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Abstract: The occurrence of high-amplitude magnetizing inrush current during the energization of a
transformer without load poses significant challenges to the stable operation of both the transformer
and the power grid, potentially leading to malfunctions in relay protection devices. This paper
analyzes the underlying mechanisms of transformer inrush current and presents a novel approach
utilizing a soft-start-based method for effectively suppressing inrush currents. The proposed method
employs an inrush current suppressor comprising anti-parallel thyristors and filters to mitigate the
adverse effects caused by the inrush current. A comparative study is conducted to evaluate the
filtering efficacy of three types of filters incorporated in the inrush current suppressor: an LCLC
damping filter, a high-order single trap filter and a high-order double trap filter. Through careful
analysis and optimization, the high-order double trap filter with parallel RC damping damper is
selected as the optimal configuration. To ensure effective suppression, it is necessary to incorporate a
filter at the termination point of the anti-parallel thyristor. Additionally, a closed-loop control strategy
is implemented to ensure a smooth start and actively suppress the magnetizing inrush current. To
validate the effectiveness of the proposed method, comprehensive simulations are performed using
Matlab/Simulink. The results demonstrate the successful suppression of inrush current and the
maintenance of stable operation for the transformer. This inrush suppression method does not require
considering the influence of residual magnetism and the grounding mode of the transformer’s neutral
point. It is also suitable for various transformer structures and wiring methods, which makes it
highly applicable.

Keywords: three-phase transformer; inrush current; an inrush current suppressor; anti-parallel
thyristor

1. Introduction

When a power transformer is switched on without a load or reconnected to the grid
after a fault recovery, there is a risk of inrush current passing through the transformer’s
differential protection. Due to the saturation of the magnetic flux within the transformer
core and the nonlinear characteristics of the core material, the inrush current can exhibit
a relatively large amplitude. This may ultimately lead to the failure of the transformer’s
differential protection. In addition, misoperation can cause deformation of the transformer
winding, ultimately reducing the lifespan of the transformer [1–3]. Moreover, the inrush
current comprises multiple harmonic and DC components, thereby diminishing power
quality within the system. Higher-order harmonics present in the inrush current can signifi-
cantly damage susceptible power electronic devices connected to the system. Consequently,
scholars have placed considerable emphasis on mitigating inrush current [4–6].

Exciting inrush current is the term used to describe the current that occurs when the
magnetic flux within the core of a transformer reaches saturation levels. The magnitude of
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the inrush current is influenced by several factors, including the equivalent impedance of
the transformer, the initial phase angle of the closing circuit, residual flux, the winding con-
nection mode, and the structure and material of the core [7]. For three-phase transformers,
consideration should also be given to the connection method of the three-phase winding, as
well as the materials and structure of the three-phase core. To mitigate the impact of inrush
current on the power network and effectively reduce transformer magnetizing inrush
current, three main methods are commonly employed: (1) the series resistance method,
(2) controlled closing strategy, and (3) switching inrush current suppression circuit. The
utilization of the series resistance method aims to diminish the magnitude of magnetic flux
that flows through the core by modifying the resistance value of the primary side [8]. This
technique involves incorporating series resistors either at the primary side or at the neutral
point of the transformer. Nevertheless, the efficacy of solely utilizing the series resistance
method for suppressing inrush current is inadequate. Consequently, it is commonly em-
ployed in conjunction with other methods, and the selection of the optimal series resistance
value remains a challenging task.

