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Abstract

Transformer inrush current is a high-amplitude, non-sinusoidal
transient that occurs during initial energization, leading to
voltage dips, power quality degradation, and relay
misoperations. Unlike fault currents, inrush currents can be
identified their

amplitude is critical to avoiding these disruptions. This paper

through harmonic analysis. Mitigating
investigates novel inrush current mitigation techniques, with a
focus on core magnetic materials. By evaluating their magnetic
properties, we simulate the amplitude and harmonic
composition of inrush current using EMTP-RV software. A
comparative analysis identifies the most effective material for
suppression. Additionally, alternative mitigation methods such
as controlled energization timing, residual flux regulation, and
transformer pre-loading are assessed. Their impact on inrush
current is modeled in EMTP-RYV, offering insights into optimal
suppression strategies. The study aims to improve transformer
reliability and power system stability by minimizing the adverse

effects of inrush current.

Keywords: Inrush Current, Transformer, Magnetic Characteristic, Energizing Time, Residual Flux.

Highlights

e Performing a complete study on the effective methods used for reducing transformer inrush current.
e  Comparing various magnetic materials used as transformer cores regarding the magnitude of inrush current,

core loss, and costs.

e Investigating the effect of introduced techniques on reducing inrush current by conducting studies in EMTP-

RV software.
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1. Introduction
Transformer inrush current is a high-magnitude transient current that occurs during the initial cycles after
energization, caused by the nonlinear magnetic characteristics of the transformer core. Due to its large amplitude
and prolonged duration, this current can trigger protection system malfunctions, leading to unintended transformer
disconnection. Beyond relay misoperation, inrush current also induces voltage dips, thermal losses, and power
quality degradation. Its magnitude depends on several factors, including winding resistance, switching angle, and
residual flux density at the moment of energization.
Extensive research has been conducted to analyze the origins, characteristics, and mitigation of inrush current, as
well as methods to distinguish it from fault currents. Key studies include:
e Evaluates the impact of inrush current on transformer protection systems. Using COMTRADE-based
digital simulations, the study examines its effects on overcurrent and differential protection schemes [1].
o Investigates inrush current transients and proposes a sequential phase energization method with a neutral
resistor to limit current magnitude. An analytical approach for resistor sizing is developed using nonlinear
transient circuit analysis [2].
e Introduces a box dimension-based technique to differentiate inrush currents from internal faults,
leveraging waveform disparities to prevent differential protection misoperation [3].
e Presents simulation and experimental results for sequential phase energization, demonstrating how a
neutral grounding resistor significantly reduces inrush current [4].
e Analyzes the relationship between breaker closing voltage and inrush current magnitude, validating the
method via steady-state theory and experimental data [5].
e Develops a dynamic transformer model to predict inrush current after switch-off, focusing on residual
flux effects and transient overshoot [6].
e Proposes a ferromagnetic core model incorporating hysteresis, saturation, and eddy current losses. An
artificial neural network estimates inrush current using experimental hysteresis data [7].
e Introduces a low-power DC-based device to reduce residual flux across multiple transformers
simultaneously, verified through time-domain simulations [§].
e Proposes a normalized grille curve method to distinguish inrush currents from faults in time and
frequency domains, validated with 268 tests on a YNd11 transformer [9].
e Employs error estimation to identify inrush currents by comparing actual waveforms with reference
signals under varying frequency conditions [10].

This body of research advances strategies to mitigate the adverse effects of inrush currents, thereby enhancing
transformer reliability and power system stability.

2. Innovations and Contributions
The key contributions of this paper are:
e Comparative analysis of transformer core materials, evaluating their impact on inrush current
magnitude, core losses, and cost-effectiveness.
e Comprehensive review of inrush current mitigation techniques, providing insights into effective
strategies for minimizing transient effects.

3. Materials and Methods

This study investigates the influence of different magnetic core materials on transformer inrush current. Magnetic

materials are critical in the design of electromagnetic devices (e.g., transformers, generators, and motors), as they

directly affect performance, efficiency, and cost.

