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This bachelor’s thesis mainly studies the relationship between transformer magnetisation
inrush current and transformer core residue and switching phase angle. The transformer
inrush current is a transient phenomenon, which can reach dozens of times the rated current,
which is easy to cause differential protection error, voltage drop, and mechanical stress
increase in modern power systems. Although previous studies have analysed the core
magnetic field or the switching phase angle respectively, the problem of mutual influence
between the two has not been well solved.

This work represents the nonlinear core magnetisation characteristics by establishing a
transformer simulation model, in which the residual flux is represented by the equivalent
initial flux bias. Using 0.1 A to 0.9 A controllable DC bias current to process before
magnetisation, different equivalent residual magnetic flux levels can be obtained. According
to the equivalent initial flux bias model, the switching process is simulated at various closed
phase angles between 0°and 120°. Obtained the key influx current characteristics, namely
the peak size and total harmonic distortion (THD).

From the simulation results, it can be seen that the return level and the switching phase angle
will affect the amplitude and asymmetry of the inflow of current. In addition, according to
the specific operating conditions, its comprehensive effect can aggravate or reduce the
degree of inrush current. These findings provide data for analogue reference by injecting
current into the analysis transformer, and are conducive to improving the switch arrangement
and protecting the connection in the power grid.
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SYMBOLS AND ABBREVIATIONS
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RMS value of the fundamental current component

RMS value of the n-th harmonic current component

DC pre-magnetization current
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winding voltage as a function of time
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phase-voltage peak value
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core flux as a function of time
initial core flux at energization
remanent flux / residual flux
closing phase angle
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steady-state flux amplitude / flux peak value
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Subscripts

1 fundamental component / primary side
2 secondary side

DC direct current bias condition
LL line-to-line

ph phase

peak peak value

res remanent / residual

rms root mean square

n n-th harmonic order

HV high-voltage side

LV low-voltage side
Abbreviations

AC Alternating Current

DC Direct Current

FFT Fast Fourier Transform

HV High Voltage

LV Low Voltage

RMS Root Mean Square

THD Total Harmonic Distortion

pu

per unit
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1 Introduction

With the continuous deployment of smart grids and the increasing sensitivity of digital
protection, the more accurate the understanding of transient, the more reliable the relay
coordination. With the addition of more renewable energy and distributed resources to
modern power systems, switching operations and operating conditions become more and
more complicated, so it becomes more and more difficult to distinguish inrush current from
internal faults. The large influx current can reach more than 10 times the rated current, which
will not only cause the trouble of transformer differential protection to trip, but also cause
the transformer winding voltage to drop sharply and increase mechanical stress. Therefore,
investigating these transient mechanisms and effective mitigation methods is important for

ensuring the long-term reliability and power quality of power systems (Mitra et al., 2020).

In recent years, a lot of research has been done to study the nature of transformer inrush
current. Previous studies have shown that the peak height of the inrush current is related to
the wave point of the transformer (Brunke and Frohlich, 2001). In addition, most people
believe that the residual flux (core residual magnetism or equivalent initial flux offset) left
after the last failure will move to the magnetic operation point, which often makes the
transformer saturated (Ge and Wang, 2018; Yuan and Yuan, 2022). Most of the existing
literature deals with these factors separately, focusing on improving the controlled switching
angle to reduce transients, or modelling the magnetic lag to estimate the residual magnetic

distribution (Adly et al., 2003; Cardelli et al., 2015).

However, many previous studies have not conducted in-depth research on the nonlinear
interaction between residual and closed phase angles. In fact, these two factors exist at the
same time, and under their joint action, they can be addition (increased saturation) or
subtraction (partial compensation for the initial fluctional offset). Many models use a fixed
natural level, or do not consider the impact of different natural initialization conditions due
to different initial flux offsets on the resulting safety and critical power-on angle. Therefore,
this study quantifies how different remanence levels seriously affect the closing angle of

inrush current.

This thesis mainly studies the comprehensive impact of core remanence and closing phase

angle on the peak value and harmonic distortion of the transformer inrush current. A



nonlinear transformer model was established using MATLAB. In the simulation, remanence
is represented by the DC bias pre-magnetization stage, and the equivalent initial flux
condition is not directly modelled on the magnetic magnetism based on lag. The study
investigated whether the closing angle would change at a higher residual level in the worst
case. Although this work is based on simulation, it provides a unified framework for
comparing energized cases. The structure of the thesis is that Chapter 2 is the theoretical
basis, Chapter 3 is the simulation model and parameter setting, Chapter 4 is the result display,

and Chapter 5 is the conclusions.



2 Theoretical Background of Transformer Inrush Current

When the transformer is energized, there will be a magnetisation inrush current. This is the
transient current required to obtain the core flux. The peak value is very high, because the
core magnetisation is nonlinear and will enter saturation. Transient is also related to
magnetic history. After de-energization, there will still be a certain remanent flux in the core.
When the transformer is energised again, the remanence and the closed phase angle
determine the initial flux trajectory together. This chapter gives the theoretical basis used in

the simulation of this thesis.

