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Experimental analysis of the magnetic flux characteristics of saturated core fault
current limiters

Abstract

A fault current limiter (FCL) is a device that is designed to reduce the impact of fault currents on
electricity networks and increase the availability of such networks to consumers. One particular FCL
technology that is currently attracting worldwide attention, from both researchers and commercial
engineering companies, is the saturated core FCL. This device utilizes the change in permeability between
the saturated and unsaturated states of a magnetic core to provide both low steady state losses and
effective fault current limiting. Typically the core is saturated using an electromagnetic coil, which can be
either superconducting or non-superconducting. Although there have been several studies on the
electrical characteristics of this device, the transient magnetic behavior has been largely overlooked. In
this paper the magnetic flux characteristics of saturated core FCLs are experimentally analyzed. The
study includes the magnetic behavior during both the initial biasing of the cores and during transient fault
conditions. The influence of FCL topology and alternative low-cost core materials, on the flux
characteristics and overall device performance, is also discussed. © 1965-2012 IEEE.
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Experimental Analysis of the Magnetic Flux
Characteristics of Saturated Core Fault Current
Limiters

Jeffrey W. MoscropMember, IEEE
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Abstract—A Fault Current Limiter (FCL) is a device that is designed to reduce the impact of fault currents on electricity networks
and increase the availability of such networks to consumersOne particular FCL technology that is currently attractin g worldwide

attention, from both researchers and commercial engineerig companies, is the saturated core FCL. This device utilizethe change
in permeability between the saturated and unsaturated stas of a magnetic core to provide both low steady state lossesdaeffective
fault current limiting. Typically the core is saturated using an electromagnetic coil, which can be either supercondtiog or non-

superconducting. Although there have been several studiesn the electrical characteristics of this device, the trangnt magnetic
behavior has been largely overlooked. In this paper the maggtic flux characteristics of saturated core FCLs are experirantally

analyzed. The study includes the magnetic behavior during &th the initial biasing of the cores and during transient faut conditions.

The influence of FCL topology and alternative low-cost core raterials, on the flux characteristics and overall device pdormance,

is also discussed.

Index Terms—Fault current limiters, Magnetic cores, Magnetic flux, Sauration magnetization, Topology

. INTRODUCTION saturated core FCL (including both open and closed core
NTERNATIONAL activity in the field of Fault Current arrangements) are analyzed, with their flux charactesistic

Limiters (FCLs) has intensified over the past decade g mpared. Alternative core materials, such as simple mild
’ ﬁeel and zinc/aluminium coated roofing steel, are also ex-

a result of increasing fault events associated with netwo . . .
g mined. Since the saturated core FCL relies on the change in

growth and changes in modern infrastructure [1]. FCL tech!

nology has the potential to play a key role in both IorOtectil_@]ermeabiIity between saturated and unsaturated statdeeof t

modern electricity networks and improving the availagilit ore, these flux charact_erlsucs are fundamental to theativer
of these networks for consumers. Ideally, any FCL Shouﬂfrformance of the device.

limit fault currents while imposing negligible impedanaed
network during the steady un-faulted state. Further, ahgrot i )
power losses associated with normal operation of the FCE had- Basic Operation

major significance. There is currently considerable woitdwv ~ The basic configuration of a single-phase saturated-core
research activity in the FCL area, which has resulted FCL is shown in Fig. 1 (this example having an open-core
many different FCL technologies. Some example technosogiarchitecture). A single DC coil (typically a supercondugti

are solid-state FCLs [2], [3], superconducting resisti¢el & coil, but can also be a simple copper coil) is used to bias
[4]-[6], and saturated core FCLs (both superconducting ahslo cores into saturation, while separate copper coils fone
non-superconducting) [7]-[10]. Conventional reactors aso each of the cores) are used to carry the AC load current of
be used to reduce fault currents but they impose the sathe circuit to be protected.

impedance on a network in both the faulted and un-faulted
states.

