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Abstract-When putting any unloaded transformer into service, a 

high-value current that can be very dangerous, called the inrush 

current, appears. The latter may cause problems and 

consequences in the electrical system. The challenges of 

visualizing the effects of transient regimes on the iron core's 

characteristics and the influence of the type of load on inrush 

current characteristics are covered in this study. The main 

purpose of this paper is to treat the influence of this transient 

phenomenon on the hysteresis loop of a single-phase transformer, 

in terms of its size, area, or position, and therefore, the influence 

of the load on the transient regime. A general study of the 

electromagnetic characteristics of the transformer iron core will 

be presented. Then, using the ATP-EMTP program, the purpose 

of the realized simulations is to visualize the relationship between 

the hysteresis loop and the magnetizing inrush current in the 

transient state. The results show the decrease of the hysteresis 

loop area and their shift with respect to the origin of the axes 

following the increase in the transient inrush current peak. As the 

second part of this article, there is a study of the influence of the 

load on the transient regime, i.e. inrush current. This is 

accomplished by adding a load with different configurations and 

various connections. The purpose is to find the effect of the load 

on the reduction of the transient inrush current phenomenon. 

Keywords-transformer; inrush current; transient regime; 

hysteresis loop; load influence; ATP-EMTP 

I. INTRODUCTION  

Inrush current is caused by the saturation of a power 
transformer due to variations in the magnetization voltage [1, 
2]. When an unloaded transformer is energized, a transient 

phenomenon called inrush current may appear in the excited 
circuit side. Therefore, necessary research must be carried out 
in order to anticipate a suitable protecting system for the 
transformer. There are many works in the literature that fall 
into this framework, such as [3-5], where many numerical and 
analytical tools have been developed. Furthermore, the 
majority of studies on the field of transformer transient study 
are in the context of finding effective and inexpensive 
techniques to reduce this inrush current. Among these methods, 
there is the technique proposed in [6], in which four different 
methods to reduce the inrush current were compared. The 
required result is the ability to use the circuit breakers with an 
independent pole, as well as the ability to deem the residual 
flux in the iron core of the transformer. The measurement and 
simulation studies performed in [7, 8] consist pioneering work, 
simulation, and measurements, in the area of inrush current 
reduction in three- and single- phase transformers. Taking into 
account the residual flux values, the authors propose three 
schemes in this technique, by closing the circuit breakers in a 
synchronous, quick, and delayed manner. Authors in [9] 
utilized the technique of making a modification in the 
transformer bobbin. This is intended to decrease the inrush 
current peaks by increasing the transient inductance value. 
Taking into account the phase shift between the three phases of 
the transformer during its energization, the authors in [10-13] 
introduce a resistance between the ground and the transformer 
neutral. Authors in [14], while taking into account the 
switching moment, used the reversed flux technique to 
investigate the reduction of the inrush current using an existed 
photovoltaic generator. The idea proposed in [15], is in the 
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same context with what was accomplished in [10-13], where 
the residual flux is taken into account, and a controlled circuit 
breaker is used to isolate the neutral of the three-phase 
transformer with respecting of the three phases sequential. 
Authors in [16] present several methods to protect and reduce 
the various interactions of transformer relays as well as the 
introduction and removal of the load in a random or studied 
manner by the circuit breakers. Authors in [17] depended on 
formal methods to solve differential equations based on the 
equivalent circuit represented using the state space equation. 
Authors in [18] raised the resistance value of the transformer 
winding, using the transformer tap changer to reduce the effect 
of the inrush current power system as well as mitigating its 
peak value. The main contribution in [19] is the application of a 
technique using a real-time measurement setup to eliminate the 
sympathetic inrush current. The latter results from the 
interaction of two transformers, one is energized and the 
second is already supplied. Moreover, there is a comparison of 
the results (measurement and simulation) to prove the efficacy 
of the proposed technique found in [20] to mitigate also this 
sympathetic inrush current. Authors in [21] presented an 
important technique in the field of inrush current mitigation, 
especially by using renewable energies, where the reverse flux 
is applied. Authors in [22] presented a review of some factors 
which affect the resistance during breakdown of transformer 
oil. Authors in [23] exposed a generator differential protection 
relay system, its disadvantages and its advantages. In [24], a 
real power transformer was used in the experiments, and a 
UHF-PD detection system was built.  

