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This study presents a modified transient current limiter (MTCL) for mitigation the inrush current of
transformers. The MTCL is based on conventional transient current limiter (TCL), which, its
configuration is modified to overcome the TCL drawbacks of operation. The proposed MTCL offers
lower power losses and voltage/current THD during normal operation mode. It needs only one limiting
reactor instead of two limiting reactors, which results in cost saving. The theoretical analysis of the
MTCL for suppressing the inrush current has been presented and the performance was tested by
PSCAD/EMTDC simulation anda experimental prototype. Both simulation and experimental results
showed that the MTCL is effective for suppressing the transformer inrush current. Also, the capability
of the MTCL for suppressing the transformer inrush current was compared with the conventional TCL.
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1. INTRODUCTION

Transformers are key equipments of power systems.
Their availability and the life time have major impact on
grid reliability and efficiency [1, 2].

The energization of power transformers can cause
saturation of the transformer magnetic core and flux
asymmetries. This saturation leads to large inrush
currents flow with a high DC component and a wide
harmonic spectrum. Depending on the instant of
energization and grid voltage, the amplitude of the inrush
currents may increase to several times (up to 10-15) of
the transformer rated current.

These large transient inrush currents will impose high
thermal and electromechanical stress on the transformer
winding and malfunction of differential and over current
relays during the energization time [3, 4]. It may decrease
the longevity of the transformer, and the system
reliability. Therefore, to avoid these problems, the inrush
current should be suppressed during the energization
time [2—4].

In the literature, three main approaches have been
proposed for limiting the inrush current of power
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transformers, which can be categorized as three
following approaches:

Approach 1: Changing the internal structure of the
transformer includes the winding structure and core
magnetic characteristic [5-7].

Approach 2: Controlling the instant of the energization
using a control circuit to control the switching angle [8,
9] and sequential switching of the phases [10-12].
Approach 3: Using impedance in the primary side of
transformers [13-22].

The virtual air gap method has been present for
limiting the inrush current of transformers [4]. In this
method a DC current source uses to inject DC current in
the auxiliary winding inside the core to reduce the
permeability of the core. It has been reported in literature
[5, 6], the primary and secondary coils of the transformer
has been designed with an asymmetric winding
distribution ratio to suppress the inrush current. In both
solutions the transformer design consideration is more
complicated, due to change in the transformer internal
structure. Also, the efficiency of these methods for
limitiging the inrush current is not significant.
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Another approach to limit the inrush current include
controlling the switching angle and the sequence of
energizing each phase of the transformer. Both solutios
require an additional detection and control energizing
angle precise system. Lack of precision can result in large
inrush currents at energizing instant. Moreover,
independent operation of the circuit breaker poles is
necessary to succeed in this approach [7—12].

Several types of current limiters (CLs) have been
proposed for limting the transformer inrush and fault
currents [13-22]. The application of the superconducting
fault current limiter (SFCL) was recognized as an
effective solution for limiting the transformer inrush
current. Howevere, the high cost of superconducting
material and cooling system are main drawbacks of
SFCLs [14, 15].