The saturated core FCL technology is of particular interest
as the resulting devices provide instantaneous reaction to
a fault event and instantaneous recovery. This technology
utilizes the change in permeability between saturated and
unsaturated states of the magnetic core to simultaneously
provide low steady-state impedance and high transient faul
impedance (for current limiting). Although there have been
several experimental and simulation based studies on the
performance characteristics of saturated core FCLs, these
studies have primarily focused on the electrical charesties
of the device [7], [10]-[13]. In contrast, the transient matic
behavior of saturated core FCLs has received little attenti

This paper experimentally analyzes the magnetic flux char-
acteristics of saturated core FCLs during both biasing and
fault operational phases. Several different topologieghef Fig. 1. Single-Phase Saturated Core FCL Configuration

Il. OPERATING PRINCIPLES— SATURATED COREFCL

Steel Cores——



Under normal steady-state (un-faulted) load conditiors th

magnetization forces set up by the AC load current are too do

small to drive the cores out of saturation. Hence, the radati Ve = NE @
permeability of the iron cores approaches unity and the AC- dB

side coils act like air-core inductors. During a fault event - NACWE ®)
the magnetization forces set-up by the fault currents agh hi dB

enough to completely de-saturate the cores, which results i L = NACOT@E )
a very substantial increase in the permeability of the cores

Hence, the impedance of the AC-side coils also increases, Zins AB,
subsequently limiting the fault current. Since only onef hal Zfaut = +wNAcoreIleptm (5)

of the AC cycle will set-up magnetization forces that oppose o o
the initial saturating field of a single core, two separateeso AN €xamination of (5) reveals that the de-magnetizing flux
and associated AC coils are generally required to eﬁdwvé:haractenstlcs of the iron cores are key to maximizing the

limit both the positive and negative half-cycles of a singld@ult impedance. These characteristics are the primarysfoc
phase fault current. of this paper and predominately depend on the core material

properties and the core topology. Note that increasing the
number of turns in the AC coild\) will also increase the fault
impedance; however, it is actually preferable to minimie

The design of a saturated core FCL is a complex mulijnce the insertion impedance increases as a squahe (ak
variable optimization problem, with the core design codplejemonstrated by (1)).

with the high voltage dielectric design, the DC biasing coil an additional practical design consideration is the DC bias
design (including any necessary cooling), and the highagelt |eye|, which should be chosen such that the magnetizingforc

AC coil design. Further, an optimal design is applicatioge 1o the AC coils is not enough to drive the cores out of the
dependent, with the network line voltage, the prospectigyyration region during steady-state un-faulted comiitj yet
fault current, the desired fault current reduction, th@d§e s enough to toggle between positive and negative saturated
state (un-faulted) load current, and other variable netwofi,x densities during the peak fault de-magnetization. & th
conditions all influencing the overall design. chosen bias point is too far into the saturation region the
One fundamental concept in the FCL design process jigertion impedance will be minimal, but the cores will not

that it is ideal to minimize the FCL terminal impedance duréffectively de-saturate during the fault (which adverssfgcts

ing steady-state (un-faulted) conditionssgrtion impedande he fault impedance). Conversely, if the chosen bias point
while maximiz_ing the equivalent terminal impedance during 5o low the cores will effectively de-saturate during the
a fault fault impedanck For a saturated core FCL thery it put will also experience some de-magnetization reyri

insertion impedance is approximately equivalent to théeser gieaqy-state conditions (which adversely affects therfiuse
combination of the air-core impedances of the two AC‘Sinhpedance).

coils. An expression for this impedance is given in (1) — veher
1o is the permeability of air)V is the number of turns in each
AC caolil, A is the area of each coil,is the height of each coll
and  is a correction factor (note thdt is dependent on the
actual geometry of the AC caoils).