The controlled closing strategy involves the selection of the initial phase angle of the
voltage and the reduction in the magnetic flux flowing through the iron core by weak-
ening the transient magnetic flux [9]. The traditional phase-selection closing technology
encompasses three main approaches: fast closing technology, delayed closing technology,
and simultaneous closing technology. It is important to note that the simultaneous closing
technology is exclusively applicable to the specific three-phase residual flux mode of the
transformer. In this mode, one of the phases exhibits zero residual flux, whereas the other
two phases possess the residual flux of equal magnitude but with opposite directions and at
a higher intensity. Both the delayed closing technology and the fast closing technology em-
ploy a closing sequence in which one phase is closed initially, followed by the simultaneous
closure of the remaining two phases. However, these technologies are only appropriate for
three-phase transformers with neutral grounding. In the case of a three-phase transformer
without a grounded neutral point, closing only one phase results in the power supply and
transformer windings failing to form a complete circuit. Consequently, when closing an
ungrounded neutral point transformer for the first time, at least two phases must be closed.
In reference [10], a strategy was proposed for closing two phases initially and then closing
the remaining one phase, taking into account the impact of residual flux on the neutral
point ungrounded transformer. This reference also provided a calculation method for deter-
mining the optimal closing time. However, the dynamic magnetic flux during the closing
process was not described. According to reference [11], determining the closing time and
sequence of transformers can be achieved by controlling the opening time and sequence
of three-phase circuit breakers, which is contingent on the controllable and high-precision
opening of the circuit breakers. However, the opening and closing times should not be too
far apart, and applying this method in engineering is challenging. The closing time chosen
through the controlled closing strategy is intricately linked to the remaining flux in the iron
core. Due to the technical difficulties associated with measuring this residual flux, further
research is needed to realize the full potential of the controlled closing technology required
to fully realize the potential of the controlled closing strategy.

The switching inrush current suppression circuit is designed to ensure a smooth start
of the primary voltage, eliminate transient magnetic flux in the transformer, and actively
suppress excitation inrush current. Reference [12] proposes a voltage ramp soft starter
which controls the trigger delay angle of the thyristor to ensure that the transformer voltage
rises slowly to a steady-state value at a certain slope. The proposed method does not
require prior knowledge of details such as transformer connection mode, residual flux,
and initial closing phase angle. However, using anti-parallel thyristors alone can result
in a significant amount of harmonics, making it more appropriate for electric arc furnace
transformers that do not demand high harmonic quality. After analyzing the mechanism
of transformer inrush current, this paper introduces a novel approach to mitigate inrush
current by implementing a soft-start mechanism. The primary objective is to tackle the chal-



Electronics 2023, 12, 3114 3 of 17

lenge of excessive harmonic generation encountered when solely relying on anti-parallel
thyristors for voltage boosting. This principle employs an inrush current suppression
circuit comprising anti-parallel thyristors and filters to ensure that the primary voltage
smoothly rises to a steady-state value. This approach helps to avoid the generation of
transient magnetic flux and achieve the effect of suppressing inrush current. Furthermore,
the structure and parameters of the filter are selected and optimized based on the character-
istic that only odd harmonics are generated during the conduction process of anti-parallel
thyristors. Finally, the effectiveness of the proposed method is demonstrated through the
utilization of Matlab/Simulink software to simulate the suppression effect under different
wiring configurations.

2. The Mechanism of Transformer Inrush Suppression Based on Soft Starter

When a single-phase transformer is energized without any load connected, the pri-
mary current consists of the magnetizing inrush current. This current arises due to the
sudden application of a sinusoidal voltage U1 to the primary side of the transformer. As-
suming an initial residual flux of φr, the total magnetic flux can be calculated using the
following expression:

φ =
[
φr − φm sin(α− arctan ωL1

R1
)
]
e
−R1
L1

t
+ φm sin(ωt + α− arctan ωL1

R1
)

φm = L1Um

N1

√
R2

1+(ωL1)
2

, (1)

where Um is the voltage amplitude; α represents the initial phase angle; φ indicates the
instantaneous value of the magnetic flux; R1 and L1 are the resistance and inductance in
the primary side; N1 is the number of turns in the primary side winding.

