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ABSTRACT - Compact and small size, reliable and fail-
safe operation and low cost featuring fault current limiter
causing the designer (o lake a close look into the use of
passive fault current limiter(FCL) for the protection of
power semiconductor devices in power eleclronic systems.
This paper has identified the main parameters responsible
for the development of ideal passive magnetic current
limiter. The effect of those parameters on the range of
operation and the vollage-current characteristics of the
magnetic current limiter has been studied using tableau
approach. Desirable characteristics are discussed and the
simulation resulls are presented.

1. INTRODUCTION

Limiting the flow of enormously large value of current
during fault, short-circuit or any other abnormal operating
conditions in power electronic systems is the paramount
important task of the designer. Lot of researches are still
going on Gll date in the search of an ideal fault current
limiter, the requirements of which are described in [1]. A
comparative features of the traditional methods of circuil
protection which include circuit breaker, high impedance
transformers, current limiting fuses, air-core reactors,

system configuration such as splitting of buscs etc., are
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given in [2]. The research on superconductor based fault
current Though the
superconducting faull current limiler has the drawbacks of

limiter are in full swing.
the requirements of cooling arrangement, control circuit
and maintenance, with the availability of high temperature
superconducting materials it will be possible to develop
fault current limiter for large power system applications,
We have reported the passive fault current limiter based
on permanent magnet and saturable cores [3, 4]. In this
paper we have identified the desirable material requirements
and constraints for the implementation of high performance
passive magnetic current limiter using the simulation results
by tablcau approach. Fig.l shows an use of FCL in a
typical power electronic system.

2. DESIRABLE CHARACTERISTICS AND
IDENTIFICATION OF MAIN PARAMETERS

Basically the FCL behaves as an induclor. The inductance
value is very low at low values of current. But it increases
abruptly to a large value during fault condition. The
inductance values are designated as L_and L, respectively.
The basic requirement of a passive fault current limiter is
to offer an negligible voltage drop across it under normal
operaling condition and a large voltage drop during large
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Fig. 1 FCL in typical power electronic sysiems.

value of current with the capacity of limiling the first peak
value of the fault current. The basic configuration of FCL
is shown in Fig.2 and the cxperimental waveforms for a
typical fault condition of a small scale system is shown in
Fig.3.
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Fig. 2 Basic configuration of FCL

The desirable voltage-current characteristics of the FCL is
shown in Fig. 4.
Following four important parameters are considercd here.

i) theslope, §,, at normal operation
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ii) the slope, S,, at fault condition
iif) the ratiool §,t0 §,0r L, 0L,
iv) the knee point, k.
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Fig. 3 Experimental wavelorms for a typical fault condition.
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Fig. 4 Desirable volt-current characteristics

The slope, 5, is the ratio of the voltage across FCL to the
current [Nowing through it during low value of current and
it depends on L, the saturated inductance of FCL.
Now
1
NF

L= (D
R +R

m 5

where R and R arc the magnetic reluclances of the

permanenl magnet and the core at saturation respectively.
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N_is the number of turns of the coil in cach core.
Designing R >> R, we have

N! N7ns§
L‘"—‘—' F:: F'L:ron- (2)
R, i

where 1 is the saturated permeability of the core, [, and

e

S are the length and area of the core in saluration
respectively.

A low valuc of L_can be achieved by

(1) reducing the number of turns of the coil, NV,

(2) using core of having very low value of y1,

(3) smaller area of the core, S,

(#4) larger Iength of the core, [_ .

The slope, S, is the ratio of voltage across FCL (o the
current flowing through it during large value of current
and it depends on L, the unsaturated inductance of FCL.

—— N"'z
LR 3)

where R, is Lhe magnctic reluctance of the core at

unsaturated state.

Usualty R_>> R and we can write

L m—t =t )

where y_ is the permeability of the permanent magnet, [,
and 5_are the length and area of the permanent magnet.
To limit the peak vajue of fault current a high value of L,
is desirable. Assuming the value of y_ as constant, a high
value of L., can be achicved by

(1) increasing the number of turns of the coil, NV,

(2) larger area of the magnet, S,

(3) smaller length of the magnet, [ .

The ratio L, to L._is given by

L S 1
L U, S _Iw_ )

[

rore

A large value of [ to L ratio is desirable and this can be

achicved by choosing a higher value of (ft /i) and (S_/S_ )
and a lower value of (I_/I

m’ “core )'

The knee point is dictated by the following equation.
NI <HI —HI (6)

Neglecting the magnetizing force required by the core, we
can wrile
NI <HI, N

where I_is the peak value of the coil current under normal

operating condition and A, is the coercive force ol the

permanent magnet.

From the above equation it can be said that the range of

operation(i.e. large value of normal operating current) can

be extended by

(1) reducing the number of turns of the coil, N,

(2) using the permanent magnet of having higher
coercive force, H,

(3) larger length of the magnet, [ .

From the above discussion it is seen that {Np, i, [
S

careful selection of the above parameters a desirable

core?

S, and H } are the important parameters. By

core? lm’

characteristics may be achieved.

3. MODIFICATION OF CHARACTERISTICS

Initially, assuming S,.=5, we have

core?

L = [ﬂj ! (8)
Ls /us [m
lCDI’C

. ~ 1010 100.

Designing, J__ /I~ 100t 1000, L/L_ may be obtained

of the order of 10.
It is seen that to obtain large ratio of L /L, a very low

Usually, p/u

value of 11 is desirable.