2.1 Transformer Magnetization Characteristics

2.1.1 Nonlinear magnetization and saturation

The core of the transformer follows a nonlinear B-H characteristics. Under normal
circumstances, the flux density is below the knee point. The region is a high-incremental
permeability. So, the magnetisation current is small. When the flux density is close to the
knee point, the incremental permeability will decrease sharply. A small increase in flux will
have a larger magnetisation field. From the perspective of the circuit, the magnetised
inductance is rapidly getting smaller. This is a physical reason caused by the high inrush

peak during energization (Chiesa et al., 2010).

After saturation, the current waveform will reach its peak and be asymmetrical. Generally,
there will be a transient DC part. It also contains strong low-frequency harmonics. Waveform

characteristics are very important for the analysis of protection and distortion.
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Figure 2.1. The flux/current (saturation) characteristic determines the magnitude

of the magnetizing and inrush current (Brunke and Frohlich, 2001a).
2.1.2 Voltage—flux relation and initial condition

For a winding with N turns, Faraday’s law gives the voltage—flux relation:
u(t) = N-do(¢)/dt (2.1)

where u(?) is the winding voltage (V), NV is the number of turns, and ¢(¢) is the core flux (WDb).

Integrating from the energization instant t = 0 gives the flux as the sum of an initial value
and a voltage integral:

t

1
o(t) = go(0)+X] j u(t)de (2.2)
0
where ¢(0) is the initial core flux at energization (Wb).

Equation (2.2) is central to inrush analysis. Flux is set by the voltage integral and the initial
flux @(0). The initial flux is not always zero. It can be remanent flux left by previous
operation. If the total flux exceeds the steady-state range, the core enters saturation. Then

the magnetizing current rises steeply.
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Figure 2.2. Core flux showing a worst energization case under a given residual flux

condition (Brunke and Frohlich, 2001a)

2.2 Core Remanence and Its Formation Mechanism

2.2.1 Hysteresis and remanent flux

Remanent flux (residual flux) is the flux that remains in the core after the transformer is
disconnected. It is caused by hysteresis of ferromagnetic materials. When the excitation
current decays to zero, the flux does not necessarily return to zero. The remaining value is

denoted as ¢res. This remanent state shifts the operating point before the next energization.

Hysteresis-based models can reproduce this memory effect. For example, Preisach
formulations represent major and minor loops and can generate non-zero remanence states
(Adly et al., 2003). In practical simulation studies, especially at system level, the influence
of remanent flux is often represented by prescribing an equivalent initial flux condition

instead of explicitly modeling hysteresis loops.
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Figure 2.3. Schematic hysteresis loop illustrating remanence and coercivity

2.2.2 Why remanence varies

Remanence is determined by the de-energization process. Due to current attenuation, the
switch instantly changes the final flux trajectory. Circuit resistance and network conditions
will affect the attenuation path. There is another dependency in the three-phase transformer.

Therefore, the remanence of each limb is different.

Field and circuit coupling research shows that the entire core tape distribution is not uniform.

In addition, it is very sensitive to the moment of sudden shutdown (Yuan and Yuan, 2022).

These supports studying a range of remanence levels rather than a single assumed value.

Table 2.1. Factors influencing transformer core remanence and its distribution

Factor

What it means

Expected effect on remanence /
distribution

Relevance to this thesis

Switch-off
instant (point-
on-wave at de-

energization)

Flux trajectory when
current decays to zero
depends on opening
time

Changes polarity and magnitude
of @res; can yield different limb
residuals

Explains why @res
should be swept rather
than fixed

Core hysteresis
property

Domains do not fully
randomize when
excitation is removed

Non-zero residual flux remains at

(i=0)

Motivates using a
nonlinear core model
and initial-state control

Three-phase
limb coupling

Flux paths are
magnetically coupled
between limbs

Remanence is not uniform across
limbs; limb interaction modifies
final state

Supports “non-uniform
remanence” assumption
in three-phase cores

Network/circuit
decay path

R, stray C, and
switching device affect
decay

Affects how quickly and along
which path flux settles

Justifies using
controlled initialization
in simulation for
comparability




2.2.3 Remanence initialization used in this thesis

In simulation, the remanence should be expressed as the initial magnetic state. The most
commonly used method is to pre-excite first and then test after energization. In this paper,
the degree of residual magnetisation is expressed by the pre-magnetisation stage of DC bias,
which establishes different equivalent initial flux conditions before power is turned on. The
bias current is between 0.1 A-0.9 A, and the initial state is different. This is a way to generate
comparable initial conditions between different cases. It does not mean that DC injection is
used for real transformer operation. This paper believes that ¢r.s s an equivalent initial flux

offset obtained in the pre-magnetization stage of DC bias.