B. Practical Design Considerations

I1l. CoOMMON SATURATED COREFCL TOPOLOGIES

Many different saturated core FCL topologies have attrhcte
research attention over the past 5 years [8], [9], [14], [15]
including open core arrangements, closed core arrangement

Zis QwﬂoNzAﬁ Q 1 and hybrid arrangements (where the cores are closed with
l ’ respect to the applied DC magnetic field, but open with respec

The fault impedance is non-constant; however, it is domtie the applied AC magnetic field — or vice versa). Fig. 2
nated by the increased impedance of a single AC coil durispows an example 3-phase closed core arrangement. This
each half cycle of the fault current (since only one core defrangement consists of 6 cores in a ‘pie’ configurationhwit
saturates during each half cycle). An approximate exppassian AC coil on the outer limb of each core and a single central
for this fault impedance can be derived by considering thgC coil that biases all 6 cores. The single DC coil approach
voltage induced in each AC coil during the fault. Equations this arrangement simplifies the DC coil design, which is
(2) and (3) represent Faraday’s law of induction for a tightlparticularly important when superconducting coils areduse
wound coil of N turns, whereg is the total flux linking the  The arrangement shown in Fig. 1 (and discussed earlier in
coil, B is the associated flux density antl,,.. is the cross- Section Il) is an example of a simple single-phase open core
sectional area of the coil’'s core (since this discussioatesl arrangement. The open core arrangement significantly esduc
only to impedance, it is safe to omit the negative sign givien vthe mass and size of a saturated core FCL. This approach
Lenz’s law). Equation (4) represents the resulting induota is most beneficial for high voltage FCLs, where the required
of the N turn coil. The fault impedance of a saturated conmcrease in FCL terminal voltage can only be achieved thnoug
FCL can hence be approximated by the expression givenan increase in AC coil turns or an increase in core cross-
(5) — wherel fault,, is the amplitude of the fault current andsectional area (as demonstrated by (3)). The addition oégyok
AB,; is the change in flux density as the fault current varigbetween the two cores) in the open core arrangement of
from zero tol fault,y. Fig. 1 results in a hybrid arrangement, where the cores are




MF-3D), which were also connected to analog input channels
of the data acquisition board. All of the data channels were
sampled at a rate of 25,000 samples per second.

The integrating fluxmeters produce an analog voltage that is
proportional to the flux linking a search coil wound direatly
the steel core. This is achieved via integrating the vol{@aye
duced by the flux linking the coil) across the search coil. The
main advantage of this method is that it is non-invasive with
respect to core construction. In comparison, more common
Hall probe methods would require the probes to be inserted
inside the core itself, resulting in small internal air-gap the
core. The disadvantages of the integrating fluxmeter method
are that it is susceptible to integrator drift and can only
measure changes in flux. Hence, to provide accurate absolute
measurements of flux density the fluxmeters were calibrated
for magnetic remanence and drift before each measurement.

For each of the prototype FCLs, multiple 50-turn search
coils were wound around the cores. The exact locations of
the search coils were chosen to provide the best indication
of the flux linkage of each of the AC and DC caoils. In the

closed with respect to the de-magnetizing AC field and op@PSEd core arrang_eme_nts _th_e variation in ﬂl_JX density along
with respect to the DC magnetization field. Another hybriH.Ie length of each limb is minimal. Hence, a smg_le search coi
arrangement is described by Rozenshtein et al [15], where @S Placed half way along the length of each limb (centrally
core is closed with respect to the DC magnetization field atfderneath each of the AC and DC coils). In contrast, in the
open with respect to the AC de-magnetizing field. open core arrangemeqt the. van_atlc_)n in flux density along the
The advantages of each of these topologies are applicaf§R9th of the AC cails is quite significant. Consequentlyo tw
dependent and generally based on overall device cost, aI&?&rCh coils were placed underneath each of the AC coils (one
with mass, size and practical construction consideratiof§ntral and one at the top) to observe this variation.
However, changes in topology also affect the transient mag-
netic characteristics of the saturated core FCL. Anothetofa B. Results

that can affect both device cost and the transient magneticl) Closed Core ArrangementThe basic closed core ex-
characteristics of an FCL is the choice of core materigherimental arrangement examined in this paper is illustrat
Although low-loss electrical steel is important in tramsf@r i Fig 3. This arrangement utilizes a single central DC coil
design, the saturated core FCL does not operate in the sa@i@)ias all core sections. The cores were constructed using
regions as a transformer. Hence, alternative low-costo@e rain oriented M4 electrical steel, with a cross-secticara

terials may also provide some advantages. The magnetizall® 150mm x 150mm and overall height of 900mm.
and de-magnetization characteristics of both closed amad op

core arrangements are experimentally analyzed in Sectlon |
of this paper, which also includes an analysis of altereativ
core materials.