The area of the permanent magnet, S may be greater that
the core area, S_ .

S /S > 1 hasthe effect of

- core
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1) improvement of the L /L, ratio, .
2) allow the use of core material having saturation flux-
density larger than that of the residual {lux density of the
permanent magnet.

The above configuration of onc half of the ésscmbly is
shown in Fig.5. Now only scction#2..will opcrate in
saturalion in the normal condition. So{

‘core

will be the length
of the section#2 only. As a result the value of the ratio
./, will reduce,

The modified volt-current characteristics are shown in
Fig.0. By increasing the value of H_the knee point can be
exlended. The slopes §, and S, remain unchanged in this
case. If either by increasing [ or by reducing N, the knee
point is extended, it will decrease both the slopes S, and
S, Though the reduction of 5, is desirable but reduction
of §, will lead higher values of fault current. By selecting
the parameters carcfully the characteristics close to ideal
one can be obtained.

}  SECTION #1

PERMANENT
MAGNET

STEEL

~ CORE

Fig. 5 Alternative configuration of FCL
4. SIMULATION METHOD

The simulation of the performance characleristics of
the fault current limiter has been carried out by tableau
method which can take into account the combination of
electric and magnetic circuit. The circuil configuration for
the simulation is shown in Fig.7 and the corresponding
equivalent circuit is shown in Fig.8 including the effect of
eddy currents in the permanent magnet. The basic cquations

are wrilten in Egs.(9) to (19). The details of the parameters
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have been explained in reference(6). By choosing a suitable
time step the cquations are solved by Newton-Raphson

and iterative method to obtain the solution|5].
Electric Circuit # Main

Z,i,'Y,V, =W (9

1

1 T (.9 1 a
V.-AY +C =@ +CL =D =W, (10)
o ot

Ai, =0 (1
Magnetic Circuil # Core 1

l

R, ® ~Au, ~Ci~C,i =0 (12)

wl mt a1 4]

A, =0 (13)

nl

Eddy Current Circuit PM |

. ' t d¢1z
Zdlldl - Adludl + Cdl d =0 (14)
!

Ayiy, =0 (15)

Magnetic Circuit# Core 2

Rmzq)z - Amz Cdzidz =0 (16)
A, P, =0 (17)

.
u,— C’.-z'.- -

Eddy Current Circuit # PM 2
49,

dt
Agly = 0 (19)

Zpyi,— Apu,, +C. =0 (18)

a1
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Fig. 8 Equivalent circuit representation
5. SIMULATION RESULTS

It is clear from the above discussions that this type of
faultcurrentlimiteris not suitable to limit very large current.
Rather it can be used very effectively for few tens to a
few hundred amperes of current. We have simulated the
performance of a system of 100V, 10A capacity. The basic
design parameters used arc listed in Table 1.

Fig.9 shows the characteristics of transient cur.rcnt with
and without FCL in the circuit. It is seen thatl the FCL
limits the current instantancously and effcctively.

Fig.10 shows the rms values of the volt-current
characteristics of the FCL. The voliage as well as the
current loose the sinusoidal nature during fault condition.

So instead of rms values the characteristics based on the

Tabhle | Paramclers used for simulation

Permanent Magtet Nd-Fe-B magnet
Length (1) 1.5 nm
Area (S,) ’ 30 am’
e L1y
H, 0.6x10° Ajm
—r
Saturable Core Steel Core
H, 10000 45
" 0 1y
B, 1.61T
Sectiond {
Length 20 mm
Area 30 om’
Section#2
Length (1) 105 rmm
Arca (S_) 6 an’
-
Recovery
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Fig. 9 Transient current waveforms with and without
FCL.
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Fig. 10 Volt-current characteristics of FCL
(RMS values).

- 863 -



peak values will be more relevant. Fig.11 shows the
variation of the peak voltage of the FCL as a function of
the peak current through FCL. Fig.12 shows the transient
voltage across one half of the assembly and that of across
FCL. It is seen that the voltage shools up abruptly during
fault and comes back to the normal state instantaneously
at rccovery. During normal operation the voltages are

sinusoidal in nature and v is half (o that of Veer:

FCL1
The above characteristics confirmed the validity of the

proposed device as fault current limiter,
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Fig. Il Volt-current characleristics of FCL
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Fig. 12 Transient voltage waveforms across FCL.

6. CONCLUSIONS

In this paper we have identified the main parameters for
the development of high current magnetic current limiter
based on permancnt magnet and saturable core. The effects
of these parameters on the performances on FCL have
been discussed and the simulation results using tableau
method are presented. Based on the simulation results the
followings are concluded,

(1) The coercivily of the permanent magnet should be as
large as possible. A value of 0.6MA/m or more is highly
desirable.

(2) The area of the permanent magnet to be taken slightly
more than that obtained from the calculation.

(3) The unsaturated permeability of the core need not be
very large. A relative permeability value of 1000 or more
is sufficient.

(4) The saturated permeability of the core should be as
low as possible. A relative permeability value equal to
that of air or equal to that of permanent magnct is highly
desirable.

(5) The area of the core to be less or equal (o that of
permanent magnet from leakage flux consideration.

(6) The core length is obtained from the ratio of unsaturated
inductance to saturated inductance. The vatue of core length
increases with saturated permeability. The increase value
of core length increases the leakage flux.
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