If we assume that R1 << ωL1, then it can be inferred that ωL1/R1 is a very large
quantity, which makes arctan (ωL1/R1) approximately equal to 90◦. In such a scenario, the
expression for the instantaneous value of magnetic flux can be modified as follows:

φ = (φr + φm cos α)e
−R1
L1

t − φm cos(ωt + α). (2)

The second part in the formula represents the steady-state magnetic flux component,
while the first part is the transient magnetic flux component. The latter is generated to
maintain the magnetic flux without sudden changes at t = 0 and is an attenuating non-
periodic component. The variation of the magnetizing inrush current over time can be
depicted as follows:

i0 =
N1

L1

[
(φr + φm cos α)e

−R1
L1

t
]
− N1

L1
φm cos(ωt + α). (3)

The aforementioned equation reveals that in order to efficiently alleviate the conse-
quences of the inrush current, two distinct strategies can be implemented. The initial
approach entails diminishing the magnitude of magnetic flux within the core via the revis-
ing of R1. Subsequently, the second strategy involves the selection of an appropriate phase
angle for voltage closure, thereby attenuating the transient magnetic flux passing through
the core through the implementation of a controlled closing strategy. These strategies
serve to mitigate the adverse effects caused by the inrush current and promote the stable
operation of the system. The effect of changing the resistance value on inrush current
weakening is relatively weak, and it needs to be used in conjunction with other methods.
The controlled closing technology relies on accurate measurement of core remanence, which
is one of the challenges in transformer technology. These two methods can only attenuate
the inrush current to some extent and cannot completely eliminate it.

The magnetizing inrush current is caused by a sudden increase in transformer voltage
which results in the generation of transient magnetic flux. This, in turn, causes the magnetic
flux to increase and enter the saturation region. Based on this mechanism, a method
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for suppressing inrush current has emerged. This method employs an inrush current
suppression circuit to facilitate the smooth rise of the primary voltage to a steady-state value,
thus achieving the desired effect of suppressing the inrush current. The aforementioned
method obviates the necessity of incorporating series resistance and dispenses with the
need to calculate the closing angle of the transformer and the residual flux of the core. The
inrush current suppression circuit proposed in this paper is based on this principle. The
specific structure of the suppression circuit is illustrated in Figure 1. By controlling the
trigger delay angle of the thyristor, the input voltage of the transformer rises gradually
from zero to the rated voltage VT1 with a preset function relationship.
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Figure 1. Simplified circuit of the inrush current suppression circuit.

Figure 2 illustrates the phase-space trajectory of the state vector which comprises flux
linkage and voltage and the two-dimensional phase plane diagram of the transformer core
under three distinct operating conditions. The two-dimensional “flux linkage–voltage”
phase plane diagram represents the projection of the phase-space trajectory onto the “flux
linkage–voltage” plane. The three operating conditions are as follows: (1) direct no-load
closing of the transformer (without an inrush current suppressor), (2) a soft starter with
only an anti-parallel thyristor, and (3) a soft starter of the transformer employing the inrush
current suppression circuit proposed in this paper. If the phase plane diagram is closed
without saturation or resonance distortions, the flux is in steady state. The phase plane
diagram presented in Figure 2a demonstrates that when the transformer is activated directly
without any load, the per-unit value of the flux linkage reaches a maximum of 1.8 pu. This
observation illustrates that the core magnetic flux experiences severe saturation and slight
distortion during this specific period. When the transformer is soft-started solely using
anti-parallel thyristors, the iron core remains unsaturated but accommodates numerous
harmonic components throughout the start-up process (Figure 2b). However, through
the utilization of the inrush suppressor proposed in this paper, which combines an anti-
parallel thyristor with the filter, the soft-start process facilitates the successful alleviation
of saturation and harmonic phenomena (Figure 2c). As depicted in Figure 2, when an
inrush current occurs, the core magnetic flux becomes seriously saturated and slightly
distorted. Under the action of the inrush current suppression circuit containing only anti-
parallel thyristors, the magnetic flux undergoes significant harmonic distortion throughout
the start-up process. By integrating an inrush current suppression circuit comprising an
anti-parallel thyristor and a filter, the magnetic flux exhibits a gradual increment over
time until it reaches a stable state without any harmonic distortion or saturation effects.
Consequently, no inrush current is generated. Therefore, this article discusses the utilization
of anti-parallel thyristors and filters in combination to achieve a soft start and suppress
inrush current. Once the soft start process is complete, the optional switch can be engaged,
simultaneously disabling the inrush current suppression circuit.
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Figure 2. Phase-space trajectory and its two-dimensional phase plane diagram of transformer under
different conditions. (a) No inrush current suppression circuit; (b) An inrush current suppression
circuit only containing anti-parallel thyristor; (c) An inrush current suppression circuit containing
anti-parallel thyristor and filter.

