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Abstract- At the time of transformer energization, a highreat will be drawn by the transformer. The mentibicarrent

is called transient inrush current and it may tséen times the nominal full load current of trlammer during operation.
Energization transients can produce mechanicasti@the transformer, and it often affects the grosystem quality and
may disrupt the operation of sensitive electricalds such as computers and medical equipment dedntcthe system.
Reduction and the way to control of energizati@amsients currents have become important concerifie tpower industry
for engineers. This paper discusses the diffegmftrtiques for reduction of inrush current in transfer.

Keywords- Controlled switching; sequential phase energizatipefluxing technique; virtual air-gap

technique; Super conductor technique.
methods. In this paper, two different strategies of
mitigation of inrush current in power transformiel
1. INTRODUCTION Point on Wave technique and Prefluxing technique
Transformer is considered as the most importage modeled & compared. In Point on Wave, circuit
apparatus as heart in electrical transmission arueaker is closed according to flux polarity ineoin
distribution system. When a transformer is firsprefluxing, first set flux using prefluxing deviand
energized, a transient current many times largan ththen close circuit breaker according to that flux
the rated transformer current can flow for a nunmdfer polarity.
cycles. Inrush currents are of very high magnitude The prefluxing device that sets the flux of the
generated when transformer cores are driven intgansformer is simple in form and flexible to appty
saturation during energization. The worst inrustany range of transformer sizes. In addition, theae
current happens to flow when the primary winding isan operate at low-voltage levels, such as the
supplied at an instant of voltage zero crossingeséh substation ac or dc supply, regardless of the gelta
currents have undesirable effects such as reduceating of the transformer. The results of energjzin
power quality on the system, loss of life to theprefluxed transformer were presented, including
transformer itself. To mitigate this magnetizingush accounting for breaker deviation; all with inrush
current, few of the methods are discussed airrent levels below the transformers rating, prgvi
controlled switching, sequential phase energizatioithe effectiveness of the reduction procedure. These
virtual air gap technique, prefluxing techniquegreatly reduced inrush currents mean reduced stress
supercoductor. and degradation of the transformer windings and
reduced system effects, such as harmonic over
voltages or sympathetic inrush in neighboring
transformers. Many techniques had been suggested to
obtain residual flux on the basis of the instant of
2.1. Prefluxing Technique transformer was previously turned off. But it is
) ] ) slightly tedious process. To make a user free from
This technique presented an inrush currenihowledge of residual flux the paper proposes a new
reduction which sets the residual flux of a thré@g®  technique to set the initial fluxes of transfornasrper
transformer to a large magnitude and specific [f9lar ine desired values. This is called as prefluxing.
in a method known as pre-_ﬂ_uxing and then energizes Tnhe innovation behind the prefluxing _inrush
the transformer at a specified system voltage angigrrent reduction strategy lies in the prefluxireyide
based on the flux polarity. This strategy hagself. The prefluxing device capacitor is chargedh
advantages over some of the presently suggestgger-specified voltage and then discharged into the
reduction strategies, including removing the need f {ransformer when closing the device switch. It is
reS|du_aI flux measurements during transformer dﬁ‘ffecessary for the prefluxing device to set thedresi
energization[1]. ) . flux of a transformer as high as possible to miagni
To minimize the peak of inrush current in thregne inrush current, but also to do so efficiently.
phase two winding transformer and obtained it ® Fh The prefluxing reduction strategy is a two part
steady state value, also to remove the transiepfocess. First, the transformer residual flux it @
component of flux in the core, there are severglose as possible to its maximum achievable residua