N
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Fig. 2.  An example 3-Phase Closed Core Arrangement

~—— AC Coils—
[

IV. AN EXPERIMENTAL ANALYSIS Y% \
A. Approach

All data presented in this paper were experimentally ob-
tained using single-phase FCL prototypes. Each of these
prototypes were designed to limit fault currents in low agk
systems (up to 415 V rms). A complete control and data acqui-
sition system was also used to automate the testing proegdur

Pt

%00

The bias in each prototype was varied using a 500A current DC Coll

controlled DC power supply, with a 96 kW resistive load bank

used to simulate steady state load conditions and a contacto Cutaway showing™/
Search Coil under DC Coil—

used to simulate a fault across the load bank. The FCL tetmina
voltage was measured through analog input channels of a N
data acquisition board (after isolation and scaling) andtfa Search ol under AG Call |
currents were measured using 4000A closed loop Hall effect v
current transducers. The transient flux measurements were

made using integrating fluxmeters (Walker Scientific ModeFig. 3. Closed Core Experimental Arrangement




The measured saturation characteristics of the closed cc
experimental arrangement are shown in Fig. 4. Since thescor  #
have a constant cross-sectional area around all sectfonef-t i
fects of leakage flux are quite significant for this arrangeime
This fact is clearly illustrated in Fig. 4, where the measure
flux density of the DC-side limbs is considerably higher thaie °
that of the yokes and the AC-side limbs (note that an addition §
search coil was wound half way along the length of one c%
the yokes during this particular test). Although the flux sign
plots of the yokes and the AC-side limbs in Fig. 4 have thi - 1
classic shape of saturating iron, this is a simple artifiche |
leakage flux. If an additional magnetizing field was applie
directly to any of the core sections, the relative perméigbil  “icsssssmpaos : T ‘ ]
of the yokes and the AC-side limbs would be significantly N ™ Magnetsing Force (AT) | ’ a1
higher than that of the DC-side limbs.

o
T
i

Flu

-051 .

Fig. 5. Closed Core FCL Magnetization Data - 1:1:0.8
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Fig. 4. Closed Core FCL Saturation Characteristics - 1:1:1
Fig. 6. Closed Core FCL Magnetization Data - 1:1:0.47

One approach that can be used to improve the AC-side
flux characteristics in this arrangement is to grade thescore
— that is, reduce the core cross-sectional area on the AC-sible closed core arrangement during a fault event, for thescas
of the core. Fig. 5 shows the complete magnetization losghere the cross-sectional area of the AC-side limbs arerii8 a
of the closed core experimental arrangement when the cro8gt7 of the DC-side. In both cases the FCL was connected to
sectional area of the AC-side limbs is reduced to 0.8 of tl@esingle-phase 415V supply and the bias point was chosen to
DC-side limbs. This data was obtained using a slowly varyifzge 10 kAT. Fig. 8 shows the associated fault current plots.
DC biasing field (the complete cycle was over a 2 minutlthough the de-saturation shown in Fig. 7 is significantly
period~ 8 mHz). As demonstrated in Fig. 5, the reduced ardagher for the 0.47 ratio case, the resulting fault curresfts
AC-side limbs now saturate at a lower bias than the DC-sidiég. 8 are very similar for each case. This result is consiste
limbs. with that predicted by (5), as althoughB is higher for the