3. Structure and Parameter Design of an Inrush Current Suppression Circuit
3.1. Inrush Current Suppression Loop and Its Control Method Based on Anti-Parallel Thyristors

In this paper, a soft starter adopts a three-phase structure with a star connection, as
shown in Figure 3. The positive and negative half-waves of the load current are symmetrical,
so the harmonics are mainly odd harmonics. At the same time, with the increase in
harmonic frequency, the harmonic content decreases.

The current soft-start switch can achieve a gradual voltage rise to the steady-state
value through either open-loop or closed-loop control strategies. In [12], a soft starter is
implemented by employing open-loop control to prevent the occurrence of inrush current.
The control target is an angle ramp function, which directly compares the voltage angle
with a predetermined ramp to control the thyristor trigger delay angle β. This gradually
changes from 180◦ to 0◦, resulting in a steady voltage rise and the elimination of the need
to switch on the electric arc furnace transformer, thereby preventing the generation of the
inrush current. However, this direct control method is susceptible to disturbances such
as grid voltage fluctuations and environmental changes. To address the aforementioned
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issue, a closed-loop control system for regulating the trigger delay angle is introduced, as
illustrated in Figure 4.
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Figure 4. Closed-loop control of soft-start switch.

It can be seen from Figure 4 that the transformer primary voltage obtained during the
startup process is compared with the reference voltage. By using the PI control and PWM
controller, the circuit generates the thyristor trigger pulse to regulate the conduction of the
six thyristors in the soft-start switching circuit. This procedure enables the transformer
voltage to increase gradually, as illustrated in Figure 5. The PWM controller works by
comparing the triangular wave with the reference curve previously obtained to produce
the thyristor’s trigger pulse that controls its conduction. Note that the figure shows only
the conduction pulse of the forward thyristor for clarity.
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3.2. Filter Structure of Inrush Current Suppression Circuit

Various passive high-order filter structures are presented in Figure 6. The passive
damping scheme utilizing series resistance within the filter is a widely adopted solution
for attenuating the resonant frequency and achieving stable system operation. The voltage
transfer ratio for the LCLC high-order filter, incorporating equivalent series resistance, is
evaluated as follows:
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Gv(s) =
C1C2RdRms2 + (C1Rd + C2Rm)s + 1

L1L2C1C2s4 + C1C2(L1Rd + L1Rm + L2Rd)s3 + (L1C2 + L1C1 + L2C2 + C1C2RdRm)s2 + (C1Rd + C2Rm)s + 1
. (4)
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The corresponding Bode plots of different filters are shown in Figure 7. It reveals that
the LCLC filter exhibits the presence of two resonant frequencies. This characteristic poses
a challenge as it diminishes the attenuation of low-order harmonics within the frequency
range bracketed by the two resonant frequencies. Consequently, this situation hampers
the effective filtering of low-order harmonics, thereby hindering the desired outcome of
harmonic mitigation. The anti-parallel thyristor generates the largest proportion of the
third and fifth harmonics. However, the LCLC filter current is insufficient in effectively
attenuating the resonance frequencies associated with these harmonics. Although the series
resistor R is capable of reducing the amplitude of the resonant frequency, it cannot improve
the filtering effect on harmonics. Therefore, it is considered to replace the simple capacitor
branch with the LC trap branch, and the harmonic filtering effects of adding a single trap
branch (Trap1) and a double trap branch (Trap2) are analyzed in this paper, respectively.
When adding only one trap branch, it is insufficient for effectively filtering out the third
and fifth harmonics. Therefore, the use of two trap branches is necessary. The voltage
transfer ratios of high-order single and double trap filters with equivalent series resistance
are presented as follows:

Gv(s) =
L3C1C2Rms3 + (L3C1 + C1C2RdRm)s2 + (C1Rd + C2Rm)s + 1

C1C2(L1L2 + L1L3 + L2L3)s4 + C1C2
(

L1Rd +L1Rm + L2Rd + L3Rm)s3

+
(

L1C2 + L1C1 +L2C2 + L3C1 + C1C2RdRm)s2 + (C1Rd + C2Rm)s + 1

, (5)

