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Abstract:

The transformer inrush current is the high amplitude and non-sinusoidal current occurred in the initial
cycles after energizing the transformer. This current may result in some problems in the power system
such as voltage drop, heat losses, power quality reduction and malfunction of the protective relays. To
prevent malfunction of the protective system, the harmonic contain of this current is analyzed to
recognize this current from the fault currents. However, the techniques that reduce the amplitude of
the transformer inrush current can prevent from the disruptive effects of this current. For this purpose,
in this paper a comprehensive study is performed on the novel techniques that can be used to mitigate
the inrush current of the transformer. To this end, different magnetic materials used in the
manufacturing of the transformer core, are considered and based on the related magnetic characteristic,
the amplitude and the harmonic content of the produced inrush current are determined using EMTP-
RV software. To select a suitable magnetic material for transformer core, a comparison among these
magnetic materials is performed. In addition, other techniques used for mitigation of the transformer
inrush current including the time of the transformer energizing, residual flux and transformer loading
are used and their impact on the transformer inrush current is investigated using EMTP-RV software.
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1. Introduction

The inrush current of the transformer is the large magnitude current produced in the initial cycles after
energizing the transformer due to the nonlinear characteristic of the transformer magnetic core. Due to the large
magnitude and long duration of this current, the protection system may malfunction and disconnect the
transformer. In addition to the malfunction of the protection system, the inrush current causes problems such as
voltage drop, heat losses and power quality effects. The magnitude of this current depends on different
parameters such as the winding resistance, switching angle and residual flux density in the moment of energizing
the transformer. To investigate the impact of the transformer inrush current on the power system, many
researches have been performed to study the basis of inrush current production, the characteristics of this current,
different techniques of distinguishing this current from the fault current and the methods for inrush current
mitigation. In [1], the impact of inrush current on the transformer protection is evaluated. In this paper, using two
case studies that were performed through the digital simulation technique based on the COMTRADE file, the
effect of the transformer inrush current on the over-current protection and differential protection of the
transformer is investigated. In [2], an improved design approach is proposed to reduce the inrush current of the
transformer. In this paper, each phase of the transformer is energized in sequence and a neutral resistor is used to
limit the inrush current of the three phase transformer. To determine the value of the neutral resistor for optimal
performance, an analytical approach based on the nonlinear circuit transient analysis is developed. In [3], a new
method based on box dimension is proposed to identify the transformer inrush current for preventing from mal-
operation of the transformer differential protection. To distinguish the inrush current of the transformer from the
inner fault currents, the fundamental difference in waveform between the two currents is utilized. Based on the
proposed technique, the three-phase current is extracted and its box dimensions are calculated to identify the
transformer inrush current. In [4], the simulation and experimental results associated to the sequential phase
energizing method are given to reduce the inrush current of the transformer. In this paper, a grounding resistor
connected to a transformer neutral point is used to act as a series-inserted resistor by energizing each phase of the
transformer in sequence and significantly reduces the inrush current of the transformer. In [5], the impact of
voltage across the breaker to be closed on the magnitude of the transformer inrush current is investigated. In this
paper, based on the steady-state circuit theory, the proposed voltage is analysed and using the experimental
results, the effectiveness of the method are satisfied. In [6], a dynamic model of the transformer is developed to
predict the inrush current of the transformer produced from the arbitrary initial excitation of the transformer after
the switch-off. The impact of the proposed model on the transient current overshoot, based on the residual
magnetic flux prediction is investigated. In [7], a proper model is introduced for the ferromagnetic core of the
transformer to consider the effects of the hysteresis, saturation, eddy current losses and anomalous losses of the
transformer. In this paper, an artificial neural network is proposed to study the major DC hysteresis loop and
initial magnetization curve of the transformer using experimental data. The proposed model of the ferromagnetic
core is used to estimate the transformer inrush current. In [8], a new method is proposed to reduce the residual
magnetic flux in the network transformer using a device composed of the low voltage DC source, suitable power
electronic switching unit and a simple controller. In this paper, using time-domain simulation, it is proved that a
small-power device can substantially reduce the residual magnetic flux of all transformer, simultaneously. In [9],
a novel method based on the normalized grille curve is proposed to distinguish the inrush current of the
transformer from the internal fault currents. In this paper, two schemes to distinguish the transformer inrush
currents from the internal faults in the time and frequency domains are developed. Based on the 268
experimental measurement results on the YNd11-connected transformer, the effectiveness of the proposed
method is satisfied. In [10], a new method based on the error estimation is proposed to identify the inrush current
of the transformer from the internal fault currents. In this paper, based on the similarity between the actual wave
and two reference waves under two different frequency condition per half cycle, the transformer inrush current is
distinguished from the internal fault currents.