The DC reactor-type inrush current limiter (DR-ICL)
has been used for suppressing the inrush current [16, 17].
It has simple structure and requires any detection and
control system. By using DR-ICL, the rate of rise of the
transformer inrush current is suppressed by DC reactor
without any delay and control system. Although, the
utilization of the DR-ICL effectively suppresses the
transformer inrush current. However, unacceptable
distortion (THD) of the transformer voltage and current,
high inductance value of the DC reactor and power losses
of its resistance are the main drawbacks of the DR-ICL.
A three-phase diode bridge-type ICL based on DR-ICL
has been proposed [18]. The size of DC reactor and the
number of diodes used in this structure is reduced;
however, it is suitable for application of the ungrounded
Y connected primary winding of transformers. The diode
bridge-type ICL with an additional leg has been proposed
in literature [19]. It effectively suppresses the transformer
inrush current; however, it has the same drawbacks of the
ICL presented in literature [18]. A voltage compensation-
type ICL (VC-ICL) based on DR-ICL has been proposed
to enhance theinrush current mitigation performance
[21]. In this structure a DC voltage source is used in
series with the DC reactor to compensate the power
losses of the DC reactor during normal operation mode
and limiting the increasing of the inrush current during
the energization time. The DC compensation voltage
source, includes a rectifier and multi output transformer.
High construction cost and complexity in controlling the
transformer ratio are the main drawbacks of this
topology. Tseng and Chen [20] have proposed the
bidirectional impedance-type ICL (BI-ICL) to enhance
the aforementioned drawbacks of the DR-ICL.
Compared to the ICL resented in literature [21], the BI-
ICL has two DC reactors to mitigate the positive and
negative inrush current. Although, the BI-ICL exhibits
better performance than the DR and VC-ICL; however,
its cost and power losses are higher than both ICLs. A
transient current limiter (TCL) has been proposed in
literature [22]. It is based on the BI-ICL, in which the DC

compensation voltage source has been eliminated to
reduce the cost and complexity of the BI-ICL. It has
simple configuration compared to the BI-ICL. But, it has
the same drawbacks of the DR-ICL includes high power
losses, unacceptable THD of the current and voltage
waveform during normal operation of TCL.

Considering this background, this paper presents a
modified transient current limiter (MTCL) for
suppressing the transformer inrush current. The proposed
MTCL has following advantages:

o [t offers lower power losses and voltage drop during
normal operation mode.

e It offers lower voltage/current distortion during
normal operation mode.

e It needs only one limiting reactor instead of two
limiting reactors of conventional TCL, which results in
cost saving.

e It has superior performance for suppressing the inrush
current.

To show the efficiency of the MTCL, the
performance of the MTCL is compared with the
conventional TCL through both simulation and
experimental measurements. The simulations have been
performed in PSCAD/EMTDC software.

2. TRANSFORMER MODEL

Representation of transformers is a fundamental
necessity for the analysis of transient inrush current
during energization period. The library of the
PSCAD/EMTDC software provides a classical model for
the transformer. In this model the transformer is
represented by three separate single phase transformers
with no coupling between phases [23]. In the classical
models, the non-linear characteristics of the magnetic
core are approximated based on the'air core reactance',
the 'knee point' and the magnetizing current at the rated
voltage and is represented by a compensating current
source (I). Figure 1 shows the modelling process of the
transformer. The flux @s(t) is determined as a function
ofthe integral of the low voltageside (Vi) of the
transformer. This characteristic can be derived from the
open circuit test. Then, the magnetizing current is
determined by the flux linkage through the nonlinear ;-
I characteristic, as shown in Figure 1.

Figure 1. Classical Model of Transformer
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The magnetizing current at rated voltageand the
position of the knee point on the s-Is characteristic
determinesthe air core saturated reactance of the
transformer. This asymptotic function is programmed
internally within the PSCAD/EMTDC software. The
details of this model have been represented in literature
[23, 24].

3. MODIFIED TRANSIENT CURRENT LIMITER
(MTCL)

The power circuit and principle operation of the TCL has
been described in literature [22]. It is inserted into each
phase to mitigate inrush current as shown in Figure 2(a).
Although, the utilization of the TCL in series with three
phase transformer effectively mitigates the magnetizing
inrush current; however, it has some drawbacks with its
operation as follows:

It needs two limiting reactors to limit the positive and
the negative cycle, increased current (reactor A for
negative cycle and reactor B for positive cycle), which
leads high cost of this structure.

Flowing the line current through the limiting reactors
leads to high power losses of the MTCLdue to
theresistance of the limiting reactor during normal
operation mode of system. Operation of the TCL in
normal and energization time result in unacceptable
distortion in voltage and current waveforms.

3. 1. Configuration of MTCL To cope with the
aforementioned drawbacks of the TCL operation, the
structure of the TCL has been modified in the first
step.Also, In the next step, the control system is designed
for proper operation of the MTCL.