Gv(s) =
L3L4C1C2s4 + C1C2(L3Rm + L4Rd)s3 + (L3C1+ L4C2 + C1C2RdRm)s2 + (C1Rd + C2Rm)s + 1
C1C2(L1L2 + L1L3 + L1L4 + L2L3 + L3L4)s4 + C1C2(L1Rd + L1Rm + L2Rd + L3Rm + L4Rd)s3

+(L1C2 + L1C1 + L2C2 + L3C1 + L4C2 + C1C2RdRm)s2 + (C1Rd + C2Rm)s + 1

. (6)
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Figure 7. Bode plots of transfer functions of different filters. (a) Without any damping or with
damping provided by resistance R; (b) Damping achieved through an RC circuit.

It can be observed in Figure 7 that the high-order trap filter can mitigate resonance
sharpness by connecting resistors in series, which is a simple and convenient method.
However, this approach may lead to a reduction in the high-order harmonic filtering
effect and an increase in system loss [13]. To address this issue, an alternative solution
is proposed, which involves using a parallel RC damper instead of pure resistance to
achieve the damping effect. As shown in the figure, this approach not only suppresses
the harmonic amplitude, but also enhances the level of high-order harmonic attenuation,
thereby achieving the required filtering effect [14]. Therefore, a high-order double trap filter
with parallel RC damping is used in this paper, and its voltage transfer ratio is as follows:

Gv(s) =
a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + 1

b8s8 + b7s7 + b6s6 + b5s5 + b4s4 + b3s3 + b2s2 + b1s + 1
. (7)

Refer to Appendix A for transfer function coefficients. For the trap branch (L3Ct1)
connected in parallel with the RC damper, the impedance characteristic of the branch is
calculated as follows:

Z(s) =
L3Ct1CdRds3 + L3Ct1s2 + CdRds + 1

L3Ct1Cds3 + Ct1CdRds2 + (Ct1 + Cd)s
. (8)

In high-order trap filter circuits, it is customary to select the sum of the two capacitors
in the branch to be equal to the capacitance value of the branch in the LCLC high-order filter
circuit [15]. This can be expressed as Ct1 + Cd = C1, Ct2 + Cm = C2 in Figure 6. Ct1 is defined
as m1 times C1 (where 0.1 ≤ m1 ≤ 0.9), while Cd equals (1 − m1) times C1. Substituting
these values into Formula (8) leads to a simplified expression as follows:

Z(s) =

(
s2

ω2
a
+ 1
)(

s
ωb

+ 1
)

sC1

(
1

ω2
c
s2 + 2ς

ωc
s + 1

) , (9)
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in which ωa and ωb represent the resonant frequency of the second-order undamped
system and the turning frequency of the first-order differential circuit, respectively. On the
other hand, ωc represents the undamped natural oscillation frequency and ζ represents the
damping ratio of the oscillation link. The specific values for each variable are as follows:

ωa = 1/
√

m1L3C1
ωb = 1/(1−m1)RdC1
ωc = 1/

√
m1(1−m1)L3C1

ξ = 0.5Rd/
√

L3/m1(1−m1)C1

. (10)

The impedance amplitude characteristics of the trap branch circuit with parallel RC
damping were obtained and compared with the conventional series impedance resonance
frequency suppression method. The results are shown in Figure 8. It is evident from the
figure that the parallel RC damper is superior to the traditional series impedance. This
is because, on the one hand, the high-frequency slope attenuation characteristics can be
maintained, and, on the other hand, the current is divided between the two branches,
reducing the power loss of the device. However, a new resonant frequency is generated
by the parallel RC damper, which must be taken into consideration during the parameter
design process. This is elaborated on in the next section.
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3.3. Optimization of Filter Parameters for Inrush Current Suppression Circuit

The design of the LCLC filter has been extensively covered in [16,17], and the trap
filter has been thoroughly discussed in [18,19]. Therefore, this paper primarily focuses on
optimizing the parameters of parallel RC damping.

