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Abstract: The hysteresis cycle is one of the main parameters that define the characteristics of materials used
in the design of transformer. This parameter is strongly influenced by the transient regime of the transformer
which has a great influence on the operating point of the transformer. The idea of this paper is original and
represents an initiation to a research project aimed at visualizing the effect of load insertion on the
characteristics (hysteresis loop) of the iron core. The main objective of this article is to address the influence of
this load on the hysteresis loop of a single-phase transformer in transient mode, i.e. in inrush current, in terms of
position, surface or size. First, a general study of the electromagnetic characteristics of the transformer iron core
will be presented. Then, using the ATP_EMTP program, the simulation is performed to visualize the
relationship between the hysteresis loop and the load insertion on the secondary side of the transformer in
transient mode. Finally, the results show the decrease in the surface of the hysteresis loop and their shift from
the origin of the axes following the increase in the load.
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Introduction

The hysteresis cycle is one of the main parameters that define the characteristics of materials used in the design of
transformer. This parameter is strongly influenced by the transient regime of the transformer which has a great
influence on the operating point of the transformer. Transformer transient phenomenon are caused by the
saturation of a power transformer due to variations in the magnetization voltage (Yahiou, 2012; Yahiou et al.,
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2018a). When an unloaded transformer is energized, a transient phenomenon called inrush current may appear in
the excited circuit side. Therefore, all necessary studies and investigations 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 those studied by the authors in
Bertagnolli (1996), Specht (1951), Holcomb (1961). 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, the technique
proposed in Cano-Gonzalez et al. (2015, 2017). Where four different methods to reduce the inrush current are
compared; The obtained result from the four techniques is to collect 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 Brunke et al. (2001a, 2001b) is one of the pioneering works,
simulation and measurements, in the area of reducing the inrush current in three and single phase transformer.
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. In Cheng et al. (2004) the authors utilize 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 introduce in the work presented in Arand (2013);
Abdulsalam et al. (2017); Abdelsalam et al. (2015); Cui et al. (2005), a resistance between the ground and the
transformer neutral. The authors in Xu et al. (2005) with taking into account the switching moment, are used the
reversed flux technique for investigating the reduction of the inrush current using an existed photovoltaic
generator.

In Schramm et al. (2011), the authors 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 in Rudez et al. (2016) have depended on differential equations and formal methods for solving
them, based on the equivalent circuit represented using the state space equation. Pontt et al. (2007) have 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 of paper Yahiou et al. (2018d) is
to apply the technique proposed by the same authors of Yahiou et al. (2019) in the laboratory 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 Yahiou et al. (2019). To
mitigate also this sympathetic inrush current. Abdelsalam et al. (2016) presented an important technique in the
field of inrush current mitigation, especially by using renewable energies (photovoltaic (PV)), where the reverse
flux is applied. The authors in Danikas et al. (2020) presented a review of some factors which affect the resistance
during breakdown of transformer oil. In (Le & Vu, 2019), the authors have exposed a generator differential
protection relay system, its disadvantages and its advantages. This system is dual slope from Areva P343, ABB
REG670, SEL300G and GE G60. The authors in Fan et al. (2016) a real power transformer is used in
experiments, also the authors built a UHF-PD detection system.

Because 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 (Sahoo et al., 2019).
Holcomb (1961) is considered among the first who raised the idea of the inrush current calculation, but without
going far, where the author have 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 reference Faiz and Saffari (2010) the authors used a developed model to estimate the inrush current and
hysteresis loop. However, the authors did not make a comparison between the relationships of the position of
the hysteresis loop wave according to the corresponding inrush current. Even in (Abdulsalam et al., 2005b;
Oyanagi et al., 2018). It is the same weakness observed in this works, where the authors estimate the saturation
curve from the inrush current waveform. This major drawback of this previous works has been studied and
accomplished in the present work, where the comparison has been made between different effects of transformer
energization on the nature of iron core.The authors in Altun et al. (2021). Have exploited a real model of a
transformer to study different phenomena such as the application of the nonlinear load. However, the authors
have not totally studied the load influence in all operational modes. In other words, the authors limit their study
to the load effects on the steady-state regime.
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The study presented in this article is a continuation of the study presented in the articles (Yahiou, 2022a; Yahiou
et al., 2022b). The main objective of this work is to study the influence of the load on the hysteresis cycle of a
single-phase 2 kVA transformer. This study will carried out using a no-load and load simulation circuit under
the software ATP/EMTP (Alternative Transient Program). Firstly, using measurement setup with a data
acquisition system, the parameters of the transformer and the characteristics of the magnetizing branch
(inductance and resistance) will identified. After a simulation will be carried out to arrive at a specific study of
the influence of the load on the surface and the position of the hysteresis cycle of a single-phase transformer
using the software ATPDraw. In order to observe the changes in the shape and location of the hysteresis loop
caused by different values of the resistive load (R), for the transformer under transient inrush current.

