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ABSTRACT

Ton Cyclotron Range of Frequency (ICRF) heating will be applied to the Large Helical Device (ILHD) at the 2nd
experimental campaign in 1998. The LHD ICRF system is characterised by its high power (up to 12MW at final stage) and
steady state operation for more than 30 minutes. One of the main R&D items was a high power and steady state transmitter. The
RF transmitter system having a wide frequency range from 25 to 95 MHz was designed and fabricated. This report describes the
analysis of the DC power supply that contains the crowbar circuit protecting the tetrode from the arcing inside the tube. The DC
power supply of the transmitter is fed from the commercial AC electric line which also supply the power to the LHD helical and
poloidal coil power supplies. The voltage drop of the commercial line when the ICRF crowbar action happened is the serious
problem for all experimental system. This paper analyses the crowbareffect on the commercial line with and without leakage
ransformer between the step-up transformer of transmitter and the commercial line.
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[1] Introduction

Ion Cyclotron Range of Frequency (ICRF) heating
system has been prepared to apply for the ECH plasma on
Large Helical Device (LHD) at the 2nd experimental
campaign in 1998. The ICRF system is characterised by its
high power (ap to 12MW) and steady state operation (30
minutes). For which the research and development have
started since 1990. The LHD is a helical device (with amajor
radius of 3.9m and a plasma minor radius of 0.6m) with
super-conducting coil windings (=2, m=10) and the main
physical purpose is to investigate currentless and
disruption-free steady state plasma. The research and
development for ICRF heating has been carried out
intensively in recent years. A high RF power transmission
system was developed for the steady state ICRF heating,
which consists of stub tuners, a ceramic feedthrough. In
addition, an RF transmitter system with a wide frequency
range, from 25 to 95MHz was designed and fabricated. The
steady state operation was already achieved for 5,000 seconds
at the output RF power of 1.6 MW in 50 MHz by furnishing
the strong cooling system and by finding a low impedance

mode 10 reduce a screen grid current and out-gassing in the
tetrode tube.

The most weak and breakable part in the transmitter is
the tetrode of the final amplifier and at the same timg it is the
most costly in the transmitter. To protect the tube against
the serious damage from the breakdownin the tube, thereis a
crowbar circuit that makes the shorted circuit through the
iginitron tube between the DC power supply and the tetrode.
The crowbar circuit is effective to protect the tetrode but this
dead short of the secondary circuit of the DC power supply
may cause the large voltage drop on the commercial AC
electric line. In the LHD experimental site, this voltage drop
causes the many troubles in other experimental devices. To
suppress the large voltage drop of the AC line, the leakage
transformer was introduced. In the following sections, the
effect of the leakage transformer is estimated in this report and
compared with the test.

[2] Estimation of voltage drop om high power
transformer system
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The voltage drop on the commercial AC power line is
estimated in several cases. To prevent the serious tetrode
damage from the flashover inside the tube, the crowbar
circuits are inserted between the main transformer of 20 MVA
and the ICRF transformer of 5.5 MVA(for #1 and #2
transmitter) and transformer of 3.55 MVA(for #3 and #4
transmniiter). When the crowbar action is occurred, a large
voltage dropon the primary AC line was observed. To reduce
the primary voltage drop, the insertion of the leakage
transformer was considered. In the following section, the
voltage drop in several cases (at the normal RF load or atthe
crowbar action, with and without leakage transformer) are
calculated. Some of the results are compared with the
experimental results and the coincidence was fairly good.

A complex simulation is usually needed for the
calculation of voltage drop for a multi-phase power supply
system which consist of transformers, rectifier and load. In
this paragraph, we will provide a set of simplified formula
obtained from the equivaient circuit. With these formula we
can calculate the voltage drops and crowbar current of the
system. We can also use this model during design of power
system.

2.1 Case of two transformers series

We can simplify a two three-phase transformers series
circuit as to Fig.la. If Z, is for impedance of the i-th
transformer, we can get the equivalent circuit of the
transformer impedance series as Fig.1b and Fig. 1c.
Dertvation of the formula for general case of n-transformer is
given in appendix-A. It is noted that the line impedance is not
mclhuded.

From Fig.1b, we can write out following formula.

