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Abstract—When the power transformer is connected to power
grids, due to the existing remanent magnetism (RM) and the volt-
age transient component, the transformer will generate a large
magnetizing inrush current (MIC). The MIC not only seriously
threatens the safe operation of the transformer, but also causes the
misoperation in the differential protections. To solve the aforemen-
tioned problems, a novel MIC elimination strategy of the hybrid
transformer (HT) based on an asynchronous closing technology is
proposed in this article. First, through the rational design of the HT
topology, the parallel auxiliary winding (PAW) of the HT is estab-
lished and the magnetic coupling mechanism is realized, which lay
the magnetic circuit foundation for the MIC management. Second,
a step-type synchronous magnetic field is established through PAW
without considering RM. After the action of step-type magnetic
field, the core flux increases sinusoidal linearly and enters into the
rated steady stable. Finally, by controlling the stabilization time of
the oblique wave and the primary voltage signal of the power grid,
when the core flux is stabilized, the nonsynchronous closing of the
HT can effectively alleviate the generation of the MIC. The validity
and feasibility of the proposed scheme are verified by building
an HT prototype platform, which provides some reference for the
difficulty of measuring RM and avoiding MIC in the power system.

Index Terms—Asynchronous closing, hybrid transformer (HT),
magnetizing inrush current (MIC), remanent magnetism (RM).

I. INTRODUCTION

POWER transformers are an important part of the power
system. Their normal working state decide directly the

quality of electric energy. When the transformer is connected to
the power grid without load, the remanent magnetism (RM) of
the transformer and the transient component of the voltage will
lead to the iron core saturation of transformers and generate a
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huge magnetizing inrush current (MIC). The MIC is usually 6–8
times bigger than the rated current. Under normal circumstances,
because the inrush current has a short of duration time and
it cannot result in severe harm for the transformer itself, but
long-term and repeated MIC may cause the transformer winding
to loose, which will reduce the transformer life, as in [1] and [2].
Moreover, the magnetic flux with many harmonic wave in the
transformer can lead to the transformer secondary-side voltage
distortion and the inverter commutation failure, which will affect
the normal working of the inverter. When the transformer gen-
erates a large MIC, if the differential protection (DP) could not
identify the MIC, it will be misjudged as a short-circuit current,
which will lead to the maloperation of a busbar DP, resulting in
a large area of power cut. Moreover, the MIC including a lot of
harmonic wave results in magnetic circuit oversaturation of the
current transformers and reduces the measurement accuracy of
the current transformers, as in [3], [4], [5].

At present, the research of the MIC mainly focuses on the
identification methods. For example, the identification methods
based on the currents have the second harmonics method, the
virtual third harmonic principle, and the dead-angle principle.
The identification methods based on the voltage angle have the
wavelet theory method, as in [6] and [7], the fuzzy theory, the
neural network method, etc., as in [8], [9], [10]. The aforemen-
tioned methods all belong to the MIC identification method,
which can be realized to a certain extent, and the DP device does
not operate. However, none of these methods can fundamentally
eliminate the MIC. Jazebi et al. [11] proposed that the series
resistance of the main circuit can effectively reduce the peak
value of the MIC and greatly shorten the duration of the MIC,
but the MIC cannot be eliminated. Samantaray [12] adopted
the phase-selective closing strategy, whose main idea is that the
magnetic flux generated by the voltage is opposite to RM of the
transformer. Based on this principle, the purpose of three-phase
transformer MIC suppression is achieved. But RM measurement
is difficult in actual operation. Lu et al. [13] proposed a trans-
former MIC suppression method based on sinusoidal pulsewidth
modulation (SPWM). The strategy of simultaneous closing can
be used to effectively suppress the MIC, but the modulation
function of the excitation voltage is too complex, which is
not conducive to the generation of the pulsewidth modulation
(PWM) signal. Over all, the common suppression of the MIC
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mainly includes the series resistance of main circuit, the selective
phase closing strategy, and the soft start methods, as in [14], [15],
etc. These methods are summarized as follows:

A. Series Resistance of the Main Circuit

A series resistance is connected between the input of the trans-
former and the power grid. When the transformer is connected
to the power grid without load, the peak value of the MIC can be
effectively reduced and the duration of the MIC can be greatly
shortened. When the primary-side current of the transformer
reaches the steady state, the resistance can be short-circuited so
that the transformer can be directly connected to the power grid.
The method has a certain effect on the MIC suppression, but
its economic aspect is poor. The higher the voltage grade of the
transformer is, the higher the cost of the installation resistance
will be.

