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A NEW APPROACH TO FAST INRUSH CURRENT DISCRIMINATION
BASED ON TRANSFORMER MAGNETIZING CHARACTERISTICS
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Abstract - This paper investigates the necessity of pro-
tection devices that implement fast relaying algorithms for
distribution systems to meet the demands for high reliabil-
ity from the viewpoint of power quality. In designing high
speed protection systems, the fast discrimination of magne-
tizing inrush current is also indispensable to prevent the false
tripping of relays. The conventional method of inrush cur-
rent detection for transformer protection recognizes the ra-
tio of the second harmonic component of the differential cur-
rent. The authors propose a new approach to detecting the
inrush current based on the transformer magnetizing char-
acteristics. An inrush current occurs when the transformer
core becomes saturated. The proposesd method estimates the
transformer core saturation by the linear relation between
the differential current and the integral of voltage. Experi-
mental results obtained on a single-phase transformer and a
three-phase transformer are presented.

Keywords - distribution system, protective relay, fast
fault detection, transformer, inrush current, magnetizing
characteristics

1 INTRODUCTION

Recently, more and more large-scale industrial plants
and commercial facilities have introduced on-site gener-

ators, such as cogeneration systems, to increase electric

power reliability. Critical or sensitive customer loads suf-
fer from power quality related problems caused by volt-
age sags caused by faults on the utility system. The ITIC
(Information Technology Industry Council) curve is well-
known for power acceptability[1]. To avoid the influence

of faults on sensitive loads, the on-site generator is sep-

arate from the utility system, and power is supplied to

the sensitive loads from the on-site generator, so that con-

tinuous operation of sensitive loads is enabled. Also in
FRIENDS (Flexible, Reliable and Intelligent Electric eN-
ergy Delivery System), a new concept of distribution sys-
tem, a fault must be quickly detected and removed the
fault, and a high-speed switching system is also being
investigated|[2].

As stated above, there are demands for the improve-

ment of reliability of power supply of distribution sys-

tems from various viewpoints. To decrease the duration
of voltage sags when a fault occurs, fast fault detection
is necessary. For transformer primary protective relays,
to prevent false tripping due to an inrush current, a tech-

nique using the content of the second harmonic compo-
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nentin the current waveform is commonly used. However,
this method requires a longer time to determine the sec-
ond or higher harmonic components in a transient current
waveform, and cannot detect inrush current within the one
short cycle. Therefore, the authors examined a discrimi-
nating method using the magnetization characteristics of
the transformer core to detect an inrush current within one
cycle[3].

A considerable number of studies of detecting in-
rush currents have been made and a method using the
equivalent circuit of the transformer[4], a method observ-
ing the active power flowing into the transformer[5], a
method using artificial neural networks[6], a multi-criteria
approach[7], a method using the similarity between the
waveforms of current and voltage[8], and a method using
wavelet transformation[9] have been proposed. Another
method similar to the proposed method of detecting an in-
rush current based on the magnetization characteristics of
the transformer core has been proposed[10]. These meth-
ods have been proposed as more reliable methods than
the conventional method using the second harmonic com-
ponent. The authors examined a method aiming princi-
pally at fast discrimination because they intend to apply
the method to a fast protection system for distribution sys-
tems.

2 FAST FAULT DETECTION IN DISTRIBUTION
SYSTEMS

In Japan, the reliability of power supply is remarkably
high because of the large investment in power transmis-
sion and distribution equipment as compared to the relia-
bility in foreign countries. However, some users, such as
semiconductor manufacturing plants, require considerably
high quality of power, and instantaneous voltage sags ow-
ing to a fault, such as lightning, in the utility system can
result in serious damage in these plants. Figure 1 shows a
power supply system with an on-site generator and a high-
speed circuit breaker on the plant bus. Sensitive loads are
arranged on the on-site generator side of the plant bus sep-
arate from the non-sensitive loads. When a fault occurs in
the utility system, the fault is detected based on the cur-
rent and voltage values on the plant bus, and the fast cir-
cuit breaker isolates the on-site generator from the utility
system to protect the sensitive loads. In some other plants,
a fast power switching system (SSTS: Solid-State Trans-
fer Switch) has been used. This system receives power
through two sources, and enables the seamless transfer
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of energy from a primary source to an alternative source of the transformer protection relay due to an inrush cur-