In [11-13], different techniques used to reduce the inrush current associated to the starting current of the
electric motors are studied. In [11], the design of autotransformer and soft starter are focused in order to compare
inrush current during the start-up three phase medium sized industrial induction motor by using
MATLAB/Simulink software. Both starters were targeted to resolve the problems inherent in the dynamic
operation of induction motors, which included current and torque surges during the motor start up. The
autotransformer gives the choice to consumer in selecting different tap values, in which is the advantage to
consumer to vary their starting current and starting torque according to its application. The aim of [12] is to
address the selection, calculation and switching of the capacitor bank for reactive power compensation for inrush
current of induction motors. This first requires the study of the reactive power drawn by an induction motor
during starting. The capacitances are calculated and switched on to compensate the starting transient and
disconnected when the machine has run up to speed using a point-on switching approach that reduces the
switching transient. Paper [13] presents a new method of reducing the inrush current and improving the starting
performance of a line-start permanent-magnet synchronous motor. The novelty of the proposed method relies on
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the selection of the time instant of the connection of the stator winding to the grid, for which the smallest values
of the amplitudes of inrush currents are obtained. To confirm the effectiveness of the developed method of
limiting the inrush current, simulations and experimental studies were carried out.

Due to the problems arisen from the inrush current of the transformer, this paper proposes comprehensive
approaches to reduce the inrush current of the transformer. At first, the materials used as magnetic core are
studied and compared based on the inrush current they produced. This comparison can be used to select a
suitable magnetic material as the magnetic core for inrush current reduction. Then, other parameters affected on
the transformer inrush current are studied and the impact of them on the transformer inrush current is examined.
Thus, the organization of this paper would be as bellows:

In the second section, the transformer inrush current is explained and different. In the third section,
different magnetic materials used as magnetic core are introduced. The produced inrush currents associated to
different magnetic materials are simulated using EMTP-RYV software in the fourth section. The impact of other
methods on the transformer inrush current is simulated in the fifth section. The paper is summarized in the sixth
section.

2. Transformer inrush current

In this part, a single-phase transformer is considered to study the inrush current produced after energizing
the transformer. In the energizing time of the transformer, the voltage of the primary winding of the transformer
energized by the voltage source is considered to be:

v,(t) =V, sin(ct +0) = v,(0) =V, sin @ (1)
Where, the 0 is the initial angle of the voltage waveform at the energizing of the transformer. Based on
the Faraday’s law, the magnetic flux of the transformer core can be calculated as:

vl(z)=N%:¢=%l [w@dr @

Where, N; is the number of turns of the primary winding. To calculate the value of the magnetic flux (¢),
the initial magnetic flux or residual magnetic flux (¢z) is added to the area below the voltage diagram as
presented in Fig. 1.
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Fig. 1. The large inrush current of the transformer

According to the magnetic characteristic of the transformer core (magnetic flux-exciting current diagram)
as presented in Fig. 1, in each time, based on the calculated magnetic flux, the associated current can be
determined. As can be seen in the figure, if the magnitude of the calculated magnetic flux is large, the core is
saturated and the associated current would be very large. Thus, the magnitude of the inrush current would be
large and due to the nonlinear characteristic of the magnetic curve of the core arisen from the saturation of the
core, the inrush current is non-sinusoidal and contains harmonic currents. If the switching time of the
transformer is as presented in Fig. 2, and the residual flux is insignificant, the core works at linear region and is
not saturated and so, the magnitude of the inrush current is not large and do not contain the harmonic currents.
Thus, based on equation (1), if the initial angle of the voltage is 0° or 180°, the magnitude of the inrush current
would be large; and if the initial angle of the voltage is 90° or 270°, the inrush current is symmetrical and its
magnitude is low. In the switching time, the angle of the voltage may be between 0° and 360° and so, the inrush
current magnitude would be determined based on the initial switching angle and residual flux.
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Fig. 2. The symmetrical inrush current of the transformer

As can be seen from the figures 1 and 2, the magnitude of the inrush current is dependent on the magnetic
characteristic of the core (¢-i), the initial angle of the voltage in the switching time and the residual flux. Thus, to
comprehensively study the transformer inrush current, the impact of the core magnetic characteristic, switching
time and the residual flux on the transformer inrush current is investigated.