A limitation with the graded core approach is that the D(.47 ratio case the actual change in flux in each case is simila
side of the core approximates an open core once the AC sitl¢ée to the different cross-sectional areas of the AC-sidesco
reaches saturation. This behavior becomes more evideheas(tcore).-
AC-side cross-sectional area is reduced further. For el@amp The most significant difference between the two plots shown
Fig. 6 shows the magnetization characteristics for the sameFig. 7 is actually around the saturation regions during th
experimental closed core arrangement when the cros®satti fault event. Note that the saturation level is slightly egh
area of the AC-side limbs is reduced to 0.47 of the DC-sider the 0.47 ratio case and that the transition into the de-
limbs. In Fig. 6 the AC-side limbs saturate at an even lowsaturation region is sharper, when compared with the 0i@ rat
bias; however, the magnetization loop of the DC-side limlasmse. As the fault current increases, the 0.8 ratio casebegi
now effectively has two knee-points — one when the AC-side de-saturate earlier than the 0.47 ratio case; however, th
limbs reach saturation (and the core begins to behave like taro plots quickly cross-over each other. The main reason for
open core from the DC-side perspective) and the second wtikese differences is found in the magnetization loops shown
the DC-side limbs themselves reach saturation. in Fig. 5 and Fig. 6. Note that the AC-side knee-point in Fig.

Fig. 7 shows the AC-side de-magnetization characterisfics6 is sharper than that of Fig. 5. Also, since both of these



25 ‘ core flux density plots for the 0.47 ratio case cross overiwith
the saturation region. This results in a significant redurctn

the instantaneous fault impedance and consequently, a clea
dip at the peak of the voltage waveform.

0.5
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Fig. 8. Closed Core - Fault Current Plots -

A , ]
arrangements were fault-tested at the same bias point (If) kA i bonsiy o Carey o€
it can be seen that the 0.47 ratio case (Fig. 6) is farther in Flux Density of Core 2

the saturation region at this bias. In fact, the 0.47 ratigeca G21 o2z 024 026 0218 Timaye) o % ome omm o
could be considered to be over-biased.

In an over-biased saturated core FCL both of the cores arerigr 10. Closed Core - Voltage and Flux Comparison - 1:1:0.47
the saturation region at the zero-crossings of the fautectir-
this has two significant consequences. The first consequi®nce Fig. 11 shows the DC-side de-magnetization charactesistic
that the time differential of the fault currenti(/ dt) at the zero- of the two closed core cases during the fault event. Note that
crossings is much higher. This is illustrated in Fig. 8, veneduring steady state the DC-side cores of the 0.47 ratio aase a
di/dt at the zero-crossings is much higher for the 0.47 ratiwot saturated (this is consistent with Fig. 6 at a bias of TD)kA
case even though this case has a lower peak fault currentH@nce, during the fault there are much larger flux variations
high di/dt at zero-crossings can cause circuit breakers to trigxperienced by the DC-side cores of the 0.47 ratio case €Thes
even if the actual fault peak is not severe. The second éaatflux variations would result in a larger back emf being indiice
consequence is that there is a dip in the FCL terminal voltagethe DC coils and clearly illustrates the importance offbot
at the zero-crossings of the fault current. This is illugtda the AC and DC sides being effectively saturated by the biasin
in Fig. 9 and Fig. 10, where the flux density in each coreurrent.
of the FCL is plotted alongside a scaled version of the FCL These combined results demonstrate a limitation in the
terminal voltage (1:200), for both the 0.8 ratio case and 0.4raded core approach since the 0.47 ratio case is overebiase
ratio case respectively. Fig. 9 shows that the two core fldsom the AC-side perspective, yet under-biased from the DC-
density plots for the 0.8 ratio case cross over just below tk&le perspective. The most optimal ratio of core grading
saturation region, which results in a reasonably sinu$oidzbserved in this research was found to be 1:0.75 (DC-side
voltage waveform. In comparison, Fig. 10 shows that the twawoss-sectional area : AC-side cross-sectional area).
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Fig. 13. Roofing Steel Magnetization Data - 1:1:0.5
Fig. 11. Closed Core - DC-side Fault De-Magnetization