The supply of the transformer primary, under its nominal 
voltage, is accompanied by a transient regime during which the 
intensity of the inrush current can take values much higher than 
those of the nominal intensity, depending on the instant of 
appreciation of the voltage and the induction remanence of the 
magnetic circuit. Hence the need to predetermine through the 
study of the transient regime the approximate value of this 
inrush current which may be greater than or equal to several 
times the current of the transformer [25]. Holcomb in [5] is 
considered among the first who raised the idea of the inrush 
current calculation, but without going far. The author studied 
only a method to compute the peak inrush current for the first 
and any succeeding cycle, without considering its effect on 
hysteresis loop. In [25], the authors used a developed model to 
estimate the inrush current and hysteresis loop. However, they 
did not make a comparison between the relationships of the 
position of the hysteresis loop wave according to the 
corresponding inrush current. The same weakness was 
observed in [26, 27], where the authors estimated the saturation 
curve from the inrush current waveform. This major drawback 
of these previous works has been studied and dealt with in the 
present work, where the comparison has been made between 
different effects of transformer energization on the nature of 
the iron core. Authors in [28] exploited a real model of a 
transformer to study different phenomena such as the 
application of the nonlinear load. However, limited their study 
to the load effects on the steady-state regime. 

The first part of this paper is devoted to the study of the 
transient inrush current effect on the hysteresis loop of a 
transformer. Therefore, a quick rundown is presented on how 

to identify the equivalent circuit parameters for the used 
transformer and the iron core magnetizing characteristic (air 
core-inductance). Then, a simulation using ATP-EMTP 
program is performed using the nonlinear Type 98 inductance 
and the nonlinear Type 92 resistance, as well as the system that 
measures the hysteresis cycle (flux-current). Finally, the 
presented simulation results show the variation of the area of 
the hysteresis cycle and the shift of this loop according to the 
increase and decrease of the inrush current peak. A comparison 
is made with respect to the hysteresis cycle in the steady state. 
The next part is devoted to the study of the load insertion effect 
on the transient inrush current of a transformer. Simulation is 
done using the same model and the same transformer 
characteristics, only a load with different values of impedance 
and different connections is added in the secondary side. The 
simulation results show the variation of the inrush current 
waveforms with the application of deferent types of loads. 

II. MATERIALS AND METHODS 

This section is devoted to a presentation of the real 
transformer used in the simulation, the identification of the 
parameters of its equivalent circuit, and the representation of 
the model with nonlinear parameters. The single-phase 
transformer (Figure 1) used in the simulations of this paper is 
manufactured by the company DELORENZO, Italy and is 
available at the Laboratory of the Power System, University of 
Sétif 1. All the experimental tests of this paper were carried out 
in this laboratory. Table I shows some parameter values of the 
used transformer. The parameters of the transformer equivalent 
circuit obtained by applying the classical equations are 
presented in Table II. The study of any transformer transient 
regime such as ferro-resonance and inrush current requires 
careful modeling of the iron core nonlinearities and precision in 
the equivalent circuit parameters of the transformer 
determination. 

 

 

Fig. 1.  The used transformer. 

TABLE I.  TEST TRANSFORMER NAMEPLATE DATA. 

Power 

(VA) 

Frequency 

(Hz) 
Phase 

Voltage 

ratio (kV) 

Turn 

(tr) 

Current 

Ratio (A) 

Class 

(isolated) 

2000 050 01 0.22/0.025 0330/0037 9.10/080 E 

TABLE II.  TRANSFORMER PARAMETERS 

Parameter Value 

Shunt resistance R� 2847.05Ω 

Shunt reactance X� 609.72Ω 

Equivalent resistance Ré� 3.48Ω 

Equivalent reactance Xé� 2.69Ω 
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A. Nonlinearities of the Iron Core 

The representation of the transformer model with linear 
resistors and inductances does not reflect the actual behavior of 
the electrical transformer. So, the effects of hysteresis and 
saturation must be introduced using non-linear branch 
elements. Figure 2 shows the saturation curve λ = f�i
� which 
represents the air core inductance. The nonlinear resistance 
characteristic v = f�i
�  is depicted in Figure 3. Both figures 
use the data of [1]. 

 

 

Fig. 2.  Air core inductance characteristic λ = f�i
� [1]. 

 

Fig. 3.  Nonlinear resistance characteristic λ = f�i� [1]. 

The curves of Figures 2 and 3 are computed by the method 
based on the improved technique presented in [20, 29], and 
they have been inserted in the transformer models (saturable) 
found in ATP-EMTP program to simulate the effect of the 
inrush current phenomenon on the hysteresis loop. 

