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Abstract; The purpose of this paper is to
experumentally verify the current limiting characteristics of
a two material magnetic device consisting of a ferrite and
permanent magnet material. A resonant pulsed excitation
source and a 60 Hz ac source are used to test the
charactenstics of the device. The experuments confirm that
there 1s a saturated and unsaturated inductance operating
region and a current limiting and loss of current limiting
kneepoint.

INTRODUCTION

Load growth and the attendent need for interconnection for
reliability of supply has resulted in an increase in system
fault levels. Solutions have to be devised to prevent the
ratings of equipment such as circuit breakers and
semiconductor devices from being exceeded. Current
approaches to lumiting fault currents are expensive, or are
not reliable enough {1-6]. Recently, a passive type fault
current luniter composed of permanent magnets and a low
saturation flux density material was proposed {7,8]. This
structure was found to offer poor transition characteristics
between the normal and fault current level. The problem
was resolved by proposing a structure with extended
magnets [9]. Further unprovements in the transition
characteristics and cost reduction measures were facilitated
by incorporating a third material with a saturaticn flux
density higher than the permanent magnet {lux density
[10]. The purpose of this paper is to describe the
experimental verification of the pulsed characteristics of a
simple current limiter fabricated from two commercially
available ' materials. Section 2 presents a simplified
theoretical model for the characteristics of the prototype
experunental device. Section 3 presents the experimental
results obtained under the following test conditions;

resonant pulsed excitation; sinusoidal  voltage source
excitation. Section 4 presents conclusions.

2. EXPERIMENTAL SETUP AND SIMPLIFIED
ANALYSIS

Fig. 1 shows the device which 15 used to experimentally
verify the charactenstics of a simple passive unidirectional
~current limiter. Bipolar current limiting is achieved by
connecting a second device in series with the first device
where the coil on the second device is wrapped in the
opposite direction, Two TDK HC7! ferrite E cores with a
relative pertneability of 3500 and a saturation flux density
of .5T are seperated by permanent magnet spacers with a
thickness of 2 mun each. A five turn sensing coil is
wrapped onto a bobbin 5.1 em in length, followed by a
1000 turn excitation coil. The permanent magnets are made
as thin as possible so as to obtain the smallest air gap and

thus the largest unsaturated inductance. The major items of
practical interest in this device are shown in Fig. 2. They
are the current kneepoint 1 (Ip), the inductance below and
above the kneepoint current 1, the current kneepoint 2 (I11)
beyond which the the device no longer lumits the current,
and the flux level at which demagnetization occurs. The
demagnetization of the permanent magnet 15 designed (o
occur at a current which is larger than Iy and the maxunum
fault current is designed to occur at a cwrent which 1s less
than Ij:.
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Fig.1 Prototype Fault Current Limiter

demagnetization —

1.0} slope 3 .~
.8*: A
I int 1
ﬁ‘l '6“{"&]}(”“ kneepoint 2
4 \
?..1 SIDDE 2

3 -2 -1

~~slope 1l _2

Fig. 2 Hlustration of Performance Criteria

Sunplified equations for the saturated inductance (slope 1
and slope 3), the unsaturated inductance (slope 2), and the
approximate current Kneepoint at which limiting begins
and at which limiting 1s suspended are given as follows.

Saturated Inductance Value

, * N’ | (1)

[lusaturated Inductance Value
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where liyoq 18 the mean path length of the ferrite core, 1n is
the width of the permanent magnet shim, lpobsin i5 the

length of the coil assembly, B, is the remanent flux density

of the permanent magnet, B, is the saturation flux density
of the ferrite material, N is the number of turns and Apeenin
is the area of the coil.

3. EXPERIMENTAL RESULTS

Current measurements were made with a hall effect
transducer, Flux versus current plots were obtained using
an oscilliscope with a built in integrating function. The
cwrrent limiter was connected by tneans of a switch to a
10,000 uF capacitor charged to 9.5 volts, Fig. 3a shows the
characteristic curves for the sensing coil voltage and the
primary current versus time, after the switch is closed. Fig.
3b shows the same characteristic curve as Fig. 3a but with
an initial capacitor voltage of 15 volts., Notice that the
current limiting property for this particular level of

excitation has been lost. Fig, 3¢ shows the volts-second

integrals plotted versus the pnimary coil current for the
conditions depicted in Fig. 3a and Fig. 3b. Hysterisis
effects are not noticeable. This is to be expected since the

Pulse Characteristics

voltage = 20 mV/div
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(a) induced voltage and current
(initial voltage = 9V)
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(b) induced voltage and current
{initial voltage=15V)

flux density

(c} volts-second integral versus current for (a) on left
and (b} on right

Fig. 3 Pulsed d¢ Time Domaib and Flux versus
Current Characteristics

permanent magnet remains magnetized and thus a minor
bysterisis loop with a’small area is swept out below and
above the permanent magnet recoil line.

AC Characteristics

Fig. 4a shows the characteristic curves for the sensing coil
voltage and the primary coil current. Notice that the current
Lmiting property is clearly seen for one value of cwrent
polarity but not the other. Fig. 4b shows the plot for the
volts-second integral versus the primary coil current for the
conditions depicted in Fig. 4a. Hystensis effects are not
noticeable, Table 1 shows the comparison between the
calculated and experimentally observed design parameters.
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Fig. 4a shows that the ratio of the clamped current and the
unclamped current is approximately 2:1. This value is
significantly less than the experimentally derived value of
12:1 corresponding to the ratio of the unsaturated and
saturated inductance. The discrepancy between the two
ratios is attributed to the large resistance of the 1000 turn
coil. Consequently, the resistance rather than the saturated
inductance influences the magnitude of the peak current
duning the positive half cycle.

curtent = 1.0 A/div

A\

voltage = 50 mV/div

4\

time = 5 msec/div =

(a) induced voltage and current
(ac voltage= 20 Vo)

.
- flux density
0.32 T/dv
4

[, CU;TEI';I *
07T1.5 A/div

{(b) volts-second integral versus current

Fig.4 60 Hz time domain and Flux versus Current
Characteristics

Table 1 Comparison of Experimental and Theoretical
Performance Criteria

analytical experumental
result _result
slope 1 0.03 T/A 0.1 T/A
| slope 2 0.31 T/A j 0.4 T/A
slope 3 B 0.03 T/A 0.06 T/A
kneepoint | | 1.6 A 0375 A
kneepoint 2 4.78 A 1.9 A

The analytical and experimental results are in qualitative
agreement with each other. Deviations in the numercal
results can be attributed to the nonuniform field
distribution  within the ferrite core material. This
conjecture has already been shown to be true based on
other results obtained from a finite element analysis {10].

CONCLUSIONS

This paper has demonstrated that a composite magnetic
structure consisting of permanent magnets and an iron core
material of Jlower saturation flux density than the
permanent magnet material can be exploited for use as a
current limiting device. The experimental results are in
qualitative agreement with the results obtained from the
sumplified expressions. Discrepancies between theory and
experunent can be attributed to a non uniform field
distribution within the ferrite core material. Improvements
in the transition characteristics between the saturated and
nonsaturated state can be facilitated by using a three
matertal device. This device would be composed of a high
saturation flux density material, a low saturation flux
density material, and a permanent magnet. The remanent
flux density of the permanent magnet material would lie
between the values of the other two materials.
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