The schematic diagram of the MTCL is illustrated in
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Figure 2. Power circuit of (a) the TCL, and (b) the MTCL

Figure 2(b). It consists of the two small DC reactors (LD1
and LD2) to limit the rate of increasing transient current,
two gate turn-off thyristor (GTO) semiconductor
switches includes T1 and T2 and a limiting reactor (LR)
to mitigate the transient current. The RL and LL
introduce the resistance and inductance of the LR.

3. 2. Principle Operation of the MTCL The
principle operation of the MTCL for limiting transient
currents is based on changing the operation of the MTCL
from normal operation mode to limit operation mode by
switching the T, and T». The MTCL is able to limit
transient currents such as short circuit current, motor
starting current and transformer inrush current;
however,the performance of the MTCL for transformer
inrush current mitigation is presented in this work. Figure
3 shows the performance of the MTCL for limiting inrush
current during energization inception. The normal
operation mode of the MTCL includes before
transformer energizing, short circuit fault and motor
starting instants. During this mode, the T; and T, are
turned on. Therefore, the line current flows for positive
half cycle through T; and Lp; and negative half cycle
through T> and Lp,. The flowing current through the
limtig impedaceis approximately equal to zero due to the
large impedance of the limiting impedance, which offers
low voltage drop and power losses during this mode.

The performance of the MTCL during energizing
time of transformer is divided in two before and after
switching of the T; and T,. At first mode, the T and T
are in on state and transient current flows through the Lp;
and Lp,. Therefore, the Lp; and Lp, suppresse the rate of
increasing of the transient current at fault inception
without any delay. It causes the DC reactor current (i.e.
ip1 and ipy) increases with a constant rate. When the ip;
and ip; raises to the threshold current (i), the MTCL
control system turn off the T, and T>.

After, turn off the T, and T,, the second mode is
started. During this mode, the T and T, are turned off by
the control system and the limiting impedance is inserted
in series with the line and the transient current is limited
during this mode as shown in Figure 3.

3. 3. Analytical Studies For analyzing the
performance of the MTCL, the power circuit illustrated
in Figure 4(a), is used. The simple and convenient
transformer circuit model, which constructed in literature
[15], which is used in this paper as shown in Figure 4(b).
Rp and Lp represent the resistance and inductance of the
primary winding of transformer. Ry is equivalent
reistance for modelling the iron cor power losses. Lu
represents the instaneous inductance resulting from iron
core magnetic path, which altenates between the satured
(LMS) and nonsatured values (LMNS). The performance
of the MTCL during an energizing time of transformer is
divided in two following modes.
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Figure 4. (a) Test system includes the MTCL and transformer,
(b) Magnetising transformer model, (c) magnetizing inuctnace

3. 3. 1. Limiting the Rate of Rise of Inrush Current
During this mode, the T, and T, are turned on. For
positive half cycle operation, the T is forward biased and
T, is an inverse state as shown in Figure 5(a). Due to the
large value of the Ry ,it is assumed that the power loss of
the iron core is neglected to simplify the analysis of the
MTCL performace. During this state, the rate of rise of
the inrush current is suppressed by the Lpi. The current
is can be derived by the following equation:

Vi sin(et) = LEE + Vg + Rig (1)

Where, L=LstLpitLym+Lp, R=R¢tRp and Vg is the
forward bias voltage of T;. By solving (1), the
transformer current is expressed as follows:

) Vi . Vin .
ig(t) = Esm(mt —@)+ [|7 sin(wtyg — @) —

v o-fe 6)
R

where, |Z| = VR + Lw? and @ = tan_l%.
Also, the limiting reactor current (iL) can be derived as :

di di
Vp =Ly g+ Lpy 3¢ 3)
And,
R
L = (1 -enlt) @)

For the negative half cycle operation of the MTCL, the
T, is inverse state and the T is forward bias as shown in
Figure 5(b). During this state, the Lp, limits the rate of
rise of inrush current.