when a fault occurs in the utility system[11]. rent is normally a function specific to the transformer pri-
For another example, since the needs of consumersmary protective relay. However, to design a fast protection

will vary because of the recent tendency toward elec- method for distribution systems, it will be required to im-

tric utility deregulation, a flexible, reliable and intelligent  plement the inrush detection algorithm to protective relays

electric energy delivery system (FRIENDS) has been pro- other than the transformer primary protective relay, such

posed. This system has power quality improvement cen- as overcurrent devices.

ters (QCC: Quality Control Center) that implements dis-

tributed power sources and power storage equipment be- 3 BASIC PRINCIPLE AND ALGORITHM

tween distribution substations and consumers, and uses an

information network to realize highly reliable power sup- 3.1 Theoretical Background

ply, energy conservation and high-quality customer ser-  The magnetizing characteristics of a transformer core
vice. When a fault occurs on such a system, itis necessary 5re indicated by the B—H curve as shown in Figure 2. The
to detect the fault in a short time. A system switching - magnetic field intensityd is in proportion to the current
method using thyristors has been proposed|2]. valuei, and the change in magnetic flux dendiyrom
Utility System On-site Generator residual magnetic flux density; is in proportion to the

Fast Protective Relay integral of voltagev. The B—H curve inherent to each

e transformer can be divided into two linear segments, one
— YT is segment A-D, the condition in which the transformer
Trip Signal ¢ NT“ core is not saturated and the others are segments A-B and
- i C-D, the condition in which the transformer core is satu-
CT rated because the magnetizing current in the non-saturated
Plant Bus-Tie Breaker E‘] E‘] condition is negligible small.
(High-speed Mechanical
Switch)
Integral of voltage
Non-sensitve Loads Sensitive Loads Saturation flux ) B
Figure 1: Example of sensitive load protection system. \/--
As stated above, methods of quickly removing faults Residual flux A

in the utility systems and avoiding the influence of faults
have been examined from various viewpoints for distribu-
tion systems to increase the reliability of power supply.
Therefore a technique to quickly detect faults is impor-
tant as a basic technique in these systems. The influence
of an instantaneous voltage sag of a half cycle upon load
devices is considered to be insignificant with respect to wiD
power electronics devices, induction motors and electro-
magnetic switches. Therefore, to protect these devices C
from the influence of instantaneous voltage sags, it is nec- Figure 2: Magnetizing characteristics of transformer core.
essary to reduce the duration of an instantaneous voltage
sag to less than a half cycle and to detect a fault and open  Although it is difficult to obtain the initial magnetic
the switch in a few milliseconds. As for circuit break- flux density during energizing, it exists between A and D
ers, a fast mechanical switch by an electromagnetic repul- because the transformer core is not in a saturated condi-
sion method that ensures an opening time of 1 ms or lesstion. Suppose that the initial magnetic flux densityjs
has been developed[11]. The demands for fast discrimina- After the transformer energizes, the relationship between
tion may be satisfied by fast sampling at, for example, 10 the current value and the integral of voltage changes
kHz or more, in a fault detecting device using hardware, along the magnetization curve of the core as the arrow
such as DSP, and the implementation of an algorithm that shown in the figure. When the magnetic flux density)
is guite different from the conventional protective relay reaches the saturated magnetic flux density, point A, an
algorithm[14]. inrush current starts to flow. The value of the integral of
In power supply systems in customer facilities the pro- the voltage is zero, so the origin of the diagram in this fig-
tective system composed of overcurrent devices based onure can be regarded as point kecauseB; is unknown.
time grading coordination is mainly used. The overcurrent In other words, when the locus obtained by the measured
device basically detects faults based on only the magni- voltage and current is moved parallel By in the y-axis
tude of the current, so the implementation of the faster direction, the curve will overlap with the original curve
algorithm of the overcurrent detection to digital relays shown by the broken line in the figure.
is not considered to be difficult although some consid- A method has been proposed that detects an in-
eration must be given to determine the time-current set- rush current by estimating dynamically the magnetization
ting of the overcurrent devices. Avoiding fault tripping curve by plotting the integrals of the voltage and the sums