2. DIFFERENT TECHNIQUES
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flux when the transformer is de-energizedThe residual flux. The amount of offset of the sinusdid
second part of the process controls the CB to érerg flux generated by the applied voltage is dependent
the transformer at either an angle of 210 for pesit upon the point of voltage wave where transformer is
residual flux, or 330 for negative residual fluheBe energized. The peak core fldxcan therefore reach a
angles are chosen as part of an inrush curremalue of Zbonormal +®residual.
reduction strategy for three-phase transformers tha For the most severe case, where energisation was
enable the use of a three-pole CB[1]. at a voltage zero, the peak transient core fluxdse
To Primary Conductor than two times higher than peak normal core fllxe T
core has been driven into saturation. This
asymmetrical saturation results in the typical &tru
current transient characterized by a high harmonic
. content and a direct current component. Although th
* - closing resistors have been employed to reducesthes
Cot —— Vesp 4|0 Lo ||/ transients, the only way these transients can be
: eliminated is to prevent the core saturation. Tas
be accomplished by controlling the instant of
 Line Isolator energisation. Controlled switching of single phase
‘ B transformers In case of Controlled closing of
To Graund Connection capacitors, optimal energization point is at thetant
) ) . when the source voltage is equal to the trapperjeha
Fig. 1. Prefluxing device _ voltage on the capacitor. For the case of contlolle
The prefluxing device is shown in Fig.1 it consistg|osing of transformers, the “trapped charge” has a
of a capacitor, a diode, a fuse, and a switch. PBarajlel in the residual flux. So the basic prieifo
charging circuit (not shown) establishes the ihitiag|iminate the core flux asymmetry, the “inducedixfl
voltage across t_he_ capacitor. The device is US&mWh(integral of applied voltage) at the instant of
the transformer is isolated from the power systeh a energization must equal the residual flux. Therefis
connects across one of the transformer windings (tRourse no induced flux before energization, but the
primary winding in the figure). Ideally, the highes soyrce voltage has the prospect to create an idduce
voltage winding is used because of the reducefx. If the source voltage is considered as auwirt
magnetizing current on this winding. Since thgjyx source, then an optimal instant to energize
prefluxing device is only appliedwhen the {ansformer is when the prospective flux is eqaal t
transformer is isolated and can operate at very loje residual flux. It provides the basic strategy f
voltages, relatively inexpensive isolator switch@® controlled closing on single phase transformers|[2].
be used to connect the device to the transformeg. T |, case of controlled switching in multiphase
prefluxing device is sized to operate around thgansformer with no residual flux, only transformer
transformers magnetizing current levels, so thg;ty single-phase cores and only grounded windings
capacitor, diode, and fuse can be sized for aifmact nay pe considered as three single phase transfermer

Line lsoiator

of the transformer rated current. but most transformers on power systems have
o interaction between the phases. In these other
2.2. Controlled Switching transformers, after one phase has been energied, t

The closing resistors have been used to reduce tfigx in the other cores or core legs is not a stat
magnitude of inrush currents. Controlled closing ofésidual flux, but a transient flux, in the follavg
controlling the point on power frequency voltageca".ed dynamic” core flux. Residual Flux: The
wave where energisation occurs has also pedgsidual core flux can assume values up to 85% of
employed to reduce these inrush currents. The powefak normal flux, although moore typical magnitudes
transformers are operated with peak core flux at tfi"® in the range of 20 to 70%. In most three phase
knee of transformer core’s saturation charactessti ransformers, it is possible to use residual flux
The sinusoidal core flux is the integral of appliedn€asurements and controlled closing to eliminate
voltage. When the transformer is de-energised transformer inrush transients. The residual flux ca
permanent magnetization of the core remains due &Sume values up to 85% of peak normal flux,
hysteresis of magnetic material. This residual fisx although more typical magnitudes are in the rarfge o
influenced by the transformer core materia0 10 70%. The residual flux in the cores of three
characteristics, core gap factor, winding capacian pha_lse transformers must |_nherently sum to zero, and
and other capacitances connected to tHypically forms a pattern with near zero residekf
transformer4]. in one phase and plus & minus some finite values in

The core flux and therefore residual flux can b&he other two phases. To mitigate inrush current in
measured by integration of winding voltage. Whemn thtransformers, — three strategies are proposed for
transformer is energised, the instantaneous mmitucontrolled energisation of multi-phase transformers

of core flux at the instant of energisation is the Deviation in mechanical closing times: All circuit
breakers have some statistical deviation in their
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mechanical closing time from operation to operatiorfurther improved by introducing delayed energisatio
For a breaker designed for controlled closing,dgpi of each phase of the transformer. This improvement
closing time deviations are less than + 1 ms. lhas made the proposed scheme almost as effective as
selection of closing instant, it is important tane@er the pre-insertion resistor scheme.
these timing deviations and to understand the It is well known that inrush currents are highly
influence they have when considered together witbhnbalanced among three phases. If a transformér is
flux transients and prestrike. Timing deviationggrounded at the energisation side, its neutralectirr
caused by very long periods between operations (idwill also contain the inrush current. One may
time) can be a potential difficulty in some circuittherefore speculate that if a resistor is inseited
breaker design. Reduction of over 90% from the worgransformer neutral, it may reduce the magnitude of
case inrush currents can be achieved with a circulte inrush current in a way similar to that of the
breaker of normal closing time performance. This caseries-inserted resistor. This consideration formnied
be accomplished by measuring the residual flux ibasic idea of the proposed scheme[8].
transformer core, and using that information whb t Simultaneous closing of all three-phase breakers
appropriate breaker closing control strategy. Thdid not produce sufficient reduction on the inrush
phenomenon of core flux reduction can greatlgurrents. However, if one closes each phase of the
simplify closing strategies, allowing the delayedoreaker in sequence with some delays between them,
strategy to be very effective. The delayed strategy the neutral resistance could behave as a serissores
also provide a reduction of inrush transients wheand improve the results. This simple improvemest ha
switching transformers with more thémee cordegs proven to be very effective. In fact, the idea of
and no delta connected winding. However, completgequential energisation of three-phase equipmant ca
elimination of inrush currents is not possible witis  lead to a new class of techniques to reduce swigchi
configuration[5]. transients.

