Investigation of the Performances of a Permanent
Magnet Biased Fault Current Limiting Reactor
with a Steel Core
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Abstract- There is an increasing need In power sysiem
applications for tault current limiter, to limit the fault current in
semiconductor devices and switchpear., These fault current
limiters must be relinble, compact and inexpensive. This paper
reports the result of an investigotion of the characteristics ol a
Fault Current Limiter (I*CL) consisting of a steel core and
permanent magnet. Design criteria are presented. The FCL
characleristics are simulated using & Tableau approach and the
simulation results have been compared with experimental resull

Keywords : Fault current limiter, permanent magnet, stecl
core, lableau approach.

I. INTRODUCTION

FCLs are required to hmit the first peak of the lault current
while mundmizing energy losses and harmonics in the normal
state. In additon, the 1mpedance should be low in the normal
state and change gradually (o a high value i the fault state[1].
Fail-safe operation and compactness are also considered
desirable objeclives.

Two approaches to fault current limiting have been considered
in the past: a superconducting [ault current hmiter{2] and a dc
saturated reactor[3]. The superconductor approach has the
following Iunitations: a limited maximum operaung current,
lhe need for a refrigeration systemn and the need for a reset
time subsequent to fault clearing. The latter two limitauons
will alfect the reliability of the system. The de-saturated reactor
approach may also be unreliable because it requires a separate
winding and a dc supply to bias a magnelc core. Recent
investigattons have 1dentified a new approach that uses a
permanent magnet to bias a magnetic core nto saturation{4],
eliminaang the need for a separate winding and power supply
and thus addressing the issue of reliabihity. In this paper we
describe an improved core structure which has a sharper normal-
to-fault transition charactenstie. Two of these structures are
connecled 1n serics and with opposing magnetomotive forces
so as to achieve bipolar current limiting. The 1mproved
rransiton sharpness should lead to a lower loss device.

I1. I'cL CONFIGURATION

A bipolar current limiter consists ol two magnetic devices
connecled in series and with opposing magnelomaolive forces
(MM EF). Each magnetic device consists of a lugh saturauon
Nux density steel core and a permanent magnet (PM) as shown
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Fig 1. A faull current limuter m power system network.

in Fig 1. The polarity of the coil comneclions 15 such that af
any instant in the ac cycle the mmi from the ac source and
permanent magnel nunl assist i one core and oppose cach
other in the other. The new structure of the device s shown
Fip.2. Tlus design 1s better than that ol previous lemle core
limiter {or the {ollowing reason: the core materd has a hugher
saturation {lux density than the magnel's remanence fux density
and therefore the maternial can provide bod a controlled path
for lines of flux (1.e., alarge cross-sectional area) and a saturable
repion (1.e., a reduced cross-secuonal area).
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Fig. 2. New struciuge of FCL.
I{l. DESIGN CRITERIA AND EQUATIONS

In designuing the device 1018 important o establish ihe flux
versus current relatonship. Tlus 15 accomplished by starting
with Ampere’s law {or the magnete circat represented by

I_I.H'lz.lﬂ‘ +HI[¢'1 + [_‘{1'&1 = Nf (l]

where ff s the inagneuc held intensity and /(s the Hux-path
length . The suffix "m" denotes PM, "1, * and ™" denote
section#] and section #2 ol the steel core respectively, N oas
the number of tums of mam winding arovud cach core and ¢
represents the current.

The B-1 characienistic of the PM s represceuted s

H =-H +B /lu_ (2)
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The steel core B-11 charactenstie 1s represented as

(in the unsaturated state)

Br - iu'u}:{i (3)
(in the saturated state) B = 3 + t“*s(H. . Hk) (4)

where H 15 the coeraive lorce of the PM, and B, and }_arc
the steel core's [lux-density and magneuc hicld mtensity at the
curent knee pomt respectvely.

Expressing (1) intenns of flux and reluctances we obtam the
following relationship for operating flux assuming no current

1s apphied.
(!) _[ ‘I’rlmrlﬁ[/)k*(R:II_ ‘Qllu)]
u Rl + I;u + Riﬁu

(®)

¢, must be greater than ¢ 1l section#2 1s (o operate 1o
saturauon where ¢, the knee pont flux of secuon #2, is

given by
$ =B *38, (6)

of the steel core. S, is the arca of section #2 ol steel core. X
denotes reluctance and the suffix “s" and "u* correspond to
saturated and unsaturated state respectively.