2.3 Switching Phase Angle and Flux Offset

2.3.1 Definition of closing phase angle and voltage—flux relationship

The closing phase angle 8 defines the point on the voltage waveform when the breaker closes.
Because flux is the integral of voltage, 8 directly affects the prospective flux. This can be
derived by combining a sinusoidal voltage with (2.2).

Assume a sinusoidal supply voltage:
u(t) = Uy sin (wt+60) (2.3)

where U, is the peak supply voltage (V), @ is angular frequency (rad/s), and 6 is the
closing phase angle (rad).

Substituting (2.3) into (2.2) and using ¢(0) = @ gives:

1 t
o(t)= (/’res+ﬁ' f Uy, sin (wt+6) dr (2.4)
0
After integration:
D=0 +0 (cosd +0 25
D)= 9, t— (005 - c0s (1+6)) 2:5)
Let @, = == Then:

o(t) = -0y, cos (wi+O)+(p  +Pp, cos ) (2.6)



Equation (2.6) divides the flux into a sinusoidal term and an offset term. The offset equals
Pos T Pncos@. The offset waveform that moves up or down. The reason for the
transformation is that the closing angle and remanent flux influence each other. This formula
is directly used in the simulation model of this paper, and the initial flux offset is controlled

by parameters to study its relationship with the closed phase angle.

2.3.2 Worst-case flux offset and interaction with remanent flux

A severe case occurs when the offset is maximized and supports the flux increase. For
energization near the voltage zero-crossing, € ~0°. Then cos 6 =1 and the offset becomes
@res + Dy, At the instant when cos (w+6) reaches —1, the sinusoidal term reaches +®,,. The
total flux then approaches @, + (¢res + Dp,) = 2P, + ¢res. This is the classic worst-case

result reported in controlled switching studies (Brunke and Frohlich, 2001a).

If gres has opposite polarity, the offset can be reduced. Then the flux stays closer to the
steady-state range and inrush decreases. This explains why the worst-case closing angle can
shift when remanence level and polarity change. This interaction can be visualized as either
an additive or a subtractive flux offset, as illustrated in Figure 2.4.

2.5
—_ 2
o)
]
E 1.5/ Saturation knee (illustrative)
ae]
=
= 1 -
)
5
0.5
=
< 9
— Additive: =0, ¢..~+0.6D,
-0.5 — Subtractive: 0=0", ¢..=-0.6D,,

0 0.2 0.4 0.6 0.8 |
Time (p.u. of one cycle)

Figure 2.4. Additive and subtractive flux-offset cases under remanence for point-on-wave

energization

Figure 2.4 shows two possible cases between remanent flux and the prospective flux after

point-on-wave energization. When they have the same polarity, the two flux components



add together. As a result, the total core flux moves further toward saturation, and the inrush
current is likely to increase. When they have opposite polarities, a subtractive flux offset
appears, and part of the initial flux bias is cancelled. In this case, the peak core flux stays
closer to the normal steady-state range, so the risk of deep saturation and large inrush current
is reduced. This figure also helps explain why different combinations of remanence and

closing phase angle can either increase or decrease the severity of the energization transient.
2.3.3 Controlled switching implication

The controlled switch uses the principle of flux offset. The purpose is to select € to match
the prospective flux and the remanent flux. Then minimize the offset to prevent depth
saturation (Brunke and Frohlich, 2001a). The second part discusses the application and
performance aspects (Brunke and Frohlich, 2001b). More recent work has also shown that,
for three-phase transformers, energization-angle control can effectively reduce inrush

current by minimizing residual flux asymmetry (Cho et al., 2025).

The remanence in practice is not fixed. Therefore, it is effective to sweep multiple residual
flux levels and closing angles. It is conducive to finding stable low-influx areas and worst-

case combinations.

2.3.4 Harmonics and THD used in this thesis

Peak and asymmetric current waveforms will be generated when saturated. This will produce
more harmonics. Total harmonic distortion (THD) is a commonly used measure of this

distortion.

For a current waveform, THD is defined as:

V2213
THD = Y=0=2 © (2.7)
I

where /1 is the RMS value of the fundamental component and /, is the RMS value of the n-

th harmonic component.

Raichura et al. (2021) use THD to distinguish the operating conditions of transformers. In

their scheme, the lower limit of 5% is the inherent harmonic, and the upper limit of 30% is
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the highly distorted waveform. They found that the amount of THD entered was much
greater than this value, reaching 56.6% in the sympathetic volume measurement and 86.2%
in spectral analysis. Therefore, this paper uses THD and peak size to make quantitative

comparisons.