Current
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of current of each winding and examining whether the inrush when the secondary side was open and the other a
plotted(H, B) locus crosses the zones according to the pre- short-circuit fault when the circuit on the secondary side
defined zones[10]. The method proposed in this study dis- was shorted to simulate an transformer internal fault, and
criminates an inrush current by predicting the segment of the integral values of the voltage and current values were
the magnetization curve. Since the transformer becomes plotted using these waveform data.
equivalent to an air core condition when the magnetic
flux densityB(t) exceeds the saturated magnetic flux den- 000 : : , , ,
. Voltage[V] —
sity, the reactance looks to be apparently almost constant. Current[A] -~ -
Therefore, if the ratio of the current value to the voltage 4000 - 1
integral value becomes almost constant in the predeter-
mined time range of some milliseconds, the transformer 2000
core is supposed to be saturated, and the current is consid-
ered to be an inrush current. When an internal short-circuit
fault occurs, the voltage and current waveforms show si-
nusoidal waves, and also the voltage integral values show
a sinusoidal wave. Therefore, when the relationship be-
tween current values and voltage integrals is plotted, the
locus shows a curve like a Lissajous figure. The shape of  -eo00

-2000

-4000 B

the Lissajous figure depends on the phase difference of the 0 10 20 Timg{’ms] 40 >0 60
voltage and current determined by the impedance to the (a) Voltage and current
fault point and normally has a shape of a gradient ellipse, 20

so the locus is monotone decreasing or increasing. s
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Figure 4: Measured waveform of voltage and short-circuit current, and
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Figure 3 shows the waveforms obtained when an in-
; rush occurred, and Figure 4 shows the waveforms obtained
5l 3 | when a short-circuit fault occurred. As is evident from

g these figures, the locus obtained when an inrush occurred
10} § ] is similar to the magnetization curve, while the locus ob-
tained when a short-circuit fault occurred has a shape like

a Lissajous figure.

3.2 Inrush current discriminating algorithm

Integral of Voltage[Wb]

St Considering that the relationship between the integral

10l ] value of voltager and the current valuebecomes almost
: linear when an inrush occurs, it is possible to detect an in-
15500 1000 o 1500 2900 3900 2900 5000 rush through the following calculation with rgspect to the
Current{A] integral value of voltage and the current valuie
_ (b) Current vs. integral of voltage First, the moving average @f, measurements in the
Figure 3: Measured waveform of voltage and inrush current, and the ti lculated at the tinket higher h .
locus by the proposed method. past is calculated at the tinketo remove higher harmonic
components. The moving average of the current values at
The proposed method was validated by a simulation each point in time iy, and the moving average of the in-
using actual measurement data on current and voltagetegral values of the voltageyg. The linear regression line
waveforms of a 3300[V]/100[V], 1200[kVA] single-phase is determined with respect to the sample having a larger
transformer. The voltage and current waveforms on the window width n, than the moving average from the data
primary side were measured in two cases, one being an{(x,yi) |[i=k—ny+1,... k}.
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1)

The average deviation from this linear regression line
is defined as follows.

y = aX+ by

k

o= — (Vi — (2% +by) }2 )

N2 5,41

An inrush is discriminated by verifying whether the
following equations are met to determine whether the de-
viation of then, moving average data in the past with re-
spect to the linear regression line is small and whether the
gradient of the linear regression line is close to the air core
inductance_,ir by (3) and (4), wher&; andK, are pre-
defined threshold constants.