The operating inductances in the saturated and unsaturated
state of cach core are expressed by (7) and (8) respectvely.

N* N?
= M L =~ (8)
Iell + r.ru t Rtl,u 1(‘11 t rm + 181'1*:.‘

[.. should be very small and L should be designed 1o limit
the Tault current.

The volume of the PM for a specific application 1s given
approxumnately by

2
"/m - Sm[m = R 2 (9)
B, S

12
L

!'lfﬂ! I:{f S
}’LIH g Irl
where | b 15 the value of the fault current at which the transiuon
Irom the saturated o unsaturated sGite ocours.

IV. SIMULATION

A Tableau method was used to analyze the circuit of the FCLL.
This method 1s sutted for solving transient response problems
in coupled clectric and magnetic circuits {5, 6]. 'The
electromagnetic circuits are evaluated by using the nodal
analysis method and are stated in the {ollowing form.
T*X=b (10)

where 77 orepresents the Tableau matnix, X represents the
unknown vanables and b represents constants. The Tableau
equation incorporates the external electrical circuit, magnele
circuit model and eddy curent related effects. The equivalent
magnelic and electne cireuit for the structure shown i Fig
is shown in Yig 3 where A is used to represent branches and

O s used to represent nodes[S) £ and s represent the
reluctance of the core and PM respecuvely. Uiand U represceit
the nunf of the ac source and PM respectively. e represents
the snduced eddy voltage while r represents the resistance o
the eddy current path.

/2y M

W& ﬂ |

¥

| &tj

Eleetne Cireuit # Main I

v

9. 3. Equivalent circunt conliguration of g b

The gov criung equations ol the 'CL are described as tollows.
Flectrie Cirowt # Man

Z 1 -Y_ v, = W, (1)
v -Av +C, iqﬁl + C —'?—fI)Z =W, (12
o'l H
Al =0 (13)

Magnetic Crrewt # Core 1
R @ -4 u, ~C, i ~C,i, =0 (1)
A D =0 (15)
Eddy Current Creeurt # PM 1
Zooiy — Antty, + G, it = {) (L6)
(!
aby = 0 (17}
Magneuc Crrcut # Core 2
R ,D - A, —C i —Ci, =0 (18)
Anﬂq)z =0 (19)
Fddy Current Crremt # PM?2
2o — Aty +C, A () (20)
(!
A, = U (21)

A sutlable tme step d Tor the transient sofuton was choseu
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A backward Euler method was used to approximate the
dervative term. The Newton-Raphson method and Gaussian
Flimination methods were used to obtain a solution to (10).
The system was solved {or the loading condition shown in
Table 1. lig.4 shows the varation of s voltage across FClL.
as a huncton of the line current which 18 maintained sinusoidal.
Al low values of current, the rms vollage across the FCL
mcreases slowly as a functuon of current. Above a currenl
value of 5 amperes, the 'CL rims voltage mcreases more
rapidly as a funcuon of current. Fig.5 shows the line current,
I:CL voliage and load voliage before, dunng and subsequent
to a lault.

Table | - Core materials and dimensions

M alciial $peciic Data Dinension

S1ee]l Core Coil ‘Fums, NF=36

q Sectiand |
k 162 T Area =500 mm1

Hy 10 A Lengith=i65mm
. ; Secliond 2

Mo =y Ty 2500 Area =300 mm?

B s ™ He M4, 100 S Lengih=30mm

Pervanent dMagnel | NdFe[ {8950 Elecuie Ca L)

B, 11T
H, 035 MAImM by = 1000w
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A, 5. Simulated wavelorms for a typical fault condition.
V. EXPERIMENTAL RESULTS

We have construcled an expenmental current luniung device
according to the material and geometrical specifications given
in Table 1 and have tested 1t n the faboratory. Tig.6 show the
s voltage as a funcuion of line current. Ig.7 shows the time
domain wavelorms of the load voltape, load current and I'CL

voltage prior (0, dunag and subsequent to a lault. These results
are 1n qualitative agreement with the simulauon results shown

an b1 5,
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Fig. 7. Expennmental wavelonns lor a typical tanlt conditon.
YI. CONCLUSIONS

We have investipated the performance ol a passive currenl
untier consisung of a permanent magnet and a steel core
Design equations for this structure have been presented 1 tus
vaper. The transtent behavior of the device accounted for eddy
current effects was analyzed using the Tableau approach.
The experimental results are in qualitative agreement with the
stmulaton results. Thus a full field output model wluch requeres
sigmif{icant constramt resources can be avouded.
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