After adding a parallel RC damper, a new resonant frequency frc may be generated
following trap frequency (Figure 8). This phenomenon can lead to a sudden reduction in
the amplitude attenuation within the frequency range spanning from the trap frequency to
resonant frequency. Consequently, the resonance of this frequency band is weakened. This
paper primarily focuses on the attenuation of the seventh and ninth harmonic components
considering the implementation of two LC trap circuits as filtering mechanisms to suppress
unwanted third and fifth harmonics. Figure 9 shows the variation of the amplitude of the
seventh and ninth harmonic components with m1 and m2, where m1 and m2 are the ratios of
the capacitance of the two trap branches to the capacitance of the RC damping RC branch.

m1 = Ct1/C1
m2 = Ct2/C2

. (11)
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The graphical representation in Figure 10 illustrates the peak values of all resonance
points beyond the fifth harmonic when there are variations in the parameters m1 and m2.
It shown that when m1 changes within a small value range, it has less influence on the
peak value of the resonance point after the fifth harmonic, because the smaller the m1, the
closer the resonance point caused by RC to the trap point, that is, when m1 is small (as
shown in Figure 11), the resonance point is located between the third harmonic and the
fifth harmonic, and it has no effect on the filtering of harmonic components after the fifth
harmonic. Meanwhile, m2 directly affects the maximum peak value of the resonance point
after the fifth harmonic. The larger the m2, the smaller the peak value. In summary, the
values of m1 and m2 satisfying the minimum amplitude of the resonance point and the
attenuation of the seventh and ninth harmonics greater than −20 dB are as follows:

m1 = [0.1, 0.3], m2 = 0.9. (12)
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In this paper, m1 = 0.2 and m2 = 0.9 are taken. Figure 12 depicts the variations in
the peak values of the seventh and ninth harmonic components as well as the maximum
peak value observed at the resonance point following the fifth harmonic in response to
changes in Rd and Rm. The provided figure presents that when Rd = 0.1 and Rm = 0.5, the
amplitude of the resonance point after the fifth harmonic reaches the minimum, and at the
same time, the peak attenuation of the seventh and ninth harmonics is the largest, which is
the required optimal point.
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4. Discussion

In order to validate the effectiveness of the proposed inrush current suppression
method described in this paper, a simulation model is developed using the Matlab/Simulink
platform. The model’s structure is illustrated in Figure 13. During the transformer’s closing
process without load or light load, the inrush current suppression circuit is activated. Once
the start process is complete, the bypass switch is turned on, and the suppression circuit is
deactivated simultaneously. Specific parameters of this model are as follows: the power
supply voltage is set at 110 kV while the transformer voltage ratio is 110 kV/11 kV. The
rated capacity is specified as 60 MVA. Additionally, the short-circuit voltage percentage is
established at 9%, and the associated short-circuit loss is determined to be 420 kW.
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Figure 13. A single-line diagram of simulation system.

The commonly used wiring modes of engineering transformers are YNd11, Yd11
and Yyn. Therefore, the suppression effect of the inrush suppressor under these three
wiring modes of the transformer is analyzed in this paper. Table 1 presents the parameters
employed in the filter circuit.
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Table 1. The parameters of high-order filter circuit.

Parameters Values Parameters Values Parameters Values

L1 2.26 mH L4 93.8 µH Cm 0.48 mF
L2 2.1 mH Ct1 1.02 mF Cd 4.08 mF
L3 1.1 mH Ct2 4.32 mF

4.1. YNd11 Wiring

Figure 14 displays the primary voltage and current waveforms during the no-load
operation when employing the inrush current suppression circuit. To maintain clarity and
simplicity, only the A-phase voltage and current waveforms are depicted in the following
figures. The suppression circuit comprises an anti-parallel thyristor and a high-order
trap filter with parallel RC damping. The figure demonstrates that the inrush current
suppression circuit facilitates a gradual rise of the transformer voltage to its steady-state
value. As the transformer voltage does not experience sudden changes, no transient
magnetic flux is generated, preventing the transformer magnetic flux from entering the
saturation region and producing magnetizing inrush current.
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To compare the effects of various filter circuits, Figure 15 displays the changes in the 
effective value of the primary voltage when different inrush current suppression circuits 
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To compare the effects of various filter circuits, Figure 15 displays the changes in the
effective value of the primary voltage when different inrush current suppression circuits
are employed along with the corresponding voltage harmonic analysis when the voltage
reaches half of the steady-state value. The filter circuits evaluated in this paper include
an LCLC high-order filter with equivalent series resistance, a high-order double trap filter
with equivalent series resistance, and a high-order double trap filter circuit with parallel
RC damping.

