure are low-pass filtered to remove high frequency noise
caused by thyristor switching. Except for a few noise-scattered
points, the measured and calculated waveforms seem to be in satis-

factory agreement.
7. Power Circuitry for Upgrading to 2 T Operation (I)

In the circuit of Fig. 3, increasing the generator out-put vel-
tage to bring the current in the HF+CVF coils up to the 14656 A
needed for 2 T operation causes the current to exceed rated values
in the 60 MVA diode rectifier system, so we added a 30 MVA diode
rectifier in parallel to make it a 90 MVA diode rectifier system. In
the numerical simulation, this is equivalent to reducing the 3 MVA
rectifier transformer impedance by 2/3 and changing the virtual re-
sistance that simulates diode forward bias to 2.25 milliohms, as
shown in Table 8. The virtual transformer equivalent resistance and
inductance values for the new 30 M¥ diode rectifier system are shown
in Table 9. Coil constants are shown in Table 10. In the simulation,
the current in the HV+OVF coils can reach the needed 14656 A if the
125 MVA ac generator voltage is 2012 V (1.34 PU, where 1 PU = 1500 V)
; the terminal output voltages and currents in this case are shown
in Table 11. In this computation we used TVYF and SF excitation
patterns that maximized apparent power.

It is clear from the calculations that the 125 MVA ac generator
output current is never more than 103% of rated current (12.0 kA).

Since 3% excess over rated output current is still within the tole-
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rance range, 2 T coil excitation is possible by this method. The

current and voltage waveforms for this case are shown in Fig. 8.

8. Power Circuitry for Upgrading toc 2 T Operation (II)

In this setup, 125 MVA ac sgenerator output voltage is increased
to its rated value (3600 V) to supply 11.8 MW (NBI 5.5 MW, RF 6.3 MW)
of additional heating power, and two three-phase step-down auto-
transformers (SDT1, SDT2) are added to the HF+OVF and SF,TVF systenms.
The transformer ratings are shown in Table 12, and the skelton

diagram for this case in Fig. 7.

8.1 Maximum Thyristor Phase Control Angle

The impedance seen by the power supply side from each thyristor
increases if step-down transformers are added, and so to prevent
commutation failure during the invertor commutating period, the
thyristor phase control angle must be less than or equal to a

maximum value Qpnax given by the following fornula [47:

COS U pmax=2WLIg/En—cos 7

Here Iq is the dc current, En the power line voltage peak amplitude,
@ the angular frequency, L the commutation inductance seen by the
rectifier transformer output terminals for each phase (Y), and 7
the commutation margin angle. Table 13 shows the total commutation
inductance on the secondary side of thyristor rectifier transformers

and the corresponding maximum contrcl angles. The commutation margin
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angle is assumed to be 30 degrees.

8.2 Numerica! Simulation of Power Circuitry for Upgrading to 2 T

Operation (II)

The results of numerical simulation of the circuitry for simul-
taneously increasing output power and supplying additional heating
power are shown in Fig. 8. Voltage, current and apparent power at
the two terminals of the 125 MVA ac generator stator windings are
shown in Table 14. ¥e used the coil excitation mode that maximized
apparent power in the SF and TVF systems. It is clear from compari-
son of this Table and Table 6 that the voltage never exceeds rated
voltage by more than 2% at the first output terminal and 3.4% at the
second,and so could be safely utilized. ¥e also see by looking at
the current and voltage waveforms at the end of excitation in Fig. 8
that there is almost no commutator failure for rapid coil current
decays. This was the reason for limiting the control angle to a safe

range in section 8.1 of this study.

9. Conclusion

The results of coil excitation tests and numerical simulation
of 1.5 T operation of the CHS device were in good agreement. This
would seem to confirm the correctness of the various constants used
in simulating 2 T operation.

Conclusions from study of the power supply circuitry for 2 T
operation of the CHS device are summarized below.

(1) If no additional heating power is required, 2 T operation
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is possible by adding new diode rectifier system settings (de
output power of 6 kV, 5 kA).

(2) If additional heating power of 11.8 M¥ is required, 2 T
operation is possible by adding two additional step-down transfor-
mers (55 MVA each) and the new rectifier system(de 8kV, 5kA). In
this case, the thyristor control angle range has to be reduced.

In any case, there is no need to alter the rated values of the

components in the existing devices.
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Table i1 Ratings of the components in the G0MYW diode rectifier systenm

3MVA Transformers L5MW diode rectifiers
Primary winding Secondary winding
Line voltage 3000V 2800V gocov
f Line current 5774 2994 25004
Operation Zsec. every 5 nin. 2sec.,” every § min.
% impedzance 212=5.09
drop #1R=0. 763(75°C) %I1X=5.02(96Hz)

Table 2 Resistance and inductance of 3IMVA transformers (reduced values to
the secondary winding)

RA=10.256Q Phase (Delta)

LA=2.80aH, Phase (Delta)

Table 3 Values of the virtual resistance r: simulating the forward bias in an arm of
the dicde bridge at arm current I4

[ Operation Arm current [, Virtual resistance r;
1. 58T in CHS 2.75 kA J.0xQ
1PU in JIPP T-0IU 2.0 kA 3.3 nQ
2T in CHS 3.67 kA 2.25mQ

Table & Comparison of simulation values with measured values for toroidal
coil exitation of JIPP T-IO U Tokamak