B. Residual Flux 

Residual flux plays a basic role in the occurrence of inrush 
current in an unloaded transformer. It represents a continuous 
flux value that persists in the magnetic circuit, which can 
generate an inrush current after switching off if the transformer 
is not completely demagnetized [30, 31]. The instantaneous 
equation for flux in the iron core is: 

λ����t� = λ� + � u���
�t�dt
�

������

λ��� = −λ� ! cos�ω ∗ t� +λ� ! cos�ω ∗ t�
�'�� + λ�

     �1�  

C. Simulation of the Influence of the Inrush Current on the 

Hysteresis Loop 

In this section, the simulation and the results will be 
presented in detail. Figure 4 shows the simulation diagram 
using the ATP-EMTP program to visualize the influence of the 
transient inrush current on the hysteresis loop.  

 
Fig. 4.  Simulation diagram. 

III. RESULTS  

A. Steady State 

In the steady state, a voltage source is placed in the primary 
of the test transformer while the secondary is unloaded. The 
obtained simulated magnetizing current curve is shown in 
Figure 5 and the corresponding hysteresis loop curve is shown 
in Figure 6.  

 

 
Fig. 5.  Unloaded steady state current waveform. 

 
Fig. 6.  Unloaded steady state hysteresis loop. 

It should be noted that the current waveform in the no-load 
state is distorted non-sinusoidal due to the harmonics caused by 
the non-linearity of the transformer core. Figure 6 represents 
the variation of the flux as a function of current in the unloaded 
test. It should be noted that the hysteresis loop is symmetrical 
with respect to the origin of the reference. The surface 
occupied by this loop is approximately bounded from -1.2 to 
1.2A and beyond this interval we enter the saturation phase. 
This area represents the losses in the iron core. 
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B. Transient Regime (Inrush Current) 

In these applications, the simulation time is fixed to 2s, and 
a controlled circuit breaker is exploited to vary the closing time 
and see the first peak of the inrush current and its attenuation 
up to the magnetizing current until reached the steady state. 
The hysteresis loop corresponding to each closing time of the 
circuit breaker will be drawn. 

1) Closing Time tf = 0.5808s 

When the circuit breaker closes at tf = 0.5808s, the first 
peak of inrush current is reached at 2.25A, and continue to 
decrease until the steady state current, as shown in Figure 7. 
The hysteresis loop is distorted and asymmetrical with respect 
to the origin. The saturation phase in the positive part follows 
the inrush current peak of 2.25A corresponding to a flux value 
of 1.26V.s. While the current of the negative part does not 
exceed the value of -0.2A and the flux the value of 
-0.3V.s. Figure 8 shows the complete hysteresis loop. 

 

 

Fig. 7.  Transient inrush current for closing time)* =  0.5808 /. 

(a) 

 

(b) 

 
Fig. 8.  Hysteresis loop at tf=0.5808s for (a) several periods, (b) one period. 

 

2) Closing Time tf = 0.5828s 

When the circuit breaker closes at tf = 0.5828s, the first 
peak of inrush current is reached at 18.72A and continues to 
decrease until the steady state current, as shown in Figure 9. 
The inrush current peak is very large in this application 
compared to the peak in the first application. This leads the 
hysteresis loop to withdraw completely to the positive part 
according to the direction of the inrush current. For the positive 
part, it follows the inrush current peak of 18.72A 
corresponding to a flux value of 1.52V.s, while that of the 
negative part does not exceed the values of -0.03A and  
-0.38V.s. Figure 10 shows the complete hysteresis loop. 

 

 
Fig. 9.  Transient inrush current for closing time tf = 0.5828s. 

(a) 

 

(b) 

 
Fig. 10.  Hysteresis loop at tf=0.5828s for (a) several periods, (b) one period. 

3) Closing Time tf = 0.5848s 

When the circuit breaker closes at tf = 0.5848s the first peak 
of inrush current reached 26.50A and continued to decrease 
until the steady state current, as shown in Figure 11. When 
compared to the peak in the previous application, the inrush 
current peak is considerably large. According to the direction 
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of the inrush current, this causes the hysteresis loop to entirely 
retreat to the positive part. The inrush current peak of 26.50A, 
corresponding to a flux value of 1.57V.s, is followed by the 
positive portion. The negative component, on the other hand, 
does not surpass the current value of -0.03A and flux value of  
-0.18V.s. The whole hysteresis loop is shown in Figure 12. 

 

 

Fig. 11.  Transient inrush current for closing time tf = 0.5848s. 

(a) 

 

(b) 

 
Fig. 12.  Hysteresis loop at tf=0.5848s for (a) several periods, (b) one period. 