Transformer Parameters ldentification and Iron Core Characteristic

The Figure 1 shows real transformer used in the simulation this transformer.

. -
Figure 1. Real used transformer

Table 1 shows the characteristics of the used transformer.

Table 1. Nameplate data of the transformer
Power Frequency  Phase Voltage Ration Turn current Ration Class (isol)
2000 VA 50 Hz 01 0.22/0.25kV  0330/0037 tr 9.10/080A E

The calculated parameters of equivalent circuit for the transformer of figure 1 are presented in the following
Table 2.

Table 2. Equivalent circuit parameters

Parameter Value
Magnetizing resistance R, 2847,05 Q
Magnetizing reactance X, 609,72 Q
Series resistance Req 3,48 Q
Series reactance Xq 2,69 Q

The study of any transformer transient regime such as inrush current requires careful modeling of the iron core
nonlinearities.
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Iron Core Nonlinearities

The dynamic behavior of a transformer can be characterized in different ways. Taking into account the
saturation of the core, and therefore the non-linearity, implies that the functions to be solved will be more
complicated in comparison with linear models. Figure 2 presents the magnetizing curve A = f(i;) which
presents the iron core inductance. Figure 3 shows the resistance characteristic v = f(i;.). These figures are used
as data in the realized work found in (Yahiou et al., 2018d).
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Figure 2. Saturation curve (nonlineair inductance) A = f(i;) (Yahiou et al., 2018d).
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Figure 3. Resistance characteristic A = f(i,.) (Yahiou et al., 2018d)

The data found in Figures 2 and 3 are calculated by the improved technique presented by the authors in (Yahiou
et al., 2019; Yahiou & Bayadi, 2012). And they have been inserted in the saturable transformer found in ATP-
EMTP program to simulate the ferroresonance under different conditions.
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Experimental Setup and dSPACE Interface

Figure 4 shows a measurement setup photo used to extract the parameters of the used single-phase transformer,
as well as for measure the data used to estimate the saturation curve and the curve representing the nonlinear
resistance.
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Figure 5. Data acquisition interface.
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Simulation of Load Influences on Hysteresis Loop

The study of this paper consists of carrying out numerical simulations for a 2 kVA transformer, i.e. nonlinear
phenomenon, which is supplied with a voltage of 220V, as shown in figure 6. The elaborated model in an
electrical circuit to observe the behaviour of the transformer is implemented for both next cases:

First Case: Unloaded Transformer

The goal is to visualize the hysteresis cycle of a 2 kVA transformer without load (no-load) and its waveform for
transient and steady state. Figure 6 shows the simulation block under ATPDraw software, which contains a
sinusoidal power supply, a transformer, the magnetizing branch which includes a nonlinear inductance and
resistance (its characteristics are those of Figure 2 and 3 respectively) and the series elements of the transformer.

| =

Figure 6. ATPDraw simulation diagram for unloaded transformer.

In steady state, when using a voltage source at the primary of the test transformer with the secondary in open
circuit, we obtain the magnetizing current waveform presented in Figure 7.
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Figure 7. Magnetizing current for steady state with unloaded transformer.

Noting that the current waveform in the no-load steady state is non-sinusoidal distorted due to harmonics caused
by the transformer core nonlinearity. In transient regime (using the circuit breaker), when using a voltage source

596



International Conference on Technology, Engineering and Science (IConTES), November 14-17, 2024, Antalya/Turkey

at the primary of the test transformer with the secondary in open circuit, we obtain the simulated transient inrush
current waveform presented in Figure 8.
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Figure 8. Transient inrush current for unloaded transformer

An important observation is that the inrush current during the transient regime has much higher peaks compared
to the magnetizing current in the steady state. These simulations highlight the non-sinusoidal waveforms of the
currents during the transient regime, as well as during the steady state for the unloaded transformer, due to the
presence of harmonics. These harmonics are the result of the non-linear behavior of the transformer magnetic
circuit. Figure 09 shows the hysteresis loop in steady state for a 2 k\VA unloaded transformer, this cycle is the
variation of the flux as a function of the magnetizing current.

1

0.8

0.6

0.4

0.2

Flux(V.S)
(=]
T

0.4

0.6

-0.8

IO

= [ [ [ [
0.8 0.6 0.4 €0.2 0 0.2 0.4 0.6 0.8
Current (A)

Figure 9. Hysteresis loop in steady state for unload transformer.