B. Phase-Selective Closing Strategy

The principle of the phase-selective closing strategy is that
the magnetic flux generated by the voltage and RM of the
transformer are opposite to each other when closing, and only
the steady-state magnetic flux generated by the voltage is left in
the iron core. Based on this principle, the suppression purpose of
the three-phase transformer MIC is realized. The main closing
strategies include the following:

1) Fast closing strategy: If the RM of the three-phase iron
core are Φra = 0, Φrb =−0.8Φm, and Φrc = 0.8Φm for a
three-phase transformer, where Φm is the stable magnetic
flux, when the initial phase of the phase A voltage α= kπ,
where k= 01 … when the phase A winding is connected to
the grid, the magnetic flux of the phase A iron core enters
into steady state directly. The dynamic magnetic flux
(DMF) of the phase A iron core is ΦA= Φmsin(ωt+α),
and because the circuit breaker of phases B and C is
not closed, the magnetic flux in the core of phases B
and C is generated only by the voltage of the phase A.
The preinduced magnetic flux (PIMF) of phases B and
C core will be ΦB1 = −1/{2Φmsin(ωt+α)}+Φrb

and ΦC1 = −1/{2Φmsin(ωt+α)}+Φrc. At this
time, the DMF generated by the phases B and
C is, respectively, ΦB = �msin(ωt+α-2π/3) and
ΦC = Φmsin(ωt+α+2π/3). When the PIMF of the
phases B and C is same as the DMF, closing phases B and
C circuit breakers, it will directly enter steady state, and
the primary side of the transformer will not generate MIC.

2) Synchronous closing strategy: The strategy is a typical
closing strategy under the RM pattern. When RM of
one phase is 0, RM of the other two phases is equal
in magnitude and opposite in direction. If RM of the
phase A iron core is 0, when the voltage of the phase
A reaches the maximum value, the phase A directly enters
the steady state without generating the MIC after closing
the primary-side circuit breaker. The DMF generated by
the phase B voltage is ΦB = Φmsin(ωt+〈-2π/3), when
the DMF produced by the phase B is same as the RM of
the phase B iron core, the phase B will directly enter the

steady state without generating the MIC. The situation of
the phase C magnetic flux is also similar to that of the
phase B.

3) Delay closing strategy: This method is suitable for trans-
forms with RM in three phases, and the RM amount of one
phase is required to be known. It is assumed that RM of
the phase A is known, and the circuit breaker of the phase
A is closed at the best closing point. The phase A directly
enters the steady state without generating the MIC. Under
the action of the magnetic balance effect, RM of B and
C phases is eliminated. After several cycles, the MIC of
B and C phases can be eliminated by B and C phases
winding.

The aforementioned phase-selective closing strategy can
eliminate the three-phase MIC and make the three-phase wind-
ing directly enter the steady state, but it is required to accurately
measure the RM of the three phases A, B, and C and determine
the closing time at a certain fixed point. Since the circuit breaker
closing is discrete, when the circuit breaker has a delay of 1 ms,
the angle has deviated 18°. When the circuit breaker has a
long delay, the angle deviation is too large. The effect of MIC
suppressing will be greatly reduced.

C. Method of Soft Star

This method of transformer MIC suppressing is based on
SPWM, as in [16], [17], [18], [19], the synchronous closing
strategy can be used to effectively suppress the MIC. But the
modulation function of the excitation voltage is too complicated,
which is difficult to generate PWM signals. In addition, another
transformer T2 is needed in the MIC suppressor in the main
transformer, which increases the cost of the system.

To solve the aforementioned problems, one kind of HT MIC
elimination method based on nonsynchronous closing technol-
ogy without considering RM is proposed in this article. The RM
measurement and prediction can be omitted, and the difficulty
in the RM measurement also can be effectively solved. By
designing the HT topology integrated with an ac/dc converter,
deriving the variation law of the PAW-modulated magnetic flux,
and establishing the differential equations, the magnetic flux
variation law of the core with the voltage is obtained. The
step-type modulation magnetic field (STMMF) generated by
PAW can stabilizes the core flux in advance. When the HT core
flux is stable, then the nonsynchronous closing operation can
avoid the generation of the MIC.

II. PRINCIPLE AND TOPOLOGY OF THE HT

Based on the conventional transformers (CTs) and power
electronic transformers (PETs) operation characteristics, in re-
cent years, some research teams have proposed the HT struc-
ture considering the power conversion and the power quality
management ability, and combined the traditional PFT and PET
to form the HT. To realize the complementation of advantages
among efficiency, function, and cost of equipment. This kind
transformer is becoming the focus of current research. Based
on requirements of MIC management and the integrated mode
of a converter, a parallel magnetic coupling type HT topology
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Fig. 1. Schematic diagram of the HT.

Fig. 2. Circuit diagram of the HT.

is proposed in this article. Fig. 1 is the HT schematic diagram,
which includes two parts, two integrated converters and a low-
frequency transformer.