Qutput voltage Output current Terminzl voltage Coil !
of the generator | of the generator of the ecoil current
Measured values 2520V 63004 4946 5Y 64184
Calcurated values 2520V 68074 SG60V 94404
Difference - 0.10% i.9% 0.23%




Table &

Measured reactances of the 125 MVA ac generator

[

‘ Items Reactance Inductance*
‘ Subtransient reactance ¥7dl D.05748Q 0.0762 nH
‘ Jero-phase—-sequence reactance Xa 0.02934Q 0.0389 s H

#ecalculated from the reactance at a frequency of 120 Hz

Table 6 Eatings of the 125 MVA ac gemerator
Line voltage 3000 V
Line current 12029 A X2
Apparent power 52.5 MVaAX 2
Power-factor 0.8
Frequency 120 Hz
Table 7 Ratings of the transformers
Fre- Equivalent impedan-
Name Capa { Legend | quen | Primary Secondary Impedance ce reduced to the
city ey voltage voltage secondary windings
HF+0VF 1.6 Txo 96— | 2190V(A) 127V(YV} %17=12.5% L=.00205mH{Y)
transformer | ¥VA 120 (4. 6MVAL2TV) R=0. 26322 {V)
X 2 Bz 220V(A) Z:R=10:2 L=.00615nH{A)
R=0.263nQ (YD E=0.78%m &2 (A)
X=1.288nQ (V) {f=100Hz)
10 Tr 96— 2100V{A) 6300V{A) % 17=10.1 upper winding
MVA 129 1212v(Y) 3637V(Y) {10MVA363TV) L=0.524mE{Y)
Auto- Hz =V1 =¥z Z:R=10:2 E=0.0800 (V)
transTormer Input tap? Vo-Vi= R=0.080Q (Y) (f=100Hz)
Qutput tapl 2425V(Y} ¥=0.392Q (Y}
SF/TVF 2.70 { Tst 60HzZ | 6300V(A) 333V(Y) 9% 17=3.26 L=0.0104mH(Y)
transformer | MVA (2. T0MVA333V) R=0.803mQ (Y}
% 2 5TTIV(A) Z:R=10:2 {f=60Hz)
R=0.803mQ (Y)
1=3.94 nQ (¥}




Table 8§ Constants of CHS coils and a vacuum vessel for 1. 57 cperation
Inductance (mH) Resist
. ance
i HF OVF TVF S F | Vv :(mQ)
HF 7 2mH 215
OVF -9.72 6.7 2 \ 30
TVF —14.4 8.70 17 §2
SF —-98.19 1.94 3.14 8.91 ! 72
Vv 0.245 -5.88X 107% | -8.72x1072 |-53x10"2 [0.18x 1 02" 1
Table 9 Cverall equivalent resistance and induetance of the virtual transformers
for the upgraded 90MVA diode rectifier (reduced valuss to the
secondary winding)
RA=0.171€8 phase
LA=1.867mH,  phase
Table 10 Constants of CHS ccils ard a vacuum vessel for 2T operation
Induetance {mH) Resist
ance
HF QVF TVF SF Vacuum vessel Q)
HF 12 215
OVF -14.58 14.42 51
1
!
TVF - 9,62 g.41 7.6 41
SF - 9.19 2.998 2.10 8.81 7 2
Vacuun 0.245 | -8.78x 1072 |-8.9x1072!-53x10"2 |1.8x10-"? 1
vessel




Table 11 Calculated output voltages, currents and apparent powers of the fwo cutput
terminals of the 125 MVA ac generator for 2T operation {I)

Qutput voltages output currents | Apparent powers
1st output terminal 1859Y 12. 38KA 42. 0MVA
2nd output terminal 1980V 12. 38KA 42, TMVA

Table 12 Ratings of the stepdown auto-transformer

Primary Secondary Power Inpedance drop Inductance reduced to
voltage [ voltage capacity the high side
winding
3600V 2200V 55MVA 20% 0.0521nK

Table 13 Commutation inductances of the thyrister rectifier and
maximum control angles

Rectifier En lq Commutation & max
inductance L

HF+GVF | 311V | 14. TKA .62 0 1287

TVF/SF g§16V | 5.0kA 15. 6l 189

Commutation margin angle ¥ =40

Table 14 Caleulated output voltages, currents and apparent powers of the two
output terminals of the genmerator for 2T operation (1)

Output voltzges Qutput currents | Apparent poOwWers
1st output terminal 3,062V 3.546kA 56, 6MVA
2nd output terminal 3, 111V 8.829K4A 53.0MVA
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Figure Captions

Equivalent circuit of an arm in the three phase diode bridge

(15M¥ rectifier). The value of r4 is shown in Table 3.

Equivalent skeiton diagram of the 125MVA ac generator with

two three-phase stater windings.

Skelton diagram of the power supply system for CHS or JIPP T

-OU Tokamak.

Reference voltage and currents for 1.5T operation of CHS.

Comparison between calculated and measured waveforms of

voltages and currents in CHS at 1.5 T operation.

Computed waveforms of voltages and currents in 2T operation

without stepdown auto-transformers.

Skelton diagram of the power supply system with stepdown

auto-transformer for 27 operation

Computed waveforms of voltages and currents in the 2T opera-

tion with stepdown auto-transformers.
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