3. Different magnetic materials

In this section, the produced inrush current of the transformer associated to the different magnetic
materials is studied. The magnetic materials play a key role in the design of the magnetic devices such as
transformers, generators and electrical motors. To achieve an optimal design of the magnetic devise based on the
cost, size and quality, different types of the magnetic materials such as silicon steel, nickel iron, cobalt iron,
amorphous metallic alloy, ferrite, moly-perm alloy, sendust and iron powder can be used.

3.1. The characteristics of different magnetic materials

Due to the different application of magnetic devises, based on the desired characteristics from magnetic
flux density value, saturation, permeability, core reluctance, resistance and losses, residual flux and coercivity
points of view, the suitable magnetic material is selected. In this stage, 13 different magnetic materials including
K-type ferrite at 25°C, K-type ferrite at 100°C, P&R-type ferrite at 25°C, P&R-type ferrite at 100°C, F-type
ferrite at 25°C, F-type ferrite at 100°C, W&H-type ferrite at 25°C, W&H-type ferrite at 100°C, amorphous alloy
2714AF, moly perm alloy powder, high flux (HF) powder, sendust powder and 75 perm powder, are taken into
consideration and the produced inrush currents of these materials are evaluated. The magnetic characteristic of
these magnetic materials are presented in Fig. 3.
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Fig. 3. The ¢-i characteristic of magnetic materials, (a) K-type ferrite at 25°C, (b) K-type ferrite at 100°C, (c)
P&R-type ferrite at 25°C, (d) P&R-type ferrite at 100°C, (e) F-type ferrite at 25°C, (f) F-type ferrite at 100°C,
(g) W&H-type ferrite at 25°C, (h) W&H-type ferrite at 100°C, (i) amorphous alloy 2714AF, (j) moly perm alloy
powder, (k) high flux (HF) powder, (1) sendust powder and (m) 75 perm powder [14-18]

3.2. The simulation results

To determine the inrush current of the transformer for different magnetic materials used as the magnetic
core, using EMTP-RV software, a 230kv/66kv transformer is modeled as Fig. 4. The 230kv voltage source at
50Hz frequency is applied to the transformer. The impedance from the voltage source to the transformer is
considered to be 0.2+j5 ohms. The series impedance of the transformer and the equivalent core resistance are
considered to be 5+100j and 1058 ohms. The nonlinear characteristics of different materials are considered in the
simulation process and the produced inrush currents for sinusoidal waveform of the voltage source (worst case)
and no residual flux are determined and presented in Fig. 5. The harmonic currents of the produced inrush
currents are determined using harmonic analysis of the associated inrush currents and presented in Fig. 6.

3.3. Discussion

To compare different magnetic materials used as the magnetic core of the transformer from the
perspective of inrush current magnitude, the peak current magnitude, the main harmonic current magnitude, the
magnitude of the second and third harmonics, the DC component of the inrush currents and the damping time
associated to different magnetic materials are determined and presented in table 1.
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Fig. 4. The model of the transformer in the EMTP-RV software
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Fig. 6. The harmonic currents of the inrush current associated to the different magnetic materials, (a) K-type
ferrite at 25°C, (b) K-type ferrite at 100°C, (c) P&R-type ferrite at 25°C, (d) P&R-type ferrite at 100°C, (e) F-
type ferrite at 25°C, (f) F-type ferrite at 100°C, (g) W&H-type ferrite at 25°C, (h) W&H-type ferrite at 100°C, (i)
amorphous alloy 2714AF, (j) moly perm alloy powder, (k) high flux (HF) powder, (1) sendust powder and (m) 75

perm powder,
Table. 1.The results of the simulation
material Peak current ~ Main harmonic 2" harmonic 3 harmonic Dc current Damping
(A) (A) (A) (A) (A) time
Ferrite K 25°C 4300 1400 100 320 400 048
Ferrite K 100°C 3700 1480 50 190 400 048
Ferrite P&R 25°C 3400 1120 100 240 400 0.68S
Ferrite P&R 100°C 4100 1550 80 270 400 058
Ferrite F 25°C 3550 1180 100 260 400 058
Ferrite F 100°C 4300 1700 70 250 400 058
Ferrite W&H 25°C 3200 1190 80 190 400 0.68
Ferrite W&H 100°C 4600 2100 75 180 400 048
Amorphous 2714AF 2100 750 90 100 400 098
Moly perm alloy 4000 1780 30 50 400 0.6S
high flux Powder 3200 1450 15 20 400 098
Sendust powder 3300 1350 30 50 400 0.6S
75 perm powder 3150 1260 40 60 400 0.9S
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As can be seen from the figures and the table, among different magnetic materials, amorphous 2714AF
produces the inrush current with the minimum magnitude. However, the time required to damp the produced
inrush current is high in this case. Among these materials, the K-type ferrite (both 25°C and 100°C) and W&H-
type ferrite (at 100°C), have low damping times compared to the other materials. The DC components of all
inrush currents are 400A. It is concluded from this analysis that the best magnetic material that can be used as
magnetic core in the transformer based on the magnitude of the produced inrush current is amorphous 2714AF.