& < Kg

®3)
(4)

The parameters; andn, should be chosen according
to the sampling frequency and the discrimination time. In
our research, the sampling frequency is more than 10KHz,
son; andny are set to less than 10 and 20 respectively. In
addition, the threshold values of the paramekarandK»,
are determined to 10% of the air-core inductance.

|ak* I-air| <Kz

4 APPLICATION TO THREE-PHASE
TRANSFORMER

4.1 Consideration of helping effect

The application of the above method to three-phase
transformers is shown below. For three-phase transform-
ers, consideration should be given to the winding connec-
tion and the neutral point connecting method. The pri-
mary distribution system in most industrial plants or com-
mercial facilities is in the range from 3.3kV to 33kV, and
insulated neutral point to earth methods are used widely
in Japan. In the following investigation, the windings of

the three-phase transformer are wye-delta connection, and

the neutral point is ungrounded. Almost similar considera-
tions can be made with respect to the delta-wye connection
transformer.

i]c
Figure 5: Helping effect in three-phase transformer.

When an inrush occurs in a phase of a three-phase
transformer, since the current corresponding to the inrush
current flows in the secondary delta winding, the current
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flows to the other phases in which an inrush has not oc-
curred in the primary side[12]. Assume that an inrush oc-
curs in phase A while the secondary side is open. Suppose
that the primary current values in the phasesiggiin
andiyc and the current flowing the secondary delta wind-
ing isi;. If the single-phase inrush current in phase#,

if the helping effect is of no effect, the relation iaf, i1,

i1c, ima, 1| @re described in (5), (6) and (7) as follows.

®)
(6)
("

Whereimgandi; can be determined by these equations.

ila: ima—il
i1p = —i|

i1c = *il

ima: éi]_a (8)
. 1. 1.
I = §|ma: E'la 9

For the proposed method, it is not necessary to use
the measured current of each phase itself directly, but the
single-phase inrush curreipt; of each phase.

To simplify the calculation in the above examination,
it is considered that an inrush occurs only in one phase.
However, since the magnetic flux of each phase changes
according to the topology of the magnetic circuit depend-
ing on the core structure, magnetic saturation may occur
not in a only single phase, but in some phases. In the
following calculation, the single-phase inrush current val-
ues of the phases aiga, imp andime. Loads are consid-
ered to have been connected on the secondary side, and
the secondary current values of the phasesaré, and
ioc. Of the secondary delta winding current, the part that
contributes to the helping effectiis Thus, the following
equations are obtained.

. . .1 .
|]_a:|ma_|| +§(|2b—|2a) (10)
. . .1 .
l1p = fmb— i1 + 3 (i2c —i2p) (11)
. . 1 .
llc =Imc— I +§(|Za_|20) (12)

Then, i) is eliminated to obtain the following equa-
tions.

ima*imb:ila*ilb*iZb (13)
ima*imc:ilafilc+i2a (14)
imb—imec=l1p—l1c —li2c (15)

It is impossible to predict in which phase of phases A,
B and C an inrush will occur. However, there is a very
small possibility that an inrush will occur in all phases.
If inrushes occur in phases A and By is regarded as
zero, andma andin, can be obtained from (14) and (15)
by substituting measuring the primary current values and
secondary current values on the right side of (14) and (15).
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When inrushes occur in phases B and C, and phases A andvalues determined by the equations from (16) to (21) us-
C they are considered in the same manner. The currenting the measured current values and the integral values of

values to be used for discriminatia, ima2, imbt, imkes voltage in each phase. There are six combinations of de-
ima andime are defined as follows. termined current value and voltage in each phase as shown
above. Figure 7 shows only two combinations in which an
imal = i1a—i1p—i2n (16) inrush was discriminated. In this case, inrushes occur in

phases A and B. It is possible to observe an inrush on the
phase A winding from the relationship between the inte-
gral value ofvyn, and the current, and an inrush on the
phase B winding from the relationship between the inte-
imbt = i1p — 11c — I2¢ (18) gral value ofvyp and the currenim. With the applica-
tion of (3), inrushes on the phase A winding and phase B
winding were detected at 1.8 ms and 3.8 ms after the cur-

ime2 =li1a—li1c+i2a (17)