Table 2.2. Typical THD ranges and representative values for transformer inrush-related

conditions
Condition (Raich t al.
ondition (Raichura et al., Reported THD (%) Notes
2021)
- f +h ic b

Sympathetic inrush 56.6 Wavelotin T harmonie bt
plot

Recovery inrush 80.7 waveform + harmonic bar

plot

authors explicitly note
86.2 THD > 30% and give
86.2% example

Inrush example (text
statement)

Internal fault conditi . .
frietal fau't condition about 9.89 to 45.50 (max | contains phase-wise values;

(various
. h h C=45.50
FIA/locations/types) shown) one case shows
Inrush during internal fault | about 9.19 to 22.17 (max phase-wise values; max
condition shown) shown B =22.17

This chapter mainly reviews the theoretical basis of transformer inrush current from
the three perspectives of nonlinear magnetization, remanent flux and point-on-wave
energization. It can be seen from the voltage flux relationship that the core flux is
determined by the integral voltage and the initial flux ¢(0) during the energized time.
Due to the existence of residual current, the flux may be non-zero. The residual flux
is caused by magnetic hysteresis. In the switching process, the circuit decay path and
the three-phase limb coupling will cause it to change. Therefore, many residual levels
are proposed instead of a fixed value. By combining the sinusoidal power supply
voltage and the flux integral, the prospective flux can be expressed as the sinusoidal
component plus the offset term ¢+ @, cos 6. The offset term explains the mutual
influence between the remanence and the closed phase angle. According to its
polarity and size, it can be added or subtracted, that is, addition or subtraction. Finally,

this chapter explains the controlled switch. Choosing a suitable closing angle can
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minimize the flux offset. In the later simulation analysis, THD is used as a distortion

measure used with peak current.

3 Simulation Model and Methodology

This chapter gives a simulation framework to study the effect of core return magnetism and
closed phase angle on the influx current of the transformer, through the establishment of a
comprehensive impact program. In all cases, a set of fixed model parameters and signal
processing means are used, so the difference in results is caused by these two variables, not

by changes in the simulation environment.
3.1 Transformer Simulation Model Description

The model is implemented by Simulink (Specialized Power Systems) and is divided into
two-stage energization test benches. Stage 1 uses DC pre-magnetization to obtain the
controlled magnetic initial state. In the second stage, the transformer is powered by AC
power when the phase angle is 6. Add a short dead time between the two stages to prevent

overlap between DC injection and AC energization.

DC offset e Y .

amplitude

simulation ) 1 — N Iy ——
it ; J‘ =0

50 B0

]

Circuit
Breaker
Module

Figure 3.1. Simulation model
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3.1.1 Transformer, grid representation, and measurement points

A three-phase, two-winding transformer block is used. The recorded signals on the HV side

are Vape and lLave, and the recorded signals on the LV side are uane and iabe.

In the three-phase V-I measurement block, voltage is configured as phase-to-ground (phase-
to-neutral for a grounded system). Therefore, Vane represents the phase voltages Van, Von,
Ven at the measurement location. The same convention is used for all waveform plots in this

thesis.

The AC power grid is not an ideal infinite bus. A series source impedance to avoid unrealistic
stiff sources. In the baseline configuration, the grid is represented by a three-phase Thevenin

equivalent with R =2.49 Q and L = 79.2 mH per phase at 50 Hz.

3.1.2 Voltage level consistency

The primary rating of the transformer is specified as line-to-line RMS voltage (VLLms = 10
kV). Since the AC power supply is realized as three relative sinusoidal power supplies, each

phase source must be set to the phase voltage amplitude:

VL.
Vph.rms = \/gl‘ms (31)
_ \/— - \/— VLL.rms
Vph,peak =V2- Vph,rms =V2- \/§ (32)
For ViLms = 10 kV, the correct per-phase peak amplitude is:
_3 10,000
Voh,peak = V2 NG ~8165V (3.3)

where Vipms is the line-to-line RMS voltage (V), Vppms 1s the phase-to-neutral RMS

voltage (V), and Vjp peak 18 the phase-voltage peak voltage (V).
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Figure 3.2. Simulated three-phase source voltages showing equal amplitude and 120°

phase displacement

This ensures that the applied AC voltage level matches the transformer rating and keeps flux

and inrush comparisons across cases meaningful.
3.2 Modeling of Core Remanence Using DC Bias
3.2.1 DC injection settings and definition of /¢

During 0 <t < 0.1 s, the transformer is excited by a DC bias circuit consisting of a 100 V
DC source and a series resistor, connected through three controllable ideal switches. To a

first approximation, the injected current level is set by:

Vbe
Ipe = =2 (3.4)
P Rpc

where Ipc is the DC bias current (A), Vpc is the DC source voltage (V), and Rpc is the

series resistance in the DC injection branch ().
With Vpc =100 V, the nominal resistor values used for the three levels are:
Inc =0.1 A>Rpc=1000 Q (3.5

Inc =03 A>Rpe=333Q (3.6)
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Inc=0.6 A—>Rpe= 167Q (3.7)
Inc =09 A—Rpc=111Q (3.8)

In the full network, the measured DC current can deviate from the ideal V/R estimate due to
the return path and transformer coupling. Therefore, Ipc is defined in this thesis as the
measured current in the DC injection branch, verified using a current sensor placed in the

injection path (after Connl/Conn2/Conn3).