IV. LOAD EFFECTS ON THE INRUSH CURRENT 

The goal is to apply different loads with different values in 
the secondary side of the transformer to observe the influence 
of this variation on the transient inrush current phenomenon. 
The simulation is carried out using the model of Figure 4, and 
the same transformer characteristics, but with adding load. 

A. Resistive Load 

In the first application, and after the unloaded operating of 
the transformer as seen in the first part of this article, a pure 
resistance load is added in the secondary side. Figure 13 shows 
a comparison between transient current waveforms with 

different proportions of resistive load (100%, 50%, and 120% 
of the nominal resistive load). 

 

 

Fig. 13.  Primary current waveforms for the resistive load. 

B. R-L load 

In the second application, a resistance-inductance (R-L) 
load is added in the secondary side. Figure 14 shows a 
comparison between transient current waveforms with different 
proportions of R-L load. 

 

 
Fig. 14.  Primary current waveforms for the R-L load. 

C. R-L-C Load 

In the last application, a resistance-inductance-capacitance 
(R-L-C) load is added in the secondary side. Figure 15 shows a 
comparison between transient current waveforms with different 
proportions of R-L-C load (100%, 50%, and 120% of the 
nominal R-L-C load). The values of Figures 13-15 are 
summarized in Table III. 

 

 

Fig. 15.  Primary current waveforms for the R-L-C load. 
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TABLE III.  CURRENT VALUES FOR DIFERENT LOAD VALUES 

 
Resistive load R-L load R-L-C load 

 
Inrush current 

first peak (A). 
16.48 19.9 18.4 

Nominal load 
Steady state 

current (A) 
12.73 12.04 13.8 

Inrush current 

first peak (A) 
21.45 23.13 22.57 

50% of nominal 

load Steady state 

current (A) 
7.037 6.82 7.9 

Inrush current 

first peak (A) 
15.14 18.70 17.5 

120% of nominal 

load Steady state 

current (A) 
14.74. 14.74 15.79 

 

V. DISCUSSION 

From the obtained results in the first part, it can be 
concluded that the transient inrush current of the transformer 
has a direct influence on the hysteresis loop waveform. This 
impact results in the reduction of the area of this loop 
according to the increase of the inrush current peak, therefore it 
can explain the reduced iron core losses with the inrush current 
appearance. Moreover, there is a withdrawal of the hysteresis 
loop according to the direction of the transient inrush current, 
which means that the hysteresis loop shifts towards the value 
and direction of the peak inrush current.  O n the other hand, 
Figures 13-15 represent the transient currents waveforms when 
different types of loads at 50% and 120% of the nominal values 
are inserted. The figures show that the energization of 
transformer lightly loaded causes transient inrush current 
almost similar to that of energizing an unloaded transformer. 
Moreover, the energization of a highly loaded transformer 
causes transient inrush current much less to that acquired after 
energizing an unloaded transformer . The above applications, by 
adding load in its various forms and values, prove that a 
decrease in the load leads to an increase in the transient inrush 
current. On the other hand, the current in the steady state (after 
removing the transient regime) is proportional to the value of 
the load. In the unloaded test, when the current waveform takes 
its permanent regime, it was not sinusoidal. However, adding 
load leads to the return of the sinusoidal waveform after 
crossing the transient regime. These simulations prove that the 
transformer loading decreases the amplitude of the transient 
inrush current. So, it can be concluded that the inrush current 
exists only at energization of an unloaded or lightly. 

VI. CONCLUSION 

This work is concerned with the visualization of the effect 
of transient regimes on the characteristics of the iron core, as 
well as the influence of the load on the inrush current 
characteristics. In the present paper, a summary of the 
parameter identification method of the transformer equivalent 
circuit has been presented and a magnetizing characteristic 
representing the transformer iron core has been illustrated. 
Parameter identification was achieved using classical tests such 
as open circuit and short-circuit. A simulation using ATP-
EMTP was performed using the Type 98 nonlinear inductance 
and the Type 92 nonlinear resistance, and a system that 
measures the hysteresis cycle (flux-current). Finally, the 
simulation results were presented and show the variation of the 

area of the hysteresis cycle and the shift of this loop according 
to the increase and decrease of the inrush current peak. The 
comparison was conducted with respect to the hysteresis cycle 
in steady state. Energizing an unloaded transformer causes 
transients at large amplitudes, with the effect of the non-linear 
behavior of the magnetic circuit on the current waveform 
occurring in this mode of operation. Increasing the load value 
decreases the transient regime. Therefore, the application of the 
load restores the sinusoidal waveform of the steady state 
current. Regarding future research, we intend to concentrate on 
experiments in order to confirm the present simulation results 
and to adopt this approach to large power transformers. 
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