3. 3. 2. Limiting Inrush Current When of the
DC reactor currents (i.e. ip; and ipz) reach to the there
should value (it) , the control system makes the T; and T»
turn off. Figure 5(c) shows the equivalent circuit of the
MTCL during this mode.

After turning off the T, and T», the limiting reactor is
inserted in series with the transformer and limits the
inrush current. In this state, the line current can be
derived as follows:
dig

Vp, sin(wt) = L m

+ Vg + Rig (5)
Where, L=Lst+Lpi+Lyv+Lp, R=Rst+Rp. Therefore, the line
and transformer current (is) can be written as follows:

R
is() = ‘l%"l“sin(mt —@)+ [‘I%"I] sin(wt; — @) %] e T ()

where, |Z| = VR? + Lw? and ¢ = tan_l%.

After several cycles, the control system generates a
high voltage level signal to turn on the T; and T..
Therefore, the circuit operation returns back to normal
operation mode.

3. 4. MTCL Power Losses The MTCL power
losses include loss of limiting reactor and GTO
semiconductor switches T and T,. The power loss of T
and T is derived as follows:

Ploss = Vi1 lar + Vez laz ©)
Also, the limiting reactor power loss is

Pl%ss =Ry if (®)
Therefore, total power losses of the MTCL are as follow:

Protal = Vi igq + Vg laa + Ry i} )
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3.5.MTCL Control System Control block diagram
of the MTCL illustrated in Figure 6. In order to control
of the MTCL for suppressing the inrush current of the
transformer, the ip; and ip> is used as a control signal. At
the first control loop, the Ip; is measured via a current
transformer (CT) and compared with the permissible
current level (ip) through the comparator (1). At the
second current loop, the I p; is measured via a CT and is
compared with the i through the comparator (2).
Depending on the polarity of inrush current at the first
cycle after energization, the DC reactor current increases
as shown in Figure 3. If one of the ip; and ip> exceeds the
ip, the control system makes the T; and T, turn off as
shown in Figure 6.

Pulse
Generator

Figure 6. Control system of the MTCL

After 10 cycles delay, a rest signal is sent to the step
generator to generate a high level signal and turns on the
T1 and Tz.

4. SIMULATION RESULTS

To investigate the efficiency and performance of the
MTCL, the test system depicted in Figure 7, is used.
Also, the performance of the MTCL is compared with the
TCL. The test system, TCL and MTCL parameters data
are given in Table 1.

The simulations were carried out for two transient
conditions as follows:

4. 1. Transformerenergization In this condition
the transformer is investigated by closing the CB1 at t=1s
and no-load condition (i.e. CB2 and CB3 are open). The
transformer is energized for following scenarios:

e Scenario A: Without using any current limiter

e Scenario B: With using the conventional TCL

e Scenario C: With using the MTCL

i =
p—t- 5
Vs roc p——_pp =
I3 0" CRI ;
[ = «—C

Y/A

Loadk

Il

Figure 7. Simulated system

TABLE 1. Parameters of the simulated test system

Parameters Value
Source 10kV
Frequency 50 Hz
Grid
Source resistanc 0.05Q
Source reactance 1 mH
Power rating 10 MVA
Voltage ratio 1
Rated frequency 50 Hz
Transformer
Leakage Reactance 0.1 pu
Air core reactance 0.1pu
Magnetizing current 2% In
Lq 1 mH
Lo 0.1 H
MTCL
Ry 1Q
Ve 12V
La=Ls 0.1H
TCL

RA:RB 1Q
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Figures 8(a), 8(b) and 8(c) show the transformer inrush
current for scenarios A, B, and C, respectively. As
illustrated in these figures, the inrush current of the
transformer raises to the peak value of 0.8 kA at the
energization instant for scenario A. By using the TCL and
MTCL the peak value of inrush current effectively is
reduced to 0.1kA and 0.05kA, respectively. Figure 9
shows the amplitude of the 2""-7" harmonic orders for all
scenarios. As illustrated in this figure, the amplitude of
the harmonic orders effectively is reduced by using the
TCL and MTCL. However, the MTCL has minimum
harmonic amplitude compared with the TCL.