Conn1

g

Conn2

0

|
d
— I|F Conn3

Figure 3.3. DC pre-magnetization subsystem
3.2.2 Dead time design (0.10-0.12 s)

When ¢ = 0.1 s, the ideal switch is turned on, and the DC bias circuit is disconnected. The
interval 0.10 <7< 0.12 s is used as the dead time to eliminate DC injection before the AC is
energized. The short peak value of about 0.1 seconds is regarded as switching artefacts and

does not enter the influx analysis window.
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Signal

0F 4

L 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Figure 3.4. Timing sequence used in the simulation

3.3 Closing Phase Angle Implementation

The closed phase angle 6 refers to the electrical angle of the phase A source voltage when
the AC circuit breaker is closed. The excitation command is made into a step-by-step

shutdown signal (0 to 1), and then maintained, so each case has a shutdown time.

The delay parameter of the circuit breaker command used to generate the waveform diagram
in this paper is a convenient value determined according to the expected phase conditions in

the simulation. Specifically:

0=0"— delay=0s (3.9)
0=60" — delay=10.06 s (3.10)
0=90" — delay=0.09 s (3.11)
0=120" — delay=0.12 s (3.12)

Since the delay parameter is a realization setting, not an explicit angle input, the effective 8

is explained by referring to the phase A and voltage at the moment of closing instant.
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3.4 Parametric Simulation Procedure and THD Evaluation

The simulation study varies two inputs: the DC bias current level Ipc and the closing phase
angle 6. For each operating point, the model applies DC pre-magnetization over 0 <¢< 0.1
s, opens the DC path at £ = 0.1 s, maintains a dead time until # = 0.12 s, and then energizes
the transformer from the AC source at the prescribed closing condition. In the present
implementation, € is applied through the breaker control delay parameter, and the effective

angle is checked against the measured phase-A voltage at the closing instant.

In this thesis, the DC bias level is investigated within 0-0.9 A and the closing phase angle
within 0°-120°. To keep the number of simulations runs manageable while still capturing
the main trend, representative points are selected from these ranges. The main study uses /pc
€ {0.1, 0.3, 0.6, 0.9} A and 8 € {0°, 60°, 90°, 120°}. For each run, Vapc, Labc, Wabe, and ianc
are recorded. The inrush severity is quantified by the peak HV current, defined as the
maximum absolute phase current within the first 0.10 s after energization (five cycles at 50

Hz).

FFT-based THD is then computed with identical settings for every case (50 Hz fundamental,
start time ¢ = 0.12 s, 5 cycles). This produces a single THD value per operating point,
enabling a direct comparison of distortion levels across the (/pc, 8) grid and supporting the

trend analysis in Chapter 4.
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4 Simulation Results and Discussion

This chapter introduces the simulation results of the selected operating points /pc € {0.1, 0.3,
0.6,0.9} A and 8 € {0°, 60°,90°, 120°}. Two output indicators are used in the whole analysis
process, namely the time-domain inrush current waveform Zunec and the corresponding total
harmonic distortion THD obtained by the FFT method. According to Chapter 3, FFT
calculation is only carried out after the dead time interval. All settings are the same, and

THD values can be compared consistently.

The purpose of this chapter is not only to present a single waveform, but also to determine
how the equivalent remanence level expressed by the current /pc and the closing phase angle
0 before DC magnetization affects the main trend of the power response. The simulation
results within the scope of the survey show that the closed phase angle is the main factor
affecting the peak current and waveform distortion. On the contrary, the impact of the static
situation caused by Ipc is relatively small. Although it still causes small changes in the

transient amplitude, they should be considered together with the switching moment.

4.1 Effect of Remanence Level on Inrush Current

In order to test the influence of the equivalent remanence level used in this paper, the results
are compared under a fixed closed phase angle, and the DC pre-magnetization current Ipc is
increased from 0.1A to 0.9A. The results show that for a given 6, the overall transient mode
is basically the same, but there are slight changes in the peak value and THD with Ipc after

power.

