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Design of 6.6 kV, 100 A Saturated DC Reactor Type
Superconducting Fault Current Limiter

Tsutomu Hoshino, Khosru Mohammad Salim, Akio Kawasaki, Itsuya Mdtmber, IEEETaketsune Nakamura,
and Masato Yamada

Abstract—Proposed saturated DC reactor type supercon-
ducting fault current limiter (SFCL) was designed and fabricated.
The rated value was 100 V and 10 A for small scale experiment.
The relationships between the one-turn voltage and the cross sec-
tion of the core, the inductance value are obtained. The optimized
cross section of the core was 90 mnx 45 mm under restriction
of the core manufacturer. The core material was ultra fine grain
steel named FINEMET® FT-3H. The number of main winding
was 100 turn and that of control winding was also 100 turn. The
wires are NbTi superconductor with different filament diameter.
We enhanced this design scheme to 6.6 kV, 100 A SFCL. The core
cross section size and core gap and core length of 6.6 kV design
are presented.

Index Terms—DC reactor, fault current limiter, material, soft
magnet, superconductor.

. INTRODUCTION

g.1. Measured3—H curve of FT-3H, atf = 40 mHz, A, = 299.7 mm?,
ROPOSED saturated DC reactor type superconductmg: 3214 mm, H. = 0.6 Alm, B,,. = 1.23 T at 800 A/m.

fault current limiter (SFCL) [1] is classified as one of
bridge type SFCL [2], [3] which will operate as circuit breaker
[4] with the gate signhal control of the thyristor. Any semicon: Py,
ductor device has absolute rated current. The current throu
the device should be restricted less than its rated current. T
semiconductor circuit breaker (CB) will requires proper currer
limiting mechanism. Bridge type SFCL has an advantage ¢
recovery to normal operation. Using superconductivity state
normal-conductivity state phase transition (SN transition), sut
as superconducting transformer with auxiliary winding [5], [6
and noninductive reactor type SFCL [7], [8] have problem t
recover superconducting state, i.e., normal operation. In t.._
series connected resistive type SFCL has also problem [9]. (@ (b)

We have pointed out that a rectifying type SFCL without DGig. 2. The idealized relationship between magnetomotive fofce
bias source in main circuit shows unexpected limiting perfognd magnetic flux®. (a) FINEMET® FT-3H for the small model [11].
mance when load current increases abruptly [1]. We have shophFNEMET® FT-3L.
the solution of this problem by using saturated DC reactor, and
fabricated a small scale of 100 V, 10 A SFCL and made some II. MAGNETIC PROPERTY FORANALYSIS
experiments. In this paper, we propose design of 6.6 kV, 100 A

saturated DC reactor type SFCL.

Fo,  Fo® ¢ g o, Flo,  Fo®

F3.03

Hitachi Metals developed a new soft magnetic material (so
called FINEME™) [10] that uses super-sudden cooling tech-
nology. This ferrite-based alloy consisting of nanocrystalline
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Fig. 3. Circuit diagram with saturated DC reactor type SFCL. Fig. 4. Circuit diagram at charging mode of reactor.

of straight line as shown in Fig. 2(a). Each point means that
(Fy, ®o) is bias point, £7, ®,) is saturate point,K>, ®5) is
start point of limiting, and £3, ®3) is end point of limiting.
WhenN turn winding is wound the core, the differential induc-
tancel = N(d®/dI) = N2?(d®/dF) is constant except its
fold point (F», ®5). This assumption brings simplification of
the analysis. And the flux between thin layer tape of the core
material is negligible small (less than 0.1% of flux in the core),
and the leakage flux is also negligible (less than 2.5%). Fig. 2(b) o | 2
shows idealized” — ® curve of FT-3L which has low hysteresis udT Ly
loss and wide mmf rangE,—F for the alternative material for vDJZi
longer limiting duration. The valué>—F3 is adjustable by the
gap length introduced in the core. Fig. 5. Circuit diagram at bypass (freewheeling) mode of reactor. (a) Line

The circuit diagram is shown in Fig. 3. There is a DC curreRf,rent circuit, (b) reactor current circuit. '
source in the auxiliary circuit named control circuit of the core

bias poing. '_I'his source is_ easier impleme_ntatior_1 compared Wms taken at the terminal of the load side of SFCL. The load
the source in main circuit [3]. An operating point of the CorﬁnpedanceéL — r, + jwz, includes line impedance and Lag-

changes the tota}I mmf. The principle of our SFCL is changi ng load. In this paper, lagging power factor was discussed for
the operating point of the core by the total mmf. In normal ope implification

ation, the operating point is set in the saturated region betweeq.he circuit operation is classified into two mode. The first