To optimize design parameters such as cost, size, and operational quality, we analyze the following core materials:
o Silicon steel (common, cost-effective)

Nickel-iron alloys (high permeability, low losses)

Cobalt iron (high saturation flux density)

Amorphous metallic alloys (low core losses)

Ferrites (high resistivity, suitable for high frequencies)

Moly-perm alloy (stable permeability)

Sendust (low magnetostriction)

Iron powder cores (distributed air gaps, reduced eddy currents)

The study employs simulations and theoretical modeling to assess each material’s impact on inrush current
characteristics. The model of the transformer in the EMTP-RV software is represented in Figure 1.
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Figure I. The model of the transformer in the EMTP-RV software

The algorithm for Mitigating Transformer Inrush Current is listed as follows:
1. Problem Definition:
e Identify challenges posed by transformer inrush current (e.g., mechanical stress, relay mis-
operation).
2. Candidate Material Selection:
e List common core materials (e.g., silicon steel, nanocrystalline, amorphous, ferrite).
3. Key Parameter Comparison:
e Inrush Current: Simulate or experimentally measure inrush current for each material.
e Core Losses: Quantify hysteresis and eddy current losses.
e  Cost: Analyze production and maintenance costs.
4. Material Optimization:
e Develop a decision matrix with weighted parameters (e.g., 50% inrush, 30% losses, 20% cost).
5. Identify Critical Parameters:
e Residual flux, switching angle, winding resistance, and core design.
6. Simulation/Experimentation:
e Evaluate parameter impact using tools like EMTP or ANSYS.
7. Review Existing Methods:
e  Pre-fluxing: Demagnetize the core before energization.
Controlled Switching: Synchronize voltage phase angle.
e Pre-insertion Resistors: Limit current transient.
e  Optimized Core Design: Air gaps or split-core techniques.
8. Method Evaluation:
o  Compare cost, technical feasibility, and effectiveness.
9. Optimal Combination:
e  Select best-performing core material + mitigation technique.
10. Validation:
e  Prototype testing or final simulation.

4. Results and Discussion

To compare different magnetic materials used as the magnetic core of the transformer from produced inrush
current point of view, 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 with
different magnetic materials are determined and presented in table 1.

Table I: The result 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 0.6S
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 0.68S
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 0.68S
High Flux Powder 3200 1450 15 20 400 098
Sendust powder 3300 1350 30 50 400 0.68S
75 perm powder 3150 1260 40 60 400 0.9S

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
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is high in this case. Among these materials, the K-type ferrite (both at 25°C and 100°C) and W&H-type ferrite (at
100°C) exhibit lower 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 a magnetic core in
the transformer, based on the magnitude of the produced inrush current, is amorphous 2714AF.

5. Conclusion

This paper investigates transformer inrush current and its adverse effects, including voltage drops, protective relay
malfunctions, heat losses, and power quality issues. The study examines how core material properties, switching
angle, residual flux, and load conditions influence inrush current. Using EMTP-RV simulations, various magnetic
core materials such as K-type, P&R-type, F-type, and W&H-type ferrites, amorphous alloy 2714AF, and
powdered alloys are analyzed. Results show that amorphous 2714AF yields the lowest inrush current magnitude.
Further analysis reveals that the cosine voltage waveform minimizes inrush current, while the sine waveform
produces the worst-case scenario. Residual flux polarity also plays a critical role: opposing the initial magnetic
flux reduces inrush current. Additionally, transformer loading significantly impacts damping time, and magnitude
higher loads result in smaller inrush currents and faster decay. Thus, energizing transformers under load is
recommended for effective inrush current suppression. These findings provide practical insights for optimizing
transformer performance and power system stability.
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Table 1. The methods used in reviewed papers

References Applied Methods Research Gap
[1[]2_53]!&152]]_ Study the 1m(;)) icgrzi;?:ir:fnﬂgg:ﬁ::ms}l current Mitigation techniques are not considered.
[2]-[4]-[19]- Reducing inrush current by energizing each The impact of core material, time of switch closing, residual flux,
[23] phase in sequence and using a natural resistor and connected load on inrush current is not considered.
[5] The impact of breaker voltage on inrush The impact of core material, residual flux, and connected load on
current is studied. inrush current is not considered.
[6-7]-[13]-[16]- The transformer is modeled to determine the The impact of core material, time of switch closing, residual flux,
[22]-[24] inrush current. and connected load on inrush current is not considered.
[9-10]-[17-18]- The methods for distinguishing the inrush The impact of core material, time of switch closing, residual flux,
[21] current from other faults are studied. and connected load on inrush current is not considered.
The transformer inrush current is reduced by a
[8] device composed of a low-voltage DC source, The impact of core material, time of switch closing, residual flux,
a suitable power electronic switching unit, and and connected load on inrush current is not considered.

a simple controller.