4. 2. Fault Current Limitation As shown in
Figure 7, at this condition a three line to ground fault
(3LG) is applied at t=4s. Figures 10(a), 10(b) and 10(c)

Current (kA)
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Figure 8. Transformer inrush current (a) Scenario A, (b)
Scenario B, (c) Scenario C
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Figure 10. Short circuit current (a) Scenario A, (b) Scenario B,
(c) Scenario C

show the fault current for scenarios A, B, and C,
respectively. In the scenario A, the peak value of the fault
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current is increased to 2.3 kA at fault instant. In the
scenario B, the rate of rise of fault current is limited by
using the TCL, however, the fault current increases
gradually and reaches to 1 kA after 10 cycles. By using
the MTCL, the fault current is reduced to peak value 0.21
kA. Figure 11 shows the PCC voltage profile for all
scenarios. As illustrated in this figure, the PCC voltage
sag effectively reduced by using the MTCL compared
with the TCL.

4. 3. Comparison of the TCL and MTCL In
comparison with other types of ICLs, the number of
semiconductor switches used in the TCL and MTCL
configuration is reduced from 12 to 6 for three-phase
structure, which results in reduction of cost and
increment of reliability. However, the semiconductor
switches of the MTCL needs control system, which
reduced the reliability compared with the TCL. Also, the
MTCL has two DC reactors and one limiting reactor,
however, the TCL has two limiting reactors. The
inductance and current rating of DC reactors are very
small compared with the limiting reactor, which results
in reduction of power losses, current and voltage THD,
voltage drop and increment of efficiency compared with
the TCL. Comparison between the TCL and MTCL is
shown in Table 2.
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% 05 : N
2 : :

0.25 : «ssxss Scenario A
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Figure 11. PCC voltage for all scenarios

TABLE 2. Comparison between the TCL and MTCL

Factors TCL MTCL

Power Losses Vor dutra Iy + Veriart Ve ia
(Voi Irtrs It +Ry i’

efficiency 99.7% 99.9%

THD 0.29% 0.12%

cost Moderate (Lessl\gl(:riletrﬁ;eTCL)

Restriction No restriction No restriction

Auxiliary control system Not required required

5. EXPERIMENTAL RESULTS

To show the feasibility of the MTCL a test setup has been
built as shown in Figure 12. The parameters of test
system are listed in Table 3. Figures 13(a), 13(b), and
13(c) show the transformer phase A current for scenario
A, B, and C, respectively.

When the CB is closed at voltage phase angle 0, the
transformer draws inrush current with peak value of 8 A
as shown in Figure 13 (a). By using the TCL and MTCL
the peak value of transformer inrush current reduced to
2.2 and 1.5 A at energization time. The experimental
results shown in Figure 13 show the capability and the
superiority of the MTCL over the conventional TCL.
Figure 14 shows the DC reactor current, which is used as
control signal.

TABLE 3. Parameters of the expermintal power circuit

Parameters Value
Source 380V
Grid
Frequency 50 Hz
Power rating 2kVA
Voltage ratio 220/50
Rated frequency 50 Hz
Transformer Rp 21Q
Lp 35 mH
Lwm 158 H
Rm 8.2kQ
Lq ImH
Lo 0.35H
MTCL
Ry 25Q
Ve 1.2V
La=Ls 0.35H
TCL
Ra=Rp 25Q

Figure 12. Test set up system
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6. CONCLUSION

This paper proposes a modified transient current current
limiter (MTCL) for supporting the transient, include
transformer inrush current and fault current. It needs only
one limiting reactor instead of two limiting reactors of the
conventional TCL, which results in the cost, weight and
volume of the MTCL to be accordingly reduced. Also, it
offers lower power losses and voltage drop during normal
operation mode in comparison with the TCL.
Furthermore, both simulation and experimental results
reveal that the proposed MTCL has superior performance
in comparison with the TCL.
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