L=Z +Z,+Z 0
Vi=IZ=KZ,+Z,+Z,) 2
Z, + 2,

V,=IZ,+ =
2 (ZZ ZL) Z]_ 3 22 +ZL 1 (3)
v, =1IZ, @

Where V and I are phasor and all Z is a vector.

Z=R+X< Z| £ (5)
* B=atan(X/R) ®

i} Calculation of voltage drop of V, (et Vac) with load

W-Fi_, Pl | z+z
a+ZZ+ZL o

T

Let Z; =7, Zopy 1s a rated load impedance, and formula (7)
become

s 6 O R S
Wl [1+%2Z, +k%Z| ®
where k=Zp/ Zpy=Wid Wy ®)

Zx» Zap, Wy, and W, are rated load impedance and rated
transformer capacity of primary and secondary sides
respectively.

2) Calculation of voltage drop of 'V, (et Vac) with shorted load
(crowbar case)

V.
RBY =1~|—I=1— 10
© ’V;j (10

Z,+2,

Normalising the impedance referring to Z,, rated load
impedance

Lz || %z |

|a+z|jﬁg+%zfﬂ b
So,

N A= 2R

v, = 4 |%Z, +% - %Z,| )

Where k is same as one of (9)

3) Estimation of ratio of crowbar current to rated one
We can use following formula to estimate a ratio of
crowbar current to rated one in line.

Z+ Zz I | Pz, +%Z, |
L= Vil Zg= W/ Vi (14)

Ty and Zyy; are rated load current and impedance.
Defining k;. as aratio of crowbar current to rated one in
line

kqe= I/l (13}



It means crowbar current are k;, times of rated one in impedance of the transformers of #1 and #2 transmitters are
line. given as follows.
Trans.i  Leakage Trans Trans.2 DC load
Wy,  20MVA 7.4 MVA 5.5MVA 2-3 MW

2.2 Case of a leakage inductor inserted between %R 3.3% 3.4% 0.9%

two transformers series %X j16.2% 130% 1 7.0%[9.0%
Similar to the case of two transformer series, we can K =g 2y =Wy Wy,

take an equivalent circuit of three three-phase transformer ko =Zopl 2, =Wy /Wy

series circuit as Fig.2 a, b, andc. k= /2y =Wy (Wi

1) Calculation of voltage drop of V., {et V. ) with load 1} With load but no leakage transformer

Pl | z2+2+2,

1+ %Z, + &k, %Z, | We can calculate the voltage dropusing the data given

= | = I s 5 S above with the formula (8)
WVl [Z2+z+2+2,] 1+%Z+k%2+k%2,| |- P, 1+%2,
(16) =1-r— ——1=13%
Where  kZalZarWiolWeg,  koZanl L Wo/ Wi 4 1+%2Z, +k,%Z,
(In and
2) Calculation of voltage drop of V, (et Vac) with load shorted Vi = | Z I = ] ! | =0.973
(crowbar case) Vi |2+2+2) [1+k%Z + k%2,
| %z +%z, |
a Ve, %z, + &y %Z, + % Z, | a8) AV, =27%
SQ
, AV /V,=1.3%
¥ 1% |_| %z, | AV Vo =14%
| 12+2, +Z]| K %Z+k,%Z, +%Z, | AV /Vp=(6.7-7.7%  (in DC side,

2) Calculation of voltage drop and estimation of the ratio of
crowbar current to rated one in shorted load (crowbar case
without leakage transformer)

3) Reduction ratio of crowbar current with and without
leakage inductor cases

With the datagiven above and by using formula (9) and (12),
the results are

Let I,,,L, for crowbar currents of with and
without leakage inductance separately,

4

21—

Vl

I %2 |=1ﬂ051=39%

%l =1-
|%Z, +k%Z,|

i | z+z | | k%z+%z |
AR AN AT ARA

20) (if k=0.2753)
=46% (if k=0.37)
or,V~=0.54V1 k=0.37)
V,=0.61V1 (k=0.275)
The experiment data is 0.57. Itis more liable to take the
wansformer capacity as 5.5MVA
From formula (13) and (15),we obtain

2.3 Calculation of voltage drop for the transformer
system of #1 and #2 transmitters

For calculation of voltage drop in the transformer system
of #1 and #2 rransmitters with the formula given in the
paragraph above, the rated power capability and percent [ M. = 'kl Yl, +Rl, + 1' =0.94

T RRZ +%Z, |
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L =5.5MVA/6.6kV=833A
So, avalue of estimated crowbar current in the line is to be
Ic =9.4x833=8.4kA, the percent error is 6.8%.
It is noted that reactance X of a transformer may be
changed during shorted state, any linear simulation is
approximately too.