In Figure 15, the transformer voltage reaches a stable value when it is close to t = 0.3 s.
The LCLC high-order filter including the equivalent series resistance can filter out the
11th and above harmonic components, but it contains large 3rd, 5th and 7th harmonic
components. This is because the LCLC filter generates two resonant frequencies, and the
frequency components between or near the two resonant frequencies cannot be effectively
filtered out. At this time, the voltage exhibits a total harmonic distortion rate of 25.2%,
surpassing the permissible threshold set for satisfactory system operation. Moreover, a
large number of harmonics leads to relatively large fluctuations after the transformer
voltage reaches stability. For the high-order double trap filter with equivalent resistance,
while the third and fifth harmonics can be filtered out effectively, there are still certain
eleventh and higher harmonics present. This is due to the fact that the addition of the
trap circuit to the advanced high-order trap double filter compromises the filtering effect
on higher harmonic components. The total harmonic distortion rate of the voltage stands
at 8.1%. While this represents a significant reduction compared to the LCLC high-order
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filter with equivalent series resistance, it still cannot meet the stability requirements. As
shown in Figure 16, based on the phase-space trajectory diagram of transformer voltage
and magnetic flux, it is evident that the magnetic flux may still be susceptible to saturation.
This could lead to the generation of a certain amount of inrush current. In addition, the
presence of harmonics results in a fluctuation of the transformer voltage even after it has
reached a steady state. However, by implementing a high-order double trap filter with
parallel RC damping, it is possible to effectively filter out all harmonic components while
minimizing voltage fluctuations. This approach results in a total harmonic distortion rate
of only 4.84%, which satisfies the system’s operational requirements.
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Figure 15. Transformer voltage RMS and its harmonic analysis on different conditions. (a) RMS value
of voltage; (b) Harmonic analysis of voltage.

4.2. Yd11 Wiring

For a transformer with a Yd11 connection, an inrush current suppression circuit
consists of an anti-parallel thyristor and a high-order double trap filter with parallel RC
damping is utilized. Figures 17 and 18 depict the primary voltage and current waveforms
and the phase-space trajectory of the transformer, respectively. Since the neutral point of
the Yd11 wiring transformer is not grounded, the maximum harmonic component (third
harmonic) generated by the anti-parallel thyristor lacks a circulation circuit. Therefore, the
transformer current waveform is not affected by the third harmonic, resulting in a smoother
change in the rising process of the primary side current compared to the YNd11 wiring.
Additionally, the primary side current is less affected by harmonics. Moreover, it is possible
for the magnetic flux of the transformer to increase gradually and reach a stable state
without encountering saturation. Additionally, the implementation of an inrush current
suppression circuit can effectively mitigate the occurrence of inrush current generation.
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Figure 16. Phase-space trajectory of voltage and flux of transformer in different filters. (a) LCLC high-
order filter with equivalent series resistance; (b) High-order trap filter with equivalent series resistance.
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Figure 17. The primary voltage and current waveforms of the transformer at Yd11 wiring.