2) Alternative Core Materials:A simple smaller-scale ver- o
sion of the closed core arrangement (with a cross-sectior
area of 80mm x 80mm and overall height of 400mm) wa
used to analyze alternative core materials. A photograph !
one of the smaller-scale FCLs is shown in Fig. 12. Twc
different materials were analyzed: 1) zinc/aluminium eodat
roofing steel and 2) simple mild steel. The magnetizatiop$oo
for these cases are shown in Fig. 13 and Fig. 14. For bo
materials the cores were graded such that the cross-saictio -+
area of the AC-side limbs were 0.5 that of the DC-side limbs
The magnetization loops were again obtained using a slow
varying DC biasing field & 8 mHz). As a benchmark, the =
complete magnetization loop for an identically sized M4ecor -~
was also obtained and is shown in Fig. 15.

Flux Density (T)
°
T

-- AC-side Core
—— DC-side Core
L
0 05 1 15
Magnetising Force (AT) x10°

Fig. 14. Mild Steel Magnetization Data - 1:1:0.5
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Fig. 12. Example of Small-Scale FCL

The magnetization loop shown in Fig. 15 can be seen
to have the same basic shape as the equivalent larger-s€alel5. Grain Oriented Electrical Steel Magnetization @atl:1:0.5
arrangement shown in Fig. 6. In comparison, the roofing steel
(Fig. 13) and mild steel (Fig. 14) cores exhibit a very distin  Although the hysteresis loops observed in Fig. 13 and Fig.
hysteresis loop that is not present in the M4 case. Also, thé would be undesirable in a traditional transformer, they
knee-point of the AC-side is less distinct in Fig. 13 and Hig. would not inhibit the performance of an FCL. The reason for
compared with that of Fig. 15 (even with the low AC-side corthis is that the full hysteresis loop is only traversed dgrin
ratio). Note also that Fig. 13 has a slightly lower saturaticfault event; hence, any associated losses would tend tdibene
level compared with Fig. 14. the current limiting of the device rather than inhibit it. In



contrast, the knee-point characteristics observed inIJdgnd T - _—Steel Cores

Fig. 14 are a significant issue, as the relative permealafity Searay Loflsunder o

the cores remains high after the knee-point. This chariatiter
would result in a significant voltage drop across the FCL unde
steady-state un-faulted conditions.

The AC-side de-magnetization characteristics (during a
fault) of the M4 and roofing steel cores are shown in Fig.
16. Although the de-magnetization characteristics of tlid m
steel cores are not shown, they were found to be practically
identical to the roofing steel case. The test conditions fith b
the M4 and roofing steel cases were identical, with the FCLs
connected to a single-phase 50V supply and the DC bias point
chosen to be 7 KAT.

25
Fig. 17. Open Core Experimental Arrangement

80mm and an overall height of 600mm. The positions of the
search coils used in this arrangement are shown in Fig. 17.
The magnetization loops for the open core arrangement are
shown in Fig. 18. The two plots in Fig. 18 represent the flux
densities beneath the mid-point of the AC coils and benédath t
top of the AC coils (as indicated by the search coils in Fig. 17
The magnetization loops were again obtained using a slowly
varying DC biasing field& 8 mHz). Fig. 18 demonstrates that
the magnetization characteristics of the open core arraage
are not uniform along the height of the AC coils, with the

Flux Density (T)

—Roofing Steel
Grain Oriented M4

0 i I I I I I I I
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

>

Time (s) flux densities considerably higher at the mid-point of the AC
coils. The other major observation that can be made is tieat th
Fig. 16. Fault De-Magnetization - Roofing Steel vs M4 (1:3)0. plots appear to have a much higher gradient in the saturation

region than that of the closed core arrangements. This is not

As demonstrated in Fig. 16 the AC-side limbs of both theecessarily the case though, as the scale of the x-axis in Fig
M4 and roofing steel cores de-saturated down to almost (B is an order of magnitude higher than that of Fig. 5, Fig. 6,
However, the flux density of the roofing steel core continudeg. 13, Fig. 14 and Fig. 15.
to vary significantly during the “saturating” half-cycle§ the
fault current. Despite the additional change in flux densit
observed in the roofing steel core, this resulted in only & vel
small increase in fault current reduction. The reason f@& th P i B
is that the fault impedance, for both the M4 and roofing stee | /
is dominated by the core/coil pair that is de-saturatingrdur
each half cycle of the fault current. ‘