Imte = —i1a+i1p +i20(= ~imat) (19) rent became larger than the given threshold respectively,
before the current value reached the peak. This means that
imd = —i1a+i1c —i2a(= —ima2) (20) the proposed method is effective even for inrushes in two
phases.
im(QE_ilb+ilc+i20(: _imbl) (21) 250
These defined values can be obtained from the mea- 200 |
sured current values. The voltage in each phase is as 150 |
shown below. < 00l
£
(4]
. diy £ 50
Vma = Via — Rial1a — |—1adiz11 (22) ©
t >
di £ 50|
. l1p a
Vb = V1b — Rapi1p — L1o~~ (23) -100;
150}
. diy 200
Vme = Vic — Ricl1ic — |-lcditC (24) 250 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
o e 0 5 10 15 20 25 30 35 40 45 50
The relationship between combination of voltage and Time [ms]

defined current values to which this proposed method is Figure 6: Waveform of current during inrush.
applied and the phase in which an inrush is discriminated

is shown below: The relationship between combination of 25 \ ; \
voltage and defined current values to which this proposed 20 | - (Va, ima)
method is applied and the phase in which an inrush is dis- = 15} 1 Y |
criminated is shown below: R (4.8ms, 277A) |
[
(Vmayimat) OF (Vma,ima2) = inrush in phase A :_E’ 5t
(Vmbs imbt) OF (Vmb,imie) = inrush in phase B e ]
(Vme,ima) Of (Vimg,ime2) = inrush in phase C T 5 [
_ _ ) _ £ -10| : {
The proposed method is applied to these six combina- — 5 (Vo, dmo) ;
tions of voltages and currents, and an inrush in each phase ol ¥ -
i 20} o= :
can be discriminated. s K1 .8ms, -2348),
4.2 Simulation results by experimental data -400 -300 -200 -100 O = 100 200 300 400

Difference of current [A]

The proposed method was investigated based on theFigure 7: Magnetizing characteristics during inrush.
experimental data obtained by using a 6600[V]/210[V],
300[kVA] wye-delta connected transformer. The primary Next, the results in the case of a fault in the transformer
current, primary voltage and secondary current were mea- are described. Figure 8 shows the primary current curves
sured when the transformer was energized in two cases: obtained when the three phases were short-circuited on the
when the secondary side of the transformer was open, andsecondary side of the transformer. Figure 9 shows the re-
when a short-circuit fault was caused to simulate an inter- lationship between the difference of current in each phase
nal fault. and the integral value of the potential of each phase from

First, the results in the case of an inrush are described the neutral point under the same conditions as in Figure 8.
below. Figure 6 shows the primary current obtained when One of the six combinations is shown in this figure. As the
the transformer secondary side was open. The proposedresult of use of (3), an inrush was not observed in all six
method is applied to the relationship between the current combinations.
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Figure 8: Waveform of current during internal fault.
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Figure 9: Magnetizing characteristics during internal fault.
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4.3 Discrimination of inrush with simultaneous short-
circuit fault

When a short-circuit fault between phases occurs, if

the voltage sag in the other phases is small, an inrush may

occur on the windings of these phases. Figure 10 shows
an example of this condition. Then, when the state in
which the condition oflima (= —imre)| > imin has lasted

for a determined timéyp, if the conditions of(Vima, ima)

and (Vmp, imkz) are not discriminated the inrush, i.e. there
is a strong possibility that an inrush has not occurred in
phase A or phase B, and it is considered that a short-
circuit fault may have occurred. Aldgyy (= —img) and
ima(= —ima) are evaluated in the same manner, and,

Session 42, Paper 2, Pag:

(\;nn, i mc2) |
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Figure 10: Example of inrush during short-circuit fault.
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5 DISCUSSION

5.1 Relationship between residual magnetic flux density
and inrush

The magnitude of an inrush current depends on the
residual magnetic flux and the voltage applying phase of
each phase. Figure 11 shows an example in which the in-
rush cannot be detected. The reason for this failure is that
the amplitude of the inrush current is too small. In the
proposed method, the appropriate threshold of detecting
an inrush current has to be determined. It is appropriate
to set the threshold to several times as much as the base
current.