Figure 10 shows the hysteresis loop in transient regime for a 2 kVA unloaded transformer, this cycle is the
variation of the flux as a function of the magnetizing current.
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Figure 9. Hysteresis loop in transient regime for unload transformer.
(a) Total hysteresis loop (b) Zoom for hysteresis loop

Second Case: Loaded transformer

The aim is to apply different loads with different values to observe the influence of this variation on the
transformer hysteresis loop in transient regime. Figure 10 shows the simulation block under ATPDraw software,
which contains a sinusoidal power supply, a transformer, the magnetizing branch which includes a nonlinear
inductance and resistance (its characteristics are those of Figure 2 and 3 respectively) and the series elements of
the transformer. Here the resistive load is added to the secondary of the transformer.
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Figure 10. ATPDraw simulation diagram for loaded (resitiance) transformer.

Figure 11 shows a comparison between the current waveforms and their values in the transient and steady state
after applying a resistive load with different values (the nominal load multiplied by 0.5, 0.8 and 1.2).
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Figure 11. Primary current waveform with a resistive load.

If the load is at nominal value, the peak inrush current in transient state is 16.37 A, and 12.87 A in steady
state.

If the load is 50 % of the nominal load value, the peak current in transient state equal to 21.39 A, and 7.128
A in steady state.

If the load is 80 % of the nominal load value, the peak current in transient state equal to 18.35 A, and 10.72
A in steady state.

If the load is 120 % of the nominal load value, the peak current in transient state equal to 15.25 A, and 14.86
A in steady state.
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Figure 12 shows the hysteresis loop waveform for purely resistive load in transient operation.
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Figure 12. Hysteresis

(a) Nominal load value. (b) 120 % of the nominal load value.
(b) 80 % of the nominal load value. (d) 50 % of the nominal load value.

Since the aim is to observe the hysteresis loop during the appearance of transient inrush current, it was sufficient

to show only three cycles of hysteresis loop (Figure 13).
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1. Nominal load

The distorted hysteresis cycle with a positive saturation phase follows the inrush current peak (16.37A)
corresponding to a flux value (1.49 V.s)

2. 120% of the Nominal load value
The distorted hysteresis cycle with a positive saturation phase follows the inrush current peak (15.25A)
corresponding to a flux value (1.4851 V.s)

3. 80% of the Nominal load value
The distorted hysteresis cycle with a positive saturation phase follows the inrush current peak (18.35A)
corresponding to a flux value (1.5044 V.s)

4. 50% of the Nominal load value
The distorted hysteresis cycle with a positive saturation phase follows the inrush current peak (21.39A)
corresponding to a flux value (1.5173 V.s)

By applying different values of the resistive load (100%, 120%, 80% and 50%), it is clear that each time the
load value is reduced, the transient regime increases, resulting in a decrease in the cycle area. The simulation
results show that the value of the resistive load has an influence on the surface and the positioning of the
hysteresis cycle according to the origin. This suggests that the transformer load has a direct influence on the
hysteresis cycle waveform.

Conclusion

The work presented in this article makes a study on the influence of the load on the hysteresis loop of a 2 kVA
transformer. To visualize this influence it is necessary to identify the transformer parameters and determine the
iron core characteristics. Using the ATPDraw program, the simulations results are extracted with adding the
resistive load at their nominal value, and for some percentage (120%, 80% and 50%). The results show that it is
clear that the load directly affects the hysteresis cycle, and this is explained by the restriction and the shift of the
hysteresis cycle caused by the load, this relationship results in a decrease in the surface and a displacement of
the hysteresis cycle following the decrease in the load. The results of these simulations show that the value of
the load driven has an influence on the surface and the positioning of the hysteresis cycle. The results of the
simulation carried out in this styudy show that each time the value of the load is increased there is a decrease in
the surface of the hysteresis cycle. This study can complement by the following perspectives:

» It would be interesting to apply the results of this study in a laboratory environment in order to perform
experiments and compare the simulation results with the experimental results. This would allow to validate
the models and methods used, as well as to identify possible differences or errors.

» The obtained results could have extrapolated and applied to larger power transformers, which would be of
great interest in the field of large-scale power system engineering.

Scientific Ethics Declaration

The authors declare that the scientific ethical and legal responsibility of this article published in EPSTEM
Journal belongs to the authors.

Acknowledgements or Notes

* This article was presented as an oral presentation at the International Conference on Technology, Engineering
and Science ( www.icontes.net ) held in Antalya/Turkey on November 14-17, 2024.