A notable disparity between the two plots shown in Fig
16 is the flux behavior during the steady-state pre-faulioper
(time < 0.04s). The pre-fault flux variations in the roofing 2
steel cores are much larger than those of the M4 cores. Tt
result is consistent with the knee-point characteristizseoved
in Fig. 13, and would result in an unacceptably large pre
fault voltage drop across the FCL. The poor saturation/pre
fault performance of both the roofing steel and mild stee
limits the suitability of these materials in the AC-side li;m = s =
of saturated core FCLs. However, further research into ar.y
potential advantages offered by these materials is ongoing,:ig. 18. Open Core Magnetization Data

Density (T)

--‘Mid-Point of Core|
Top of Core
i I I
05 [l 0.5 1 15 2
Magnetising Force (AT) x10°

3) Open Core ArrangemenfThe basic open core arrange- The de-magnetization characteristics of the open core ar-
ment examined in this paper is shown in Fig. 17. In thisangement (during a fault) are shown in Fig. 19. With this
arrangement the cores were constructed using grain odienggrangement the FCL was connected to a single-phase 312V
M4 electrical steel, with a cross-sectional area of 80mm supply, and the DC bias point was chosen to be 60 kAT. As



demonstrated in Fig. 19, the cores de-saturated to almos .., ‘ ‘ 500
0.5T at both the centre and top of the AC coils. Althougt
d¢/di is lower for the open core arrangement, much les
core material is required per unit fault current when coragar
with the closed core arrangements. This quality is paxdidyl
beneficial for high voltage, large capacity FCLs, wheredarg
cross-sectional core areas are necessary (as demondiyate=z
(3)). Note that the voltage capability of a saturated corg °
FCL is largely governed by the cross-sectional area of tr°
AC-side limb. Hence, the return paths in a graded close -
core arrangement require even larger cross-sectionas.drea
comparison, the open core arrangement presents a very cC .,
pact and practical alternative, with quite good fault lingt
performance.

One disadvantage with the open core arrangement is t
variation in flux density along the height of the AC coils. Bot
that during the pre-fault period in Fig. 19 (time < 0.08s) thEig- 20. Fault Currents - Closed Core (1:1:0.47)
core is well saturated beneath the centre of the AC coilsh(wit
low flux variation exhibited), but not so well saturated a¢ th -5
top of the AC coils (with significant flux variation exhibited
This suggests that the FCL could have a significant voltac
drop across it under pre-fault conditions. This charastieri
of the open core arrangement can be improved by using mc
than one DC biasing coil and spacing the coils in a mannt
that achieves a more uniform flux distribution along the heig
of the AC caoils.
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Fig. 21. AC-side Fault De-Magnetization - Closed Core (L47)
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is approximately 390A, and at 5 kAT the peak current is
approximately 290A.

Fig. 21 shows the fault de-magnetization plots for the
g of Core y y current data displayed in Fig. 20. These plots demonstrate
S o ok o ot Ti&ﬁis) how the core de-magnetization increases as the DC bias level

is reduced - this increase in core de-magnetization results
Fig. 19. Fault De-Magnetization - Open Core improved current limiting (as shown in Fig. 20). If the cores
were to begin to re-saturate on the negative side though, the
current limiting would no longer improve with reduced DC
téigs level. Also, if the bias level is reduced too much the
. . L L can become under-biased and the pre-fault voltage drop
BUAT plot shown in Fig. 21 (solid line), where the pre-fault

sectional area rat|o_ of .1:0‘47 'S shovyn_for 3 d|fferent DOSbIaqux variations are significantly larger than that of the othe
levels (the magnetization characteristics of this arramge ias levels. The combined results shown in Fig. 20 and Fig.

are shown in F'g.' 6). The f'FSt cycle of the unllm_lted fau! 1 illustrate the importance of the correct choice of DC bias
current (prospective current) is shown on the left side of Fi