4.3. Yyn Wiring

For transformers operating with the Yyn connection mode, an inrush current suppres-
sion circuit is employed during no-load switching. This circuit comprises an anti-parallel
thyristor and a high-order trap filter with parallel RC damping. Figure 18 illustrates the
phase-space trajectories of the voltage and magnetic flux in the transformer. The diagram
illustrates that the primary winding of the transformer is interconnected in a configuration
similar to Yd11, while the neutral points of both windings remain ungrounded. Therefore,
the primary side voltage trend and the magnetic flux phase-space trajectory are compara-
ble to those of Yd11, with both exhibiting a steady rise to the steady-state value and no
saturation. As a result, the inrush current suppression circuit can effectively mitigate the
generation of transformer inrush.
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5. Conclusions

This paper investigates the underlying mechanism responsible for the occurrence of
inrush current in transformers. Additionally, it presents a novel approach for mitigating
inrush current through the utilization of a soft starter. The proposed principle involves the
use of an inrush current suppression circuit, which consists of anti-parallel thyristors and
high-order filters, to ensure a steady rise of primary voltage to its steady-state value, thus
eliminating the generation of an inrush current. To verify the effectiveness of this principle,
a circuit model for the inrush current suppression was developed using Matlab/Simulink.
The model was utilized to conduct simulations of the voltage, current, and flux charac-
teristics exhibited by a three-phase transformer with different wiring configurations. The
simulation results indicate that:

1. A high-order double trap filter with a parallel RC damping is proposed to mitigate
the negative effects of many harmonics generated during the conduction process of
antiparallel thyristors. This filter addresses the limitations of the LCLC high-order
filter, which cannot filter out the third and fifth harmonic components. By contrast,
the high-order trap filter with equivalent series resistance can successfully filter out
these components. However, it should be noted that the filtering effect of the 11th and
higher harmonic components is compromised.

2. The inrush suppression method eliminates the need to consider the impact of residual
flux and transformer neutral point grounding mode. It is applicable to various
transformer structures and wirings, which makes it highly versatile.

The inrush suppression method, however, leads to an escalation in costs and control
complexities, while the potential impact on future engineering applications necessitates
further investigation.



Electronics 2023, 12, 3114 16 of 17

Author Contributions: Conceptualization, C.L.; formal analysis, C.L. and H.L.; investigation, Y.Y.;
methodology, C.L.; software, W.L. and H.L.; validation, Y.Y., W.L. and H.L.; writing—original draft,
C.L. and W.L.; writing—review and editing, Y.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by the Science and Technology Research Program of
Chongqing Municipal Education Commission (Grant No. KJQN202201119).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The transfer function coefficients in Formula (7) are showed as follows:

a1 = CdRd + CmRm
a2 = L3Ct1 + L4Ct2 + CdCmRdRm
a3 = L3Ct1CdRd + L3Ct1CmRm + L4Ct2CdRd + L4Ct2CmRm
a4 = L3L4Ct1Ct2 + L3Ct1CdCmRdRm + L4Ct2CdCmRdRm
a5 = L3L4Ct1Ct2(CdRd + CmRm)
a6 = L3L4Ct1Ct2CdCmRdRm

, (A1)



b1 = CdRd + CmRm
b2 = q + L1Cm + L2Cm + L1Cd + CdCmRdRm
b3 = CdRd(q + L1Cm + L2Cm) + CmRm(q + L1Cd)
b4 = p + pm + L1L2Ct2Cd + L1L3Ct1Cd + L1L4Ct2Cd + L1L2CdCm + CdCmRdRmq
b5 = CdRd(p + pm) + CmRm(p + L1L2Ct2Cd + L1L3Ct1Cd + L1L4Ct2Cd)
b6 = L1L2(L3Ct1Ct2Cd + L3Ct1CdCm + L4Ct1Ct2Cm +L4Ct2CdCm) + L1L3L4Ct1Ct2(Cm + Cd)

+L2L3L4Ct1Ct2Cm + Ct1Ct2CdCmRdRm(L1L2 +L1L3 + L1L4 + L2L3 + L3L4)
b7 = Ct1Ct2CdCm(L1L2L3Rm + L1L2L4Rd + L1L3L4Rd + L1L3L4Rm + L2L3L4Rd)
b8 = L1L2L3L4Ct1Ct2CdCm

(A2)

in which
p = (L1L2 + L1L3 + L1L4 + L2L3 + L3L4)Ct1Ct2
pm = (L1L2 + L1L3 + L2L3)Ct1Cm + (L1L4 + L2L4)Ct2Cm
q = L1Ct2 + L1Ct1 + L2Ct2 + L3Ct1 + L4Ct2

. (A3)
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