10

5 | (Vmc, imcz) |

S
= [ R
o)
>
S-10¢t
[
>
L -15
£

-20 + /;

-25 +

-30 L L L H L

-800 -600 -400 -200 0 200 400
Current[A]

Figure 11: Example of failure to detect an inrush.

If the residual magnetic flux is obtained when a trans-

when the short-circuit fault is observed in at least two of former stops, the occurrence of an inrush current can be
these three conditions, it is considered that a short-circuit Prevented by synchronous controlled switching suitable
fault has occurred. The condition of detecting a short- for €ach of three phases. However, in the transformers

circuit fault is as follows:

if at least two of the following three conditions:
if {|ima1(: *imtﬂ) > imin|} and
{(Vma,imar) @and(Vmp, im) NOt inrush}
{ (Vimby imbt) @Nd (Ving, ime) NOt inrush
if {“mfﬂ.(: —ima2) > imin‘} and
{(Vmc, Imcl) and(vma, |m32) nOt Inrusf‘}
then short-circuit fault

used on plant facilities of customers, it is generally diffi-
cult to obtain the residual magnetic flux before the trans-
formers energize. Therefore, it is considered to be diffi-
cult to prevent an inrush by optimal controlled switching
in plant facilities of customers.

5.2 CT saturation

Since the proposed method is based on the magneti-
zation characteristics of the transformer core, its discrim-
inating performance may degrade when CT is saturated if
the voltage sag is small, because the CT saturation affects
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the secondary sigals and the saturation characteristics of [3] M. Kitayama and M. Nakabayashi, “A Fast Dis-

the transformer core cannot be estimated correctly by the
distorted signals. However, measuring devices, such as
Rogowski coils and optical CTs, will be mainly used in
distribution systems. Although Rogowski coils have some
problems, such as a problem of noise removal, because of
their low sensitivity, recently, those on the practical use
level have been developed[13]. Optical CTs are character-
ized by their compact sensor blocks, ease of ensuring elec-
trical insulation and resistance to external noises because
they obtain measurements based on the optical Faraday ef-
fect. The use of such CTs without a core will decrease the
problems of CT saturation.

6 CONCLUSION

This paper proposed a new fast discriminating method
of magnetizing inrush in energizing transformers in distri-
bution systems.

Distribution systems require fast fault detection from
the viewpoint of power quality. Therefore, discriminating
an inrush to meet the demand for increased reliability is
also indispensable. Formerly, the function of detecting an
inrush was a function specific to the transformer primary
protective relay. However, it will be required to provide
overcurrent relays with this function on distribution sys-
tems.

Therefore, an new method of discriminating inrush
current that predicts the magnetization characteristics of
the transformer core based on the relationship between in-
tegral values of voltage and current values was proposed.
To apply this method to a three-phase transformer, it is
necessary to use the single-phase inrush current values de-
termined in consideration of the helping effect.

The authors validated the proposed method using
test data obtained with the transformer of actual equip-
ment. The proposed method could detect an inrush current
within a half cycle, 4 to 5 ms, and proved to be effective.

The authors will examine the discriminating algorithm
in more detail based on the results of the experiments,

the hardware architecture to which the algorithm will be [11]

implemented, and the fast protection system using this
method on distribution systems.

IEEE Power Engineering Education Committee, Ad-
vancements in Microprosessor Based Protection and
Communication, IEEE Tutorial Course, 97TP120-0, 1997

[12]
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