To examine the remanence effect more clearly, the results are first compared at fixed closing
phase angles. Figures 4.1—4.4 present the .o waveforms and the corresponding THD results
for three representative remanence levels, namely Ipc = 0.1 A, 0.3 A, 0.6 A, and 0.9 A. This
arrangement makes it possible to observe whether the transient pattern changes with

remanence under the same switching condition.
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4.1.1 When 6=0°

When 6 = 0°, there will be an obvious asymmetric inrush current in all three cases after
power-on. The main transient component carried by a phase, after the appearance of a large
and slow envelope, a small and fast component appears. The appearance of this small
component is related to the large component, and the large component is the main component.
It is caused by the existence of a large first peak in the signal, which will gradually decay
and finally tend to zero. The peak current when /pc = 0.1 A is energized is 28.86A, 29.08A
when Ipc= 0.3 A, 29.43 A when Ipc= 0.6 A and 29.83A when Ipc= 0.9 A. Therefore, under
the present simulation settings, increasing IDC will slightly increase the peak current after
powering on when 6 = 0°. The corresponding THD values are 5.12%, 5.10%, 5.13% and
5.16% respectively. Therefore, the waveform is only slightly distorted in all cases, and the

degree of distortion changes only slightly with the increase of Ipc.
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Figure 4.1. Three-phase inrush current waveforms Zane and corresponding THD at 8 = 0°
under different DC pre-magnetization currents: (a) Ipc = 0.1 A, (b) Ipc =0.3 A, (¢) Ipc =
0.6 A,and (d) Inc=09 A

Overall, Figure 4.1 shows that at 8 = 0° the transformer exhibits a clear asymmetric inrush
response in all tested /pc cases, while the increase in Ipc only causes a slight rise in peak

current and little change in THD.

4.1.2 When 6 = 60°

When 6 = 60°, Inc has little impact on the waveform. There is an obvious inrush current after
the power is turned on, and the peak current after power-on is about 41.09 A when Inc= 0.1

A 41.10 A when Ipnc=0.3 A, 41.16 A when Ipc= 0.6 A and 41.16 A when Ipc=0.9 A. The
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THD values in Table 4.1 are 6.09% for all four IDC levels. Therefore, at this closed angle,
the influence of equivalent remanence conditions becomes very small. Within the Ipc range
of the survey, the transformer shows a strong post-energization current response, but the

results are almost unchanged as Ipc increases.
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Fundamental (S0Hz) = 7727 , THD= 6.09%
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Figure 4.2. Three-phase inrush current waveforms Zane and corresponding THD at § = 60°
under different DC pre-magnetization currents: (a) Ipc = 0.1 A, (b) Ipc =0.3 A, (¢) Ipc =
0.6 A,and (d) Ipc=09 A

As shown in Figure 4.2, when 0 = 60° the waveform shape, peak current and THD remain
almost unchanged as Ipc increases, indicating that the remanence effect is weak under this

switching condition.

4.1.3 When 6 =90°

When 6 =90°, Inc has little impact on the waveform. There is no obvious influx current after
the power is turned on, and the current quickly stabilizes into a very small almost sinusoidal
magnetization current. In all four cases, the peak current after power-on is about 0.0089A.
The THD values in Table 4.1 are 0.00%, 0.02% and 0.01% and 0.00% of Inc=0.1 A, 0.3 A,
0.6 A and 0.9 A respectively. Therefore, at this closed angle, the influence of equivalent
resonance conditions becomes very small. Within the /pc range of the survey, the

transformer operates under a low-disturbance energization condition.
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Figure 4.3. Three-phase inrush current waveforms Zane and corresponding THD at § = 90°
under different DC pre-magnetization currents: (a) Ipc = 0.1 A, (b) Ipc =0.3 A, (¢) Ipc =
0.6 A,and (d) Ipc=09 A

Figure 4.3 indicates that when 6 = 90° the energization response is minimal for all tested /pc

levels, and both the current magnitude and THD remain close to zero.

4.1.4 When 0 = 120°

When 6 = 120°, the peak current after power-on is much larger than that of 0°, but the
waveform remains similar across different /pc values. When energized, the peak current is
41.17 Aof Inc=0.1 A, 41.17 Aof Ipc=0.3 A,41.17 A of Inc=0.6 A, and 41.17 A of Ipc=
0.9 A. It can be seen that the Ipc has little impact on the peak amplitude during the switching
process. However, THD remains almost unchanged, at 6.09% in all four cases. That is to say,
the peak current is higher than that in the 8 = 0° group, the waveform distortion is still only

slightly higher from the perspective of harmonics.
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Figure 4.4. Three-phase inrush current waveforms /e and corresponding THD at 8 = 120°
under different DC pre-magnetization currents: (a) Ipc = 0.1 A, (b) Ipc =0.3 A, (c) Ipc =
0.6 A,and (d) Ipc=09 A

Figure 4.4 shows that at & = 120° the post-energization current stays at a high level, but the
variation with Ipc is still very limited, which again suggests that the closing phase angle has

a stronger influence than /pc.
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Figure 4.5. Variation of post-energization peak inrush current with /pc under different

closing phase angles

Figure 4.5 further summarizes the remanence effect by plotting the post-energization peak

current against Ipc for different closing phase angles. The figure confirms that the
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dependence on Ipc is relatively weak in the tested range. At 6 = 0°, the peak current shows
a small upward trend as Ipc increases. At 8 = 60° and 120°, the peak current is almost
unchanged. At 6 = 90°, the peak current remains close to zero for all four remanence levels.
Therefore, the remanence level affects the numerical value of the peak current, but its

influence is much smaller than that of the closing phase angle.