References

601


http://www.icontes.net/

International Conference on Technology, Engineering and Science (IConTES), November 14-17, 2024, Antalya/Turkey

Abdelsalam, H. A., & Abdelaziz, A. Y. (2015). A new strategy for selection of switching instant to reduce
transformer inrush current in a single-phase grid-connected photovoltaic system. Electric Power
Components and Systems, 43(11), 1297-1306.

Abdelsalam, H. A., Ahmed, A., & Abdelaziz, A. Y. (2016). Mitigation of transformer inrush current using PV

energy. Recent Advances in Communications and Networking Technology, 4(2), 95-102.

Abdulsalam, S. G., & Xu, W. (2007). A sequential phase energization method for transformer inrush current
reduction andamp; mdash; transient performance & practical considerations. IEEE Transactions on
Power Delivery, 22(1), 208-216.

Abdulsalam, S., Xu, W., Neves, W., & Liu, X. (2005b). Estimation of transformer saturation characteristics

from inrush current waveforms. IEEE Transactions on Power Delivery, 21(1), 170-177.

Altun, H., Sunter, S., & Aydogmus, O. (2021). Modeling and analysis of a single-phase core-type transformer
under inrush current and nonlinear load conditions. Electrical Engineering, 103(6), 2961-2972.

Arand, S. J. (2013). Transformer inrush current mitigation using controlled switching and magnetic flux shunts.
International Journal of Energy and Power Engineering, 2(2), 46-53.

Bertagnolli, G. (1996). Short-circuit duty of power transformers: The ABB approach. Golinelli.

Brunke, J. H., & Frohlich, K. J. (2001a). Elimination of transformer inrush currents by controlled switching. I.
theoretical considerations. IEEE Transactions on Power Delivery, 16(2), 276-280.

Brunke, J. H., & Frohlich, K. J. (2001b). Elimination of transformer inrush currents by controlled switching. II.
application and performance considerations. IEEE Transactions on Power Delivery, 16(2), 281-285.

Cano-Gonzalez, R., Bachiller-Soler, A., Rosendo-Macias, J. A., & Alvarez-Cordero, G. (2017). Controlled
switching strategies for transformer inrush current reduction: A comparative study. Electric Power
Systems Research, 145, 12-18.

Cano-Gonzalez, R., Bachiller-Soler, A., Rosendo-Macias, J. A., & Alvarez-Cordero, G. (2015). Inrush current
mitigation in three-phase transformers with isolated neutral. Electric Power Systems Research, 121,
14-19.

Cheng, C.-K., Liang, T.-J., Chen, J.-F., Chen, S.-D., & Yang, W.-H. (2004). Novel approach to reducing the
inrush current of a power transformer. IEE Proceedings - Electric Power Applications, 151(3), 289-
295.

Cui, Y., Abdulsalam, S. G., Chen, S., & Xu, W. (2005). A sequential phase Energization technique for
transformer inrush current reduction— part I: Simulation and experimental results. IEEE Transactions
on Power Delivery, 20(2), 943-949.

Danikas, M., Sarathi, R., Morsalin S. (2020). A short review of some of the factors affecting the breakdown
strength of 1nsulating oil for power transformers. Engineering, Technology and Applied Science
Research, 10 (3), 5742-5747.

Faiz, J., & Saffari, S. (2010). Inrush current modeling in a single-phase transformer. IEEE Transactions on
Magnetics, 46(2), 578-581

Fan, H., Hu, J., Liu, H., Yin, Y., & Danikas, M. (2016). UHF PD experiments on real power transformer and its

frequency characteristics results. Engineering Technology and Applied Science Research, 6(1), 906—
912.

Holcomb, J. E. (1961). Distribution transformer magnetizing inrush current. Transactions of the American
Institute of Electrical Engineers. Part I11: Power Apparatus and Systems, 80(3), 697-702.

Le, K. H., & Vu, P. H. (2019). Performance evaluation of a generator differential protection function for a
numerical relay. Engineering Technology and Applied Science Research, 9(4), 4342-4348.

Oyanagi, R., Noda, T., & Ichikawa, M. (2018). A method for estimating the current—flux curve of a single-phase
transformer for electromagnetic transient simulations of inrush currents. Electrical Engineering in

Japan, 204(2), 13-24.

Pontt, J., Rodriguez, J., San Martin, J., & Aguilera, R. (2007). Mitigation of sympathetic interaction between
power transformers fed by long overhead lines caused by inrush transient currents. 2007 IEEE Industry
Applications Annual Meeting (pp.1360-1363). IEEE.

Rudez, U., & Mihalic, R. (2016). Sympathetic inrush current phenomenon with loaded transformers. Electric
Power Systems Research, 138, 3-10.