20, along with the 3 FCL limited currents. The right side olfevel.
Fig. 20 shows an expanded view of the 3 FCL limited currents
and demonstrates how the fault current limiting perfornganc
improves as the bias is reduced — at 20 kAT the peakThe transient magnetic flux characteristics of various con-
current is approximately 580A, at 10 kAT the peak currefiigurations of the saturated-core FCL were experimentally

-0

4) Influence of Bias Point on Current LimitingThe im-
portance of the choice of DC bias level was discussed

V. CONCLUSIONS



analyzed in this paper. In each case both the magnetizatie@L. Hence, the choice of DC bias level is effectively a trade
flux characteristics (during the biasing phase) and the def between increasing the fault impedance and attempting t
magnetization flux characteristics (during the fault phaskeep the insertion impedance at an acceptable level.
were analyzed. These flux characteristics were shown to beéAlthough the experimental prototypes used for this re-
fundamental to overall FCL performance, particularly irme search were designed for low voltages, the observed transie
of minimizing the insertion impedance and maximizing thenagnetic characteristics are scalable with voltage leleé
fault impedance. additional issues associated with saturated core FCL wlesig
The magnetization and de-magnetization characterisficsat higher voltage levels are primarily related to the nemgss
a closed core FCL arrangement were presented in Sectinaorease in core size and the required high voltage cleasanc
IV-B1. It was found that a graded core approach was required
in order to effectively saturate the AC-side limbs in this VI. ACKNOWLEDGMENT

arrangement. However, the ratio of DC-side t0 AC-side Er0SS ¢ rosearch presented in this paper was supported under
sectional areas was shown to be a critical design paramefgr, A \stralian Research Council's (ARC) Linkage Projects

If this ratio is too high the FCL can be both over-biased wit nding scheme (project number LP0991351). Grateful ac-
respect to the AC-side and under-biased with respect to 'kh‘? : : '

DC-side, at the same physical bias point. An over-bi

side is characterized by both cores being in the Saturati%anization in this project

region at zero-crossings of the fault current, which resint

a highdi/dt at the zero-crossings and a noticeable dip at the
peak of the FCL terminal voltage. An under-biased DC-side
is characterized by large flux variations in the DC-side sorelll
during fault events, which can result in significant voltage
being induced on the DC coils. [2]

Two alternative low-cost core materials were analyzed
in Section IV-B2. The two materials considered were™
zinc/aluminium coated roofing steel and simple mild stetel. 1j4]
was found that both of these materials had a distinct hysitere
loop in their magnetization characteristics. Howeves tiar- [5]
acteristic on its own is not detrimental to FCL performance
as the hysteresis loop is not traversed during normal steadi!
state operation. Of more significance was a very gradual
transition into the saturation region, which was obsenad f
both of these materials. This characteristic made it ditficu [7]
to effectively saturate the AC-side limbs and would result
in an unacceptably high voltage drop across the FCL during
steady-state pre-fault conditions. Further researchqsired (8]
to completely explore any potential advantages in the use of
these materials.

The magnetization and de-magnetization characterisfics !
an open core FCL arrangement were presented in Section
IV-B3. It was found that this arrangement is a very compafio]
practical alternative to the more common closed core agang
ments, especially for high voltage FCLs. Open core arrange-
ments demonstrate good fault current limiting and requss | [11]
core material per unit of fault current. It was also foundttha
a uniform flux distribution could not be achieved along the
height of the AC coils when using a single DC biasing coif12]
This is a very significant characteristic and can affect ttee p
fault voltage drop across the FCL. It was suggested that this
characteristic could be improved through the use of matipj13]
DC biasing coils.

The effects of the DC bias level on the de-magnetization
characteristics and fault current limiting performance af [14]
closed core arrangement were discussed in Section I1V-B4.
The importance of an optimal DC bias choice was clearlys
illustrated through experimental results. Lower DC biagle
were shown to improve current limiting performance, at the
expense of an increase in the pre-fault voltage drop achass t
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