In general, in all cases within the scope of the survey, the equivalent re-level represented by
Ipc plays a smaller role than the closed phase angle. Changing /pc when fixed 8 will cause
changes in peak current, THD and other parameters, but will not change the qualitative
response mode. The most obvious change is the 8 = 0° group. When 6 = 60°, 8 = 90° and 0

= 120°, the response is almost unchanged with the increase of Ipc.

4.2 Effect of Switching Phase Angle on Inrush Current

Compared with the influence of Ipc, the impact of switching phase angles is much greater.
For each equivalent lag condition investigated, changing the closing angle from 0° to 120°

will greatly change the time domain current waveform and the result of THD.

To examine the angle effect more directly, the results are next compared at fixed remanence
levels. In this part, the emphasis is placed on how the post-energization peak current and

waveform distortion vary when the closing phase angle changes, while Ipc is kept constant.
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Figure 4.6. Variation of post-energization peak inrush current with closing phase angle at

different remanence levels
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Figure 4.6 shows the variation of post-energization peak current with closing phase angle at
different remanence levels. The trend is highly consistent for all three /pc values. The largest
peak current always appears at € = 0°, where the values are 28.86 A, 29.08 A, and 29.43 A
and 29.83 A for Ipc= 0.1 A, 0.3 A, 0.6 A, and 0.9 A, respectively. At 8 = 60°, the peak
current rises to 41.09 A, 41.10 A, 41.16 A and 41.16 A. At 8 = 90°, the peak current drops
sharply to about 0.00890 A in all four cases. At #= 120°, it rises again to 41.17 A in all four
cases. Therefore, the angle effect is not monotonic, but it is clearly much stronger than the

effect of /pc.

The flux condition at the time of energization is physically consistent with this. The
instantaneous switch establishes the manner in which the source driven flux and remanent
flux combine. At a favorable switching instant, it can avoid high flux offset and significantly
minimize the inrush current. With an unfavorable switching instant, the peak current will be
large, or there will be severe distortion of the waveform. On the basis of post-energization
peak current value, the mildest energization response is obtained at & = 90°. The lowest level

of distortion is also achieved at 8 = 90° based on the available THD results.

A significant fact to note is that both peak current after energization and THD do not
prioritize the operating conditions in the same manner. Peak current is maximum when 6 =
120°, but THD is maximum when € = 60° and 6 = 120°. At the same time, the least intense
response of the current occurs at 8 = 90°, when the peak current is nearly zero. This implies
that the most important angle will be determined by the selected evaluation index. Should
the issue be the instantancous current stress, € = 120° is the worst case. If it is harmonic

distortion, 8 = 60° and & = 120° are the worst cases.

Physically speaking, this tendency can be explained by the switching instant playing its part
in defining the flux trajectory. Various closing phase angle alter how the source-driven flux
engages the initial core flux state. If the switching condition is positive, there will be
negligible significant transient current in the transformer. In case of unfavorable switching
conditions, a peak current or a very distorted waveform is generated. Among all the test sets

currently available, the mildest energization response occurs at the test set with 6 = 90°.
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4.3 Combined Influence of Remanence and Switching Phase Angle

To evaluate the combined influence of remanence level and closing phase angle, all

investigated operating points are summarized in Table 4.1. This allows the peak current and

THD results to be compared side by side across the full (/pc,0) set.

Table 4.1. Summary of post-energization peak current and THD under different /pc and 8

conditions
Inc (A) 0(°) Post-energization peak current (A) THD (%)
0.1 0 28.86 5.12
0.1 60 41.09 6.09
0.1 90 0.0089 0.00
0.1 120 41.17 6.09
0.3 0 29.08 5.10
0.3 60 41.10 6.09
0.3 90 0.0089 0.02
0.3 120 41.17 6.09
0.6 0 29.43 5.13
0.6 60 41.16 6.09
0.6 90 0.0089 0.01
0.6 120 41.17 6.09
0.9 0 29.83 5.16
0.9 60 41.16 6.09
0.9 90 0.0089 0.00
0.9 120 41.17 6.09
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The three-dimensional plot in Figure 4.7 provides a direct visualization of the joint effect of
Inc and closing phase angle on the post-energization peak current. The surface changes
sharply along the angle direction but only slightly along the Ipc direction. This again shows
that the closing phase angle dominates the transformer energization response within the

tested range, while the remanence level mainly introduces small numerical adjustments.

Due to the existence of all operating points, the relative importance of these two variables
has become more obvious. Although the equivalent remanence level and closed phase angle
6 represented by Ipc are studied in this paper, the dominant trend is controlled by 6 , and

the influence of Ipc is still small within the selected range.