2.3. Sequential Phase Energisation Technique 2.4. Super Conductor technique

This is a simple and low cost method to reduce Modern Power Systems are growing fast with
inrush currents caused by transformer energisatiomore generators, transformers and large network in
The method uses a grounding resistor connected athe® systems. The installation, running and
transformer neutral point. By energizing each ptaise maintenance costs of the power system equipment are
the transformer in sequence, the neutral resistarore. Whenever a fault occurs, there is a neethéor
behaves as a series inserted resistor and therghptection of these systems. Power System Protectio
significantly reduces the energisation inrush auttre is a branch of electrical power engineering thatlsle
This method is much less expensive, however, sinedgth the protection of electrical power systemsniro
there is only one resistor involved and the resistdaults through the isolation of faulted parts frohe
carries only a small neutral current in steadye§@dt  rest of the electrical network. Superconductorsose

Inrush currents from transformer and reactoof the last great frontiers of scientific discoveHere,
energisation have always been a concern in power this Technique we discuss the use of Super
industry. Over the past several decades, a fe@onductors as protective devices for Surge Current
methods have been proposed to limit the inrusRrotection. Superconductors conduct electricity
current. Representative examples are the synchsonaffering zero resistance below certain temperatures
closing of circuit breakers and pre-insertion ofiese
resistors. 2.4.1. Superconductive FCL

Superconductors offer a way to break through
system design constraints by presenting impedamnce t
the electrical system that varies depending on
operating conditions. Superconducting fault-current
R limiters normally operate with low impedance and ar
"invisible" components in the electrical systemthe
event of a fault, the limiter inserts impedance itite
circuit and limits the fault current. With current
limiters, the utility can provide a low-impedancff
system with a low fault-current level.

In Fig.4, a large, low-impedance transformer is
used to feed a bus. Normally, the FCL does notaffe

Fig. 2. Sequential phase energization the circuit. In the event of a fault, the limitezvetlops

In view of the fact that the inrush currents aren impedance of0.2 per unit (Z = 20%), and thetfaul
always unbalanced among three phases, a neuteakrent ISC is reduced to 7,400 A. Without the
resistor could provide some damping to the currentimiter, the fault current would be 37,000 A. The
This is the basis of the proposed idea. The ideas alevelopment of high temperature superconductors
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(HTS) enables the development of economical faulkigher than the excitation frequency, i.e., doutble
current limiters.  Superconducting fault-currentsystem frequency. The danger of vibration damage
limiters were first studied over twenty years ajbe resulting from resonance excitation therefore
earliest designs used low temperature superconductaisappears. Magnetic fringing and mechanical
(LTS), materials that lose all resistance avibrations disappear completely when the virtual ai
temperatures a few degrees above absolute zero. Lg&» concept is applied. This is one of advantages o
materials are generally cooled with liquid heliuan, this concept; however, the mechanical design
substance both expensive and difficult to handlehallenge is now the relative position of all tirdrig
These discoveries in 1986 of high temperaturbames in order to support the complete internal
superconductors, which  operate at highestructure
temperatures and can be cooled by relatively The virtual air-gap principle consists in modifying
inexpensive liquid nitrogen, renewed interest irthe magnetization characteristic of a magneticudirc
superconducting fault-current limiters. by an additional unidirectional magnetic flux
produced by a set of control or auxiliary windirfgd

Normal Faulted by a direct current. This produces zones of colerol
MIJ\N magnetic saturation level, called virtual air-gaps,
NAAAL 40 MVA 40 NIVA whose effects are very similar to those of devigits
L= L real built-in air-gaps. The advantage of this mdtfs
f “- that the equivalent length of the virtual air-gam de
z=0 z=0% controlled by the magnitude of the dc current agpli
to the auxiliary windings, achieving a controlled
1247 kv y | 124K change in the magnetic core reluctance. This method
# # # 00D 000 [# # HE offers the possibility of developing different stituns
in practical applications such as reduction of the
Fig. 3. Fault Current limiter inrush current in transformers, voltage transfosmer

without tap changer, and variable reactors.