3) Calculation of voltage drop with leakage transformer and
load

Using the formmla (13), (14) with the data given above
and referring to fig.3.a, we get

Wl | 1+%Z +4%Z, |=093
vl 1+ %Z, +6%Z +,%Z,]

[viriv]=0923
Where k,=0.275, k,=0.743.
4) Calculation of voltage drop with leakage transformer in
load shorted case

{crowbar action)

From formula (18) and (19), we can obtain

V] 1 B%Z,+%Z |_87°/
Vil %z +k,%Z,+%Z,
vl _| %z, 214
Vil %2 + &, %Z, + %Z,|

So,
AV,IV =13%
AV/V =79%

For getting the reduction ratio of crowbar current with and
without leakage transformer cases, we use formula (20) and
obtain

Ll | &%z +%Z, |

I |5 %2, +k,%Z, +%Z, |

= 034

The results obtained in section 31-3-3 are listed in Table 1
compared with test results More details of the results are in
the Table 2.

2.4 Calculation of voltage drop for the transformer
system of #3 and #4 transmitters

The power capability and percent impedance of the
transformers of #3 and #4 are given as follows.

Trans.] Leakage Trans Trams2  DC load
Wy 20MVA T4 MVA 3.55MVA 1.5 2MW
%R 3.3% 3.4% 1.52%
%X jl162% i30% 6.1%
K=Zoy/ 2, =Wz W
K=Zonl 2, =Wy /Wi

1) With load but no leakage transformer

‘We can calculate the voltage drop using the data given

above with the formula (8)
Pl | 1%2 |k
vl |l +%Z, + i %Z |
And
|V£aad| =l ZL |=| 1 |= 0.976
Vil 12+2,+2z| 1+k%Z +k%Z,)
So
AV IV =2.4%

AV /Ve=(52~6.4)% (in DC side,

Wie=1.5-2.0MW)

2) Calculation of voltage drop and estimation of the ratio of
crowbar current to rated one in shorted load {crowbar case
without leakage transformer)

From formula (12), we obtain

oy =] £ =1- %5 =1-106339 = 366%
4 %Z, +k,%Z,

From formula (13), we obtain

L1 —|a%Z +%Z, +1]_
TR h%Z+%Z, |

1y =3.55MVA/6.6kV=538A

11.1

So the crowbar current in the line Ie =11,1x538=5972A



We note that the voltage drop of #3 and #4 ransmitter is just
a little less than one 1n 5.5MVA transformer of #1 and #2
transmitters. And, more important is that the crowbar current
ratio is largerthan 1. The crowbar current may be larger than
the 3.55MV A transformer allows.

3} Calenlation of voltage drop with leakage transformer in
load shorted case (crowbar action)
From formula (15) we can obtain

B | k%Z,+%Z, |
= 2 = 87.6%
i |k%Z + %2, + %z
So,

AV/V =12.4%

For getiing the reduction ratio of crowbar current with and
without leakage transformer cases, we use formula (17) and
obtain
L] | k%z+%z
1L} |6%2z + &%z, +%Z,

}:—* 039

So the crowbar current in the line will be
1,.=0.36x5972=2330A, it is still high level.

From the results calculated in this paragraph, we can
conclude that a leakage transformer between the power
transformers (or aresistor on the DC side} is necessary for the
power supply system of #3 and #4, and the leakage
transformer should be optimised for #3 and #4 proper.
Another better approach is to use Flywheel Generator to
provide the 3.55MVA transformer system.

We list the estimated results in Table- 3. There are more
results of voltage drop for the transformer power system of
#3and #4 in different case.

{3] Discussions

Through the calculation above we conclude as follows:

1) In the case of #1 and #2 transrnitters, insertion of the
leakage transformer will reducethe voltage drop below 15 %,
which 15 the maximum allowed disturbance 1o the
commercial line.