In terms of peak current after power, the most serious is € = 120°, where the maximum
current reaches 41.17 A. The 6 = 60° case form another high-peak group, with values
between 41.09 A and 41.16 A. The € = 0° cases form an intermediate group, with peak
currents between 28.86 A and 29.83 A. All cases of 8 = 90° show that the transient current
after power-on is very small, that is, no matter under what conditions, such an opening and

closing angle can play a great inhibitory role.

However, in terms of waveform distortion, the ranking has changed. The highest THD
appears in the case of 8 = 60° and 120°, and its value remains at about 6.09%. 6 = 0° cases
constitute the second group, and the THD value is between 5.10% and 5.16%. Again, the
performance is best when 8 = 90°, and the THD is close to zero. It can be seen that the peak
current and THD can be used in addition to each other after powering on and cannot replace

each other.

Increasing Ipc from 0.1A to 0.9A will not cause a strong monotonous increase in THD. When
0= 0°, the peak current increases slightly after power is on, while THD changes only slightly.
When 6 = 60° and 120°, the change of peak current and THD after power-owing is very
small. When 6 = 90°, all four /pc-level responses can be ignored. Therefore, in the existing
modelling hypothesis and parameter range, the impact of /pc-based equivalent lag conditions
is less than that of closed phase angle. This shows that it is more effective to choose the right

switch time than to try to adjust the reduction conditions alone.

In summary, the following three main findings can be derived. Within the scope of the survey,
the closed phase angle is the main factor that determines the power-on response of the

transformer. Second, 8 = 90° is more favourable because it suppresses the size of the influx
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current and the distortion of the harmonic wave. The most important operation condition is
the selected @ value. When 6 = 120°, it is most serious in terms of peak current after power-
on, and when 6 = 60° and 120°, it is most serious in terms of THD. These results lay the
foundation for the final conclusion of the paper, and also show that it is necessary to use

both amplitude and distortion methods when evaluating the influx behavior of transformers.
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5 Conclusion

The present thesis employs simulation techniques in order to investigate the effects of
equivalent remanence conditions and switching phase angle on transformer inrush current.
A transformer energization model is developed using MATLAB/Simulink. Its initial
magnetic state is modeled by various DC pre-magnetization currents. During the process of
energization on AC, closing phase angle changes. The focus of this research is on two
indicators, which are the peak current after energization, in the time domain, and the total

harmonic distortion (THD) measured through FFT in the frequency domain.

The analysis of the results above reveals that the closing phase angle is the key parameter
influencing the energization behavior of the transformer in this study. On all test equivalent
remanence conditions, the highest peak current created by energization when 6 = 120° is the
maximum, the energization response created by energization when 8 = 90° is the mildest and
the size of the current and THD are kept to a very small value. The mildest current response
is not produced by 8 = 60° and 120°, but their waveforms are the most distorted and THD is
approximately 6.09%. It may be concluded that the worst operating conditions are defined
by the chosen performance indicators. In case of current stress, the most critical situation is

60 =120° and, in case of harmonic distortion, the most critical situation is & = 60° and 120°.

The findings indicate that the equivalent remanence level indicated by the present /pc prior
to DC magnetisation is significantly lower than the closing phase angle effect. With constant
switching angle, variation of /pc between 0.1 A and 0.9 A will have minimal impact on peak
current and THD upon energization. Peak current after energization in the § = 0° group rises
moderately with the rise in /pc and the THD varies slightly. In the 8 = 60° and 120° group,
peak current and THD remain almost unchanged. The 6 = 90° group has a negligible
energization behaviour of all the tested /pc levels. Hence, in the chosen parameter ranges,
the impact of equivalent remanence condition is significantly lower compared to that of

switching phase angle.

According to the results presented above, it can be stated that selecting the correct switching
instant has a positive influence on the suppression of the transient response at the time of
transformer energization. The tested situation of the 6 = 90° is the one with the optimal

performance since the peak value of the current is the least and the harmonic distortion is
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minimal as well. It is evident that controlled switching is a good solution to the issue of

inrush current on energization of the transformer.

Meanwhile, this research also has a number of flaws. The starting magnetic state is given by
the DC pre-magnetization current and not the residual flux that is measured directly.
Secondly, just four switching angles and four pre-magnetisation levels are used, so the set
of parameters is rather limited. Third, it is a prediction based on a simulation model, which
has not been experimentally tested. Thus, the conclusion of this paper must be seen under

the assumptions of this model.

It can observe that this paper thinks that the closing phase angle has much influence on the
energization response of the transformer, but the equivalent remanence conditions expressed
by Ipc have a minor effect on the range of the study. In the test, the value of 6 that works
best is 90°, the peak current is highest at = 120° after the energization, and both 60° and
120° have the maximum THD. This collection of findings demonstrates that the controlled
switching is significant in decreasing the time of transformer energization, as well as

provides the background of more specific models and experimentation in the future.
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