2.5. Virtual Air Gap Technique

This technique is based on the use of virtual air < _7i ol ‘ ] |

gap which equivalent thickness varies in functidn o .

- N

controllable parameters adapted to the configuratio ! ) f%?
of magnetic circuit and the associated controlesyst Y by

This study aims to modify the reluctance of a
magnetic circuit using auxiliary windings called
AGW (Air Gap Windings). The AGW current is T—I--T \ “"--I--q

either set to a specific value using an externaten
or a current sensor, in the main magnetization g Wp— 5 B VOR

winding of the magnetic circuit. Physically, the Fig. 4. design concépt of Virtual Air Gap Techréqu
effects observed on the experimental system ang ver
similar to those of devices with a real built-im-gap.
The originality of the method is in the control thie

Inductance Vs Control cumrent

air gap thickness by the AGW current. Using an "8‘\
AGW always requires a magnetic circuit which is 6
magnetized through a main winding (primary of a \
transformer)[3]. @ \

2.5.1.Mechanical stability problem

Frames installed on the top and bottom yokes as

Inductance (Henries)

well as in lateral columns in single-phase designs, o S

the most common and functional solution used te giv I
mechanical support to windings and core. The set of 6

core, windings and frames are put into a tank nuide ¢ %% contror cument gy

steel plates. Stiffeners are usually provided ¢nhal  Fig. 5. Inductance Of VGR For Different Values Of
sides and top cover to reduce stress and deflectiobontrol Current

under different types of loads. In fixed reactdise Table 1. Comparison between techniques.
physical result in magnetic fringing and mechanical

vibrations. As the material possesses a very high

modulus of elasticity, it is possible to obtainoavést

mechanical resonant frequency that is considerably
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Techniques | Operation Limitations
Inrush current | 1) This technique
can be reduce | measure inrush
by switching | current at different
Point on with all angle of voltage wave.
wave winding and 2) In large transformer
switching core it is difficult to control
configuration | residual flow in the
of power core. Hence only the
transformer low cost practical
option is control
switching.
Grounding 1) itis low cost
resister is method and less
connected at | expensive.
transformer 2) this technique is
neutral point | quite complicated.
by energizing
Sequential each phase in
phase sequence this
energisation | resister
behave as
series
inserted
resister which
reduce
current.
This 2) Electric equipment
technique use | must be manufactured
super robustly so they are
conductor as not damaged by
protective mechanical and
Super device for thermal stress caused
conductor surge current | by inrush current this
protection. means that
which offers equipments are forced
zero electrical | to made big, heavy
resistance to and expensive which
current. required more cost.
This modify 1) It is difficult to
the reluctance | make appropriate air
of magnetic gap in core.
circuit using 2) Due to the virtual
Virtual air auxiliary air gap various
gap winding mechanical problems
technique which limits are occurs.
flux and
hence current
limited.
This 1) This technique is
technique use when the
reduce inrush | transformers are
current which | isolated from power
Prefluxing sets the system.
technique residual flux
of three
phases to a
large
magnitude
and specific
polarity.

2. CONCLUSION

The phenomenon of current reduction can greatly
simplify closing strategies, allowing the delayed
strategy to be very effective. The delayed strategy
provides a reduction of inrush transients when
switching transformers with more than three cogsle
and no delta connected winding. Howeveomplete
elimination of inrush currents is not possible with
theses configurations. In  Sequential phase
energization technique; there is an optimal neutral
resistor value for the proposed scheme. This vialae
compromised value between the need to suppress the
inrush currents when the first two phases are
energized and need to suppress the current when the
third phase is energized. It is not essential ® as
exact optimal value. Resistances around the optimal
value are almost equally effective. With the pragzbs
resistance value(s), the neutral resistor baseenseh
can lead to 80% to 90% reduction on inrush current.
A small neutral resistor size of less than 10 tirtes
transformer series saturation reactance can acBi@ve
to 90% reduction in inrush current among three
phases.
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