Sahoo, S., Abeywickrama, N., Bengtsson, T., & Saers, R. (2019). Understanding the sympathetic nrush
phenomenon in the power network using transformer explorer.2019. IEEE 4th International
Conference on Condition Assessment Techniques in Electrical Systems (CATCON), 352, 1-5.

Schramm, S., Sihler, C., Rosado S., (2011). Limiting sympathetic interaction between transformers caused by
inrush transients. International Conference on Power Systems Transients IPST, 11IPST053.

Specht, T. R. (1951). Transformer magnetizing inrush current. Transactions of the American Institute of
Electrical Engineers, 70(1), 323-328.

602



International Conference on Technology, Engineering and Science (IConTES), November 14-17, 2024, Antalya/Turkey

Xu, W., Abdulsalam, S. G., Cui, Y., & Liu, X. (2005). A sequential phase energization technique for
transformer inrush current reduction—part Il: Theoretical analysis and design guide. IEEE
Transactions on Power Delivery, 20(2), 950-957.

Yahiou, A., & Bayadi, A. (2012). investigation of magnetizing inrush current in single-phase power
transformer. 7th International Conference on Electrical Engineering (CEE'12), 8-10.

Yahiou, A., Adi, A. B., Mellah, H., Abid, M., R’gueyeg, M. S., & Merabet, A. O. (2022b). Inrush current

influence on the hysteresis loop of a single-phase transformer. 19th International Multi-Conference on
Systems, Signals and Amp; Devices (SSD) (pp.18171-18179). IEEE.

Yahiou, A., Bayadi, A., & Babes, B. (2018a). Point on voltage wave switching for sympathetic inrush current
reduction. 2018 International Conference on Applied Smart Systems (ICASS).

Yahiou, A., Bayadi, A., & Babes, B. (2018d). Mitigation of sympathetic inrush current in transformer using the
technique of point on voltage wave control switching. International Conference on Communications &
Electrical Engineering (ICCEE), 20, 1-6.

Yahiou, A., Bayadi, A., & Babes, B. (2019). Modified method for transformer magnetizing characteristic
computation and point-on-wave control switching for inrush current mitigation. International Journal
of Circuit Theory and Applications, 47(10), 1664-1679.

Yahiou, A., (2012). Contribution to the study and analysis of transformers transient : case of inrush current,
M.Sc thesis, University of Sétif, Sétif, Algeria,.

Yahiou, A., Mellah, H., Bayadi, A., & Abid, M. (2022a). Effects of inrush current on the hysteresis loop and
load influences on the transient current of a single-phase transformer. Engineering Technology and

Applied Science Research, 12(5), 9258-9264.

Author Information

Abdelghani Yahiou

Department of Electrical Engineering, University of Bouira,
Algeria.

Contact e-mail: abdelghani.yahiou@univ-bouira.dz

Amar Maafa
Department of Electrical Engineering, University of Bouira,
Algeria.

Badreddine Babes
Research Center in Industrial Technologies - CRTI P.O.Box
64, Cheraga 16014, Algiers, Algeria

Hocine Terrab
General Electric Power, Algeria

Souhila Abdoun
Department of Electrical Engineering, University of Bouira,
Algeria.

Hacene Mellah
Department of Electrical Engineering, University of Bouira,
Algeria.

Hamza Sahraoui
Department of Electrical Engineering, University of Chlef,
Algeria.

Abdelhafid Bayadi
Automatic Laboratory of Setif (LAS), University of Setif-1-,
Algeria.

To cite this article:

Yahiou, A., Abdoune, S., Maafa, A., Mellah H., Babes B., Sahraoui H., Terrab H., Bayadi, A., (2024). Load
insertion influence on the hysteresis loop of a single-phase transformer under transients. The Eurasia
Proceedings of Science, Technology, Engineering & Mathematics (EPSTEM), 32, 591-603.

603


https://www.researchgate.net/profile/Abdelghani-Yahiou/publication/330223906_Investigation_of_Magnetizing_Inrush_Current_in_Single-Phase_Power_Transformer/links/5f7a3ca8299bf1b53e0e2e8c/Investigation-of-Magnetizing-Inrush-Current-in-Single-Phase-Power-Transformer.pdf
https://www.researchgate.net/profile/Abdelghani-Yahiou/publication/330223906_Investigation_of_Magnetizing_Inrush_Current_in_Single-Phase_Power_Transformer/links/5f7a3ca8299bf1b53e0e2e8c/Investigation-of-Magnetizing-Inrush-Current-in-Single-Phase-Power-Transformer.pdf