The transformer inrush current is mitigated by
clearing residual flux, using a pre-insertion

[11]-[15] . . The impact of core material on the inrush current is not considered.
resistor, energizing loads, and asynchronous
switching.
[14] Soft transformer energizing technique is used The impact of core material, time of switch closing, residual flux,
to reduce the inrush current of the transformer. and connected load on inrush current is not considered.
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Figure 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
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Figure 5. The transformer inrush current associated with 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
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Figure 6. The harmonic currents of the inrush current associated with 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
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Figure 7. The impact of temperature on the B-H characteristic of magnetic materials [28]
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Table 2. The result of the simulation

material Peak current Main harmonic 2™ harmonic 3" harmonic Dc current Damping
A) (GY) A) A) (GY) 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 100 240 400 068
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 0.68S
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 0.9 S
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Table 3. The B,, and cost of magnetic materials

Material Flux density B,, (T)
Ferrite K 25°C 0.460
Ferrite K 100°C 0.350
Ferrite P&R 25°C 0.500
Ferrite P&R 100°C 0.375
Ferrite F 25°C 0.490
Ferrite F 100°C 0.340
Ferrite W&H 25°C 0.430
Ferrite W&H 100°C 0.220
Amorphous 2714AF 0.575
Moly perm alloy 0.700
high flux Powder 1.500
Sendust powder 1.000
75 perm powder 0.950

Jedz 0 a5 jeblen v oo lis |y jgile gl 5 ais laie 4y ool oolaiul calitre  puwndolive Slge Ce 8 T Joao
ol b el oy 1S 80l 5LIT a5 ¢ 55le gl 3 awn (5 00 eolitul aliBee  cuboline dlge (ylio ;0 w35 o 0030
(_g‘); WL».Q w.JaLum ools s.)l.?L».I‘ 6‘14 sg.:‘).wLu w‘ Q.:)w er ‘;9.40 )LJ] vao.oﬁ LGMA.»JGLAM &‘9.@ w‘ O )0 ‘Jl-"

DS 18 axgi 0550 Wb e g ats DA (ogme ()b > ke gileghuil  alis

Table 4. The B,, and cost of magnetic materials

Material Price (US$/kg)
Ferrite 1.5-2.3
Amorphous 0.2-0.3
Moly perm alloy 15-45
High flux powder 2.0-2.4
Sendust powder 1-40
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Figure 8. The produced inrush current for initial angles of (a) 0°, (b) 45°, (c) 90°, (d) 135° and (e) 180°
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Figure 9. The harmonic currents associated with the inrush current for initial angles of (a) 0°, (b) 45°, (c) 90°, (d) 135° and (e) 180°
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Table 5. The results of the simulation associated with the initial angle of the voltage

Switching Peak DC Main 2nd 3rd Damping time (s)
angle current component harmonic harmonic harmonic
(degree) A) A) A) A) A)
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
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Figure 10. The produced inrush current for residual flux values of (a) 0, (b) -500Wb, (c) SO0Wb
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Figure 11. The harmonic currents associated with the produced inrush currents for residual flux values of (a) 0, (b) -S00Wb, (c) S00Wb
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Table 6. The results of the simulation associated with the residual flux

Residual flux (Wb) Peak DC Main 2nd 3rd Damping
current component harmonic  harmonic  harmonic time (s)
(A) (A) (6] (GGY) A
0 2100 400 745 90 100 0.9
-500 1500 200 700 60 130 0.8
500 2760 590 795 95 80 >1
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Figure 12. The produced inrush current for different transformer loading (a) no load, (b) ISMW+j7MVAR and (c) 4SMW-+j15SMVAR
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Figure 13. The harmonic currents associated with the produced inrush currents for different transformer loading (a) no load, (b)
I5MW-+7MVAR and (c) 4SMW+j1 SMVAR



Obogests ols o SBlas Lo - 8Byl [ cogzme > alS 6l gl Gl SaSS 'YV

9 5SzgS oad oy segme ()b akals bl 55,5 il jshuil 4 Jate Jb az e AT 09l o amil sO0e @l )
ol ddgi segmd by alS slp ogd e St (plpln 0g algs FoligS oud adg egme by olee o)
SS ey b cos 1) ol ¢ gileghl 3

sPbe gl 5 alise slo (6,105 )L b Billae (g5lwand ls : V Jgax

Table 6. The results of the simulation associated with the different transformer loads

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