Fy and 3. Fy corresponds to the mmf which is the product of, e i exciting mode of the DC reactby as shown in Fig. 4.
control currenti, _anq the turn ””m*_’er of the cont.rol W'nd'ngThe line current, flows the solid line path or the broken line
N, Total mmf £ is given asky — Nia = Nyi, — Niq. When path according to the current direction. This mode begins-at
fault occurs, the operating point of the core moves to the noz%'and ends at = ,, T denotes voltage source periadl{ =
saturated region. When the current through DC reactorwindiag) (n— T/2 < 2;0 <t < nT/2. The circuit equation is
iq reached tdy = (Fy — F»)/N, high impedance appears ingivén as follows: '

the iron core until the currenf reached tds = (Fy — F3)/N.

NN UpF | ZN

Sop o 125

N

S¢ UpF

Vi Vpe

dLi

In the case of; > I, the operating point of the core enters V2V sinwt = ri + — — (-1)™2upp (2)
saturated region again. The inductance of the DC reactor is de- dt
scribed as follows: wherei = (—l)nflid =1ir, 1T = 1 + rr IS equivalent resis-

A tance,L = L, + Lg + Ly, is equivalent inductance, ang, »
= N2p, =% assumed to constant is the forward voltage drop of the diode and
Fo—F le (1) thethyristor. Though all semiconductor devices are on state, the
Ly = N2 $2 — ¢3 _ szjn& constant forward voltage drogpr ~ Vpp is assumed. The
F, - F; e currenti is described as follows:

whereAF = AHI,, A® = ABA,, A, is effective magnetic . 1) ) { V2V
1T=¢€ 10 —

b0 — P1

Ls=N?
Lg =

cross section ared, is effective magnetic lengthy, is differ-
ential permeability of saturated region gmglis the one of non-
saturated region, respectively. Aiid andL,, is inductance in V2V 2 2VDr
saturated region and nonsaturated region, respectively. + 2 sin(wt — ) + (1)
whereig = i(to), z = /12 + (wL)?, tany = L/r.
1. CIRCUIT DIAGRAM AND ANALYSIS The second mode is freewheeling (bypass SFCL) mode as

To simplify the circuit analysis for the design, the concershown in Fig. 5. The line currerit, flows both the upper and
trated constant was used. The load impedance is connectelP¥¢er path of the bridge as shown Fig. 5(a). The circuit equation
the voltage source through saturated DC reactor type supercén-
ducting fault current limiter as shown in Fig. 3. The inductive _ . dLir
source impedancg = r, +jwL, was assumed. The fault point V2V sinwt = rig, + & 4)

r

sin(wto — ¥) — (=1)" 2VDF }

®3)
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Fig. 6. Current waveform at normal operation, wh&tre= 6.6 kV, f = 60 L \
Hz, Vpor = 50V, 2, = 66.0 mQ + j3.30Q, 2, = 66.0Q + j19.89, time £ \
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Fig. 7. Current waveform at beginning of fault operation, wHére- 6.6 kV,
F=60Hz,Vor =50V, %, =66.0mQ +3j3.30Q, 2, = 10.0 mQ +j0 Q,

L, = 8.75 mH.

' i i Ly=Ls=875mH,T; = 0ms.
whereL = L, + L is equivalent inductance. The reactor cur-* ~ ~5 = >/ M2 = 008
renti, flows the diode and thyristor. The circuit equation is as
follows:

wherer = v, +ry, L = Ly + Ly + Ly, tant = L/r and

z =
deid
dt

®)

= vpF + UpF = 2UpF.

This mode begins at=t; > (n—1)T/2and ends at = t5 <
nT'/2. The currentg;, andi, are described as follows:

LL(f) :ei(T/L)(titl) {Ll — \/§V sin(wtl — 1/))}

+ vav sin(wt — 1) (6)
wherei,; =
. . 2V
ia(t) = i1 — fL Pt~ 1) ™ @
d _
dt =ty

WherE’il = Z(fl) = LL(fl) = Zd(fl)

In the steady state (normal operation), the waveform repeats;..—(/L)(ta1~ts)

every half cycle, i.edfo = to+1'/2, andir (t2) = (—1)"i4(t2)

as shown in Fig. 6. The inductance of DC reactor was 8.75 mH
which is 5% of base inductancé § = 175 mH). The DC in-
ductance value was set to no voltage-sag condition [12].