2) In the case of #3 and#4 transmitters, insertion of the same
leakage transformer will not be enough. It should be
optimised for them proper.

3) The same calculation method will be used for the case of
insertion of resistances in the DC circuit.

4) It is mentioned that the voltage drop obtained here is not of
transient caiculation but of steady state calculation. Therefore
it is rather overestimate if we take into consideration that the
vacuum circuit breaker follows the crowbar switch to
terminate the sequence.
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Table 1 Results for the transformer system of #1 and #2 compared with test resuits

Estimation result result of test
With load
V2/V1 98%
V3/vi 92%
With action of crowbar
V2Vl 87% 87.2%
(on 9/11/98).
V3Vl 21%
Reduction of crowbar current
Lo/ 0.34

Note: the leakage transformer is inserted.

Table 2. Detailed results of voltage drops on the transformers of #1 and #2

Without leakage transformer and with load
VA/Vi=0.986 VU/Vi=0.973 or AVYV=14% AVL/V=27%
AViren1/Virn1.=1.4% (on Trans. 20MVA }
AVirg2./ V2. =1.3% (on Trans. 5.5MVA)
AV/V=6.7T% (in DC side, including 3% line drop and =1% of DC side)
With leakage transformer and with load
Vo/Vi=0.98 Vi V=0.923 V/V=0.913 or AVY/V=2% AVV=1.7% AVL/V=8.7%
AVian/ V.= 2%{(Trans. of 20MVA)
AV ipan2/ Viranz=5.7% (Leakage trans.)
AV 03/ Vian3=1% (Trans. of 5.5MVA)
AV/V=12.7%".
* Note:
The DC side voltage drop AVy/'Vs=12.7% include 3% line drop, 8.7% calculated from parameters and another ~ 1% of DC

side.



Table 3. The voitage drops on the transformers for #3 and #4

Without leakage transformer and with load
V/V=0.9926 V. ./V,=0976 or AV/V =0.74%  AVLV = 2.4%
AVin1./ Vinn1.=0.74% (on Trans.20MVA )
AV V2. =1.7%  (on Trans.3.55MVA)
AV V=52-6.4% (in DC side, including 3% line drop and = 1% of DC side)
Without leakage transformer and in shorted circuit
Vo/V,=0.6339 AV,/V,=36.6%
AV i1/ Viran1.=36.6% (on Trans. 20MVA )
over-current Tactor IeTwm=11.1
sorted current in line  Ic=5972A
With leakage transformer and with load

Vo V=0.989 Vy/V,=0.956 Vi/V=0940 or AV/V,=1.1% AV/V =4.4% AV./V=6.0%

AV / Vi = 1.1%(Trans. of 20MVA)

AV e/ Viraes=3.3% (Leakage trans.)

AV 203/ Vipan3=1.6% (Trans. of 5.5MVA)

AV V=10%.

With leakage transformer and in sorted case

V/Vi=0.876 Vi/V,=0.266 or AV)/V=124% AV;/V,=73.4%
AV Vi =12.4%(Trans. of 20MVA)
AV Vians=6 1% (Leakage trans.)

I;/1::=0.39 (Reduction of crowbar current)
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Fig.1. Equivalent circuit of two 3-phase transformers series
(2) Simplified circuit of two 3-phase transformers series
(b) & (c) Impedance Equivalent Circuit of the series ransformers

(a)
Trans.1 LeaTr. Trans3 n

£ Ei 3¢ [ihse —I— L

O o o
¢

EJ;ZL

(C) A1 41X R2 X2 R3  IX3

Fig.2. Equivalent circuit of three 3-phase transformers series
() Simplified circuit of three series 3-phase transformers
(b) & (¢ ) Impedance Equivalent Circuit of the series transformers
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Appendix A

Method of voltage drop calcalation

The calculation procedure of voltage drop is derived in
this appendix.

The equivalent circuit of a transformer is shown in Fig.

A-1 with conventional notations for L, M, and 1.

Z,=(L,-M)aj+r, (A-1)

Zzz(Lz—M)a)j+ r, (A-2)

Here, Z;1_ is the load connected to the transformer . The

impedance of the loaded transformer 15 easily obtained
from inspection of Fig. A-1.