4. Other techniques for inrush current mitigation

In this section, the other factors affected to reduce the transformer inrush current including the angle of
voltage at switching time, the residual flux and the load of the transformer are investigated and simulated using
EMTP-RYV software.
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Fig. 7. The produced inrush current for initial angles of (a) 0°, (b) 45°, (c) 90°, (d) 135° and (e) 180°
4.1. The angle of voltage at the switching time

The magnetic flux of the transformer is determined by addition the residual flux to the area below the
voltage diagram. If the voltage is sinusoidal waveform at the switching time, the area under voltage diagram
from the angle of zero to = is positive and so, the produced flux would be large. However, if the angle of initial
voltage is /2, the area under the voltage diagram from zero to n/2 is positive and then is negative from n/2 to m.
Thus, the inrush current associated to the sin-waveform is very large (worst case) and for the cosine-waveform is
normal and symmetrical (best case). In this part, the understudied transformer equipped to the amorphous
2714AF is simulated using EMTP-RV software for different initial angle of the voltage applied to the
transformer. In this stage, the residual flux is considered to be zero. The produced inrush current for different
initial angles including 0, 45°, 90°, 135° and 180° are determined and presented in Fig. 7. The harmonic currents
of the produced inrush currents for different initial angles of voltage are determined using harmonic analysis of
the inrush currents and presented in Fig. 8.

a B b 4 c

Flg 8. The harmomc currents assoczated to the mrush currentfor initial angles of (a) 0°, (b) 45°, (c) 90°,
(d) 135° and (e) 180°
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The peak current, DC component, main harmonic magnitude, the second and third harmonics current
magnitudes and the damping time associated to different initial angles of the voltage waveform are calculated
and presented in table 2. As can be seen from the figures and the table, when the initial angles of the voltage
waveform are 0° or 180°, the magnitude of the inrush current is very large (2100A) that is 2.625 times the inrush
current associated to the best initial angles, i.e. the angles of 90° or -90°, that leads the inrush current magnitude
is 800A. It is deduced from the table that the time required to damp the inrush current of the worst cases is 0.8
seconds that is equal to 40 cycles with the frequency of S0Hz.

Table. 2. The results of the simulation associated to the initial angle of the voltage

Switching angle Peak current DC component Main harmonic 24 harmonic 3" harmonic Damping
(degree) (A) (A) (A) (A) (A) time (s)
0 2100 400 745 90 100 0.8
45 1750 280 710 80 110 0.6
90 800 0 680 0 150 0
135 -1750 280 710 80 110 0.6
180 -2100 400 745 90 100 0.8

4.2. The residual flux

In this subsection, the effect of the residual flux on the transformer inrush current is evaluated using
EMTP-RV software. The magnetic flux of the transformer is determined by addition the residual flux to the area
below the voltage diagram. If the signs of the residual flux and the variation in the produced magnetic flus are
the same, the produced magnetic flux is added to the residual flux and the resulted magnetic flux would be
larger. Thus, the produced inrush current is larger. However, if the produced magnetic flux results in the
reduction of the residual flux, the generated magnetic flux would be smaller and so, the produced inrush current
would be smaller. In this part, the initial angle of the voltage applied to the transformer equipped to the
amorphous 2714AF magnetic core is considered to be 0°. The produced inrush currents for different residual flux
values including 0, -500Wb and 500Wb are determined using EMTP-RV software and presented in Fig. 9. The
harmonic currents associated to these inrush currents are determined using harmonic analysis of the produced
inrush currents and resented in Fig. 10. The peak current, DC component, main harmonic magnitude, the second
and third harmonics current magnitudes and the damping time associated to different residual are calculated and
presented in table 3. As can be seen from the figures and the table, when the residual flux is S00Wb that its sign
and the sign of the magnetic flux change are the same, the magnitude of the inrush current is very large.
However, if the residual flux is -500Wb, the produced magnetic flux that is positive is added to the residual flux
and so, the total produced magnetic flux would be smaller than the cases with residual flux of zero and S00Wb.
It is deduced from the table that the time required to damp the inrush current of the worst cases is more than 1
second that is more than 50 cycles with the frequency of S50Hz.
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Fig. 9. The produced inrush current for residual flux values of(a) 0, (b) 500Wb (c) 500Wb
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Fig. 10. The harmonic currents associated to the produced inrush currents for residual flux values of (a)
0, (b) -500Wb, (c) 500Wb
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Table. 3. The results of the simulation associated to the residual flux