V(rs+rp)2+{w(Ls+ La+ Ly)}2. At t
bypass mode starts, and end at ¢;;

7;L<t) :e—(r/L)(t—tal) {ial _ \/§V

id(t) =1

tal, the

sin(wt,) — 1/1)}

+ v sin(wt — ) 9

z

V2Vpr
Lq

(t = ta1) (10)

al —

i(tul) = iL(ta1> = id(ta1>. tal is given by

2Vpr

{ V2V
Iy —
V4 T

sin(wts — ¥) +

}

w2V (11)

cos(wtq1 — ).

When the fault occurs dt = ¢3, the fault impedance; is  This equation is a transcendental function, the strict solution

substituted to the load impedance. In the case; < t3 < to,
the load currenty, increases sharply bypassing the DC reactor
as shown in Fig. 7. The load current reached to the reactor cur-
rent att = t4, i.€.,ip(t4) = i4(t4), the DC reactod.y; = L,
limits the fault current slightly. At = ¢5, the reactor current
reached nonsaturated conditig(its ) = I, the DCinductance
L, changes its value fronhg to Ly. At ¢t = tg, the reactor
current reached again saturated conditigits) = Is, the DC
inductancel; changes its value fromiy to Ls. The turn-on
signal should be shutdown before the timeto protect lines
and equipment as a circuit breaker.

For the simplification, we assunte< t; < 7'/2. In the first

charging mode
2Vpr
r

QVDF
r

wherei,; =

follows:

ia(t) = e~ /D=t Ly {1 _ e—(r/L)(t—tEJ}

4 sin(wts — ) +

i(t) = e= (/R {IN - whereVp

v sin(wt — 1) —

8

i(t) = e~ (r/L)(t—ts1)

te —ts = — 1

could not obtained. In the second charging mode

2V . 2V
{Ibl — \/; sin(wtp; — ) + fF

}

12)

4 sin(wt — 1) —

n 2Vpr
r

i(tyr) = ir(ts1) = —ia(tor).
Instead of solving equation (11), we substitute DC voltage
source as shown in Fig. 9. The curregpt = iy is given as

Vbs —2VpF
'

(13)
(2v/2)/(7)V. By the condition ofi4(ts) = Is,

L rls — Vps +2Vpr

ro rIn — Vps +2Vpr

(14)
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Fig. 8. Current waveform at current limiting mode with increased inductance,

whereV = 6.6 kV, f = 60 Hz, Vpr = 50V, 2, = 66.0 mQ + j3.3042,
2, =10.0mQ 4+ j0Q, Ly = Ly =875 mH.Ixy =200 A, I, =400 A.
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Fig. 9. Alternative circuit diagram at current limiting mode.
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Fig. 10. The relationship between turn voltage and the cross section area of
the FINEMET® FT-3H.

V. CONCLUSION

We have analyzed the circuit equations of the saturated DC
reactor type SFCL, and get the relationship between one turn
voltage and core cross section. For 6.6 kV, 100 A rated SFCL,
the effective core cross section area, the effective core length and
the gap length were obtained. Those dimensions are acceptable.

The wave form of equation (13) is shown in Fig. 8 as an alternate

long and short dash line. When the total resistarisemegligible
small, equation (14) is modified as follows:

_Ld+Ls+Lf

L
tﬁ — t5 = ~ —N
Vps — 2VpF

(Is — In) (Is — Iy). (15)

Ds

If the current limiting intervats — t5 = kT is set to the: times
of the source intervdl’, the required DC inductance is

VDS
Ly =kT . 16
N To—In (16)
IV. DESIGN OF6.6 kV SFCL
We select base currenfg = 100 A, Iy = alp,

Is = pBIg, f = 60 Hz, Vp 6.6 kV, base inductance
Lg = Vg/(2nflg) = 175 mH, anda = 2, 3 = 4. For the
FINEMET® FT-3H,AB = 2.46 T, AH = 1.35 A/m, and for
FT-3L,AB = 2.46 T, AH = 24.0 A/m are given.

(1]

(2]

[3

[4

[5

[6

[7

Without introducing the gap in the core, following relations

are obtainedLy/Lp = 4V2k/(f — a) ~ 2.83k, NA, =
2V2kTVg/(mAB) ~ 40.3k m?,[./N = (Is — IN)/AH =
(B—a)lg/AH ~ 148 mand 8.33 m, for FT-3H and FT-3L, re-

9

spectively. The relationship between turn voltage and the croééol

section aread. is shown in Fig. 10. When the gdp is in-
troduced in the core length, the effective length is given as
le = 1.+ (AB/uwAH)l, ~ (AB/uAH)l,. The required
gap length id, /N = po(f — a)Ip/AB ~ 0.102 mm. In the
case oft = 1 andN = 400, the parameterd, = 0.1 m? and
l, = 40 mm were obtained . If the window size is 30 cm60
cm, the core length. ~ 3 m.

[11]

[12]
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