A i
Z=p=Zt 17

1 (A=3)
MTZ ¥Z,

M(Z +Z )

MZ M>
S A —— Z
[ ‘ ZﬁM] (Z,+M)’

=Z + (A—4)

(A-5)

L

where following assumption was made:

Z,|<|2,+M]and Z,|<|Z,]  (A-6)

i

Substiuting equations (A-1) and (A-2), eq. (A-5) is
transformed as

Z=(L -Mj@j+r,

Mo {L,-M)aji+r, }

L,aj+r,

+—MZL (A-T7)
(L,ai+r, ]

=Z +7Z (A-8)

Here, Z_= X @j+R with

frt et

7 M; L, [Vl ]2 Ly

and Z, =—2Z =—Z =|o | Z,~|+ |2

L2 L, v, . [Il] -
(A-9)

Equation (A-8) suggest that the voltage drop associated
with an insertion of a ransformer is analyzed based on
the equivalent circuit shown in Fig. A-2.

Fig. 2 suggests, in the case that N transformers are
connecled in series as shown in Fig 3, that the loaded
impedance at the primary side of the n-th transformer is
expressed by a recurrence formula

I
]Z(n— 1)=Z_+ [I_L
(A-10)

L,
Zn)= zn+{L

4,8

]ZZ(B—I)

So far, the subscripts 1 and 2 have been used to designate
primary and secondary sides, respectively. Henceforth, p
and s are used in their places and subscript n indicates that
the quantity is characteristic to n-th transformer. We

define percent imxpedance by
BZ_ = ZB“R, (A-11)
with
V;.n WB.n
ZBJ1 = W (A-12)
B.n IB,n

where VB a and W’Ml are, standard voltage and standard

power of n-th transformer. Using eqs (A-10) - (A-12), we
find



%zW):gM:H(VB'M j Zo. s %Z (N—1)

N V-B, N, s BN
z W
e[ Vane | Zen) 4Z(N-1)=%Z(N )} __ 58 gz (N-1) (A-13)
v z W
B, N-1,p BN B,N-1

By using the recurrence formula , the following resuir is

obtained.
where we have put W p:WB L= W =W,
%Z(N)=%Z 4 BN RZ. + BN %, and shall observe it.
N WB,N—I N-1 WB.N—z N-2
Finally, by dividing eg{A-18) byZB’ 1.p - the following
expression is obtained:
VVRN %Z(nzl)z%zl-}-%ZL (A-19)
+ + %Z{n=1) (A-14)
WB,l
where,
Specifically, for n=1, we find from inspection of )
Fig(A-3) BL,=Z, 1Zy =Z, (V2 /W, ) (A=20)
Wa,dcz(IB,dc)ZZB.L (A-15)
As an special case of application of the formula , the
ra
Wy P:(IB,l.P) Zy e (A-16 ) voltage drop at the primary side of the N-1 th transformer
is given by
which gives
ZB,I,P ] WB,dc _ ZB,I,P

(A-17)

[Is,uc]z: _
13,1,1’ ZB.dc JWB.Z.P ZB.ck:

Substituting eq { 17} into eq(10), we obtain

Lo LANR VAN
Z(nzl):2+[ “’C)z =7+ | N ’“’}z
1 I13,1,p : ] WB,I,P ZB,DC -
L
=Z,+Z,,, (z } (A-18)
B IC



v (IN.JIN,QZZ(N_I)k—l (I Ny ) Zg oy BTN -1)
v Z(N) 7 Z, TN
n=N-1 WB L
(VB.N.p/VB.N.s)z(WB.N—I)ZB.N—1(1+E W. %oZ(n))

:}— n=1 B.n =1_

i WB L

(WB.N)ZB,N(1+Z W — JoZ(n))
p=1 B.no

n=N-1 W
(1+} W

n=1

L

%Z(n))

n=N W

A+Y

n=} B,

B. L

o

%Z(n))

(A-21)



Fig.A-1 Equivalent circuit including a transformer and a load

lo — ILL lo—j

|

Fig.A-2 Simplified equivalent circuit corresponding to the circuit in Fig.A-1

[:’ Z=(k/1h)° Zo

Fig.A-3 A circuit inciuding N-transfomers in series
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