Residual flux Peak current DC component Main harmonic ~ 2"d harmonic 3™ harmonic Damping
(Wb) (A) (A) (A) (A) (A) time (s)
0 2100 400 745 90 100 0.9
-500 1500 200 700 60 130 0.8
500 2760 590 795 95 80 >1

4.3. The transformer loading

In this subsection, the effect of the transformer loading on the inrush current using EMTP-RV software is
investigated. For this purpose, three different loads including no load, 15SMW+j7MVAR and 4SMW+j15MVAR
are implemented on the transformer and the produced inrush currents for residual flux zero and the initial angle
of 0° are determined and presented in Fig. 11. Using harmonic analysis, the harmonic currents associated to these
inrush currents are determined and presented in Fig. 12. The peak current, DC component, main harmonic
magnitude, the second and third harmonics current magnitudes and the damping time associated to different
transformer loads are calculated and presented in table 4. As can be seen from the figures and the table, when the
transformer is connected to the load, the magnitude of the produced inrush current is smaller and the time
required to damp these currents is shorter. It is deduced from the numerical results that larger the load connected
to the transformer, the smaller the produced inrush current magnitude and the shorter the damping time of the
produced inrush current. Thus, it is suggested to energize the transformer under loads to reduce the produced
inrush current of the transformer.
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F ig. ] 1. T he produced inrush current for different transformer loadlng (a) no load, (b) ISMW+j7MVAR
and (c) 4SMW+j15SMVAR
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Fig. 12. The harmonic currents associated to the produced inrush currents for different transformer
loading (a) no load, (b) 1SMW+j7MVAR and (c) 4SMW+jISMVAR
Table. 3. The results of the simulation associated to the different transformer loads

Load Peak current DC component Main harmonic ~ 2"¢ harmonic 3 harmonic Damping
(MW, MVar) (A) (A) (A) (A) (A) time (s)
0 2100 400 745 90 100 0.9
15+7; 2050 350 840 120 80 0.8
45+15j 2020 290 1060 150 40 0.7

5. Conclusion

In this paper, the inrush current of the transformer resulted in the some challenges in the power system
including the voltage drop, malfunction of the protective system, heat losses and power quality problems is
studied. This current is dependent on the magnetic characteristic of the core, the angle of the voltage waveform
applied to the transformer at the switching time, the residual flux and the load connected to the transformer. For
this purpose, different magnetic materials including K-type ferrite at 25°C, K-type ferrite at 100°C, P&R-type
ferrite at 25°C, P&R-type ferrite at 100°C, F-type ferrite at 25°C, F-type ferrite at 100°C, W&H-type ferrite at
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25°C, W&H-type ferrite at 100°C, amorphous alloy 2714AF, moly perm alloy powder, high flux (HF) powder,
sendust powder and 75 perm powder, are taken into consideration and based on the associated magnetic flux-
current, the produced inrush currents of these materials are calculated using EMTP-RV software. It is concluded
from the numerical results that among different magnetic material studied in the paper, the amorphous 2714AF is
the best magnetic material that can be used as the magnetic core from the inrush current magnitude of the view.
Then, the impact of the initial angle of the applied voltage on the transformer on the inrush current magnitude is
evaluated and it is deduced that the best voltage waveform results in the minimum inrush current is the cosine-
wave and the worst case results in the large inrush current is the application of the sin-wave on the transformer.
The other factor studied in the paper is the residual flux of the core. It is deduced from the numerical results to
reduce the inrush current of the transformer, the sign of the residual flux and the initial produced magnetic flux
must be opposite. The third factor affected on the inrush current of the transformer that is investigated in this
paper is the transformer loading. It is concluded from the numerical results that larger the load connected to the
transformer, the smaller the produced inrush current magnitude and the shorter the damping time of the produced
inrush current. Thus, it is suggested to energize the transformer under loads to reduce the produced inrush
current of the transformer.
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