In order to solve the transformer MIC problem, a novel
parallel magnetic coupling type HT structure is designed in
this article. The converter mainly includes two parts, an ac/dc
rectifier (converter A) and a dc/dc convertor (converter B),
which are mainly used for the rectifier circuit for ac and the
voltage conversion for the dc. Fig. 2 is the circuit diagram of the
HT. The windings of the HT mainly include the high-voltage
winding (HW), the low voltage winding (LW), and the auxiliary
winding (AW). UABC is the three-phase grid voltage, Uabc is
the three-phase voltage in LW, C is the filter capacitor, and CB1
and CB2 are the high-voltage side and low-voltage side circuit
breakers, respectively.

In the HT construction, the AW is used to connect the con-
verter to form the dc port, which can be used to connect the
dc load, distributed power supply or energy storage battery
to solve the problem of efficient grid-connected operation of
renewable energy. The following is a detailed analysis of the
matching problem between the AW, HW, and LW winding of
the transformer as well as the characteristics of the magnetic
circuit topology.

When the HW and LW of HT are open-circuited, and the AW
side is supplied with a step-type increasing ac voltage, STMMF
of the AW can be established. The total flux of the A-phase iron
core is Φac. The topology of its mixed magnetic circuit is shown
in Fig. 3(a). Among them, UA is the voltage of the phase A on
the HW, Ua is the voltage of the phase A on the LW, Uac is the
voltage of the AW of the phase A on AW, ΦA is the magnetic
flux generated by the HW current of the phase A, Φa is the
magnetic flux generated by the LW current of the phase A, Φac

Fig. 3. Magnetic circuit topology of the transformer. (a) STMMF establish-
ment. (b) Transformer closing under no load. (c) Transformer closing with load.
(d) AW withdraw.

is the magnetic flux generated by the AW current of the phase
A, and the same is true for the winding of phases B and phase
C. When the STMMF tends to be stable, the circuit breaker of
LW of the transformer is open. The winding currents of the HW
and AW jointly establish the magnetomotive force, and the total
magnetic flux of the phase A is ΦA+Φac, which can realize
the no-load closing. The magnetic circuit topology is shown in
Fig. 3(b). When the transformer needs to close with load, the
HW, LW, and AW currents jointly establish the magnetomotive
force. The total magnetic flux of the phase A is ΦA+Φa +Φac,
and its magnetic circuit topology is shown in Fig. 3(c). When the
transformer operates normally, AW can be withdrawn. The HW
and LW current jointly establish the magnetomotive force, and
the magnetic flux of the phase A is ΦA+Φa. At this time, HT is
in the operation state of the traditional transformer. Its magnetic
circuit topology is shown in Fig. 3(d).

III. MIC MANAGEMENT STRATEGY OF ASYNCHRONOUS

CLOSING HT

When the transformer is closed without load, due to the
transient magnetic flux and the RM, the superposition of the
magnetic flux may exceed the saturation magnetic flux and a
huge MIC will be generated. By controlling the magnitude of
the input AW voltage, the magnetic flux is smoothly increased,
and the magnetic flux amplitude never exceeds the saturation
value, as in [21]. When the magnetic flux is stable, the circuit
breaker on the HW can be closed to suppress the generation of the
MIC. This method has obvious effects on the MIC suppression.
It does not need to measure the size and direction of RM, and
can also establish a stable magnetic flux steadily.

The specific implementation method is as follows. The phase
of the grid voltage is collected and transmitted to the dc/ac
inverter through the phase measurement module so that the
alternating voltage output from the dc/ac module is same as the
phase in the power grid. The AW is fed with step-type increasing
sinusoidal modulated alternating voltage (when the amplitude
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of the applied alternating voltage reaches the rated voltage on
the AW side, it will no longer increase linearly and keep the
amplitude stable). As the voltage amplitude of the AW increases
linearly, the magnetic flux will also increase steadily. Choosing
a suitable linear slope, and there will be no MIC on the AW
side at this time. When stable ac magnetic flux is established in
the iron core, and the magnitude of the magnetic flux is same as
the magnetic flux of the transformer under the normal operation,
the magnetic flux will induce a rated voltage on the primary side.
At this time, the amplitude and the phase of the induced voltage
in the transformer primary side are same as the voltage amplitude
and phase of the power grid. If the circuit breaker on the primary
side is closed asynchronously, no MIC will be generated on the
primary side. The MIC on the primary side of the transformer
can be directly eliminated.

Take a single-phase transformer as an example to analyze
the magnetic flux changes in the core. U1 = atUmcos(ωt+α) is
added to the transformer AW side.

R1i1 +N1
dφ

dt
= atUm cos(ωt+ α) (1)

where L is the equivalent inductance of AW, N1 is the coil number
of AW, R1 is equivalent resistance, i1 is the current, φ is the mag-
netic flux, a is the slope of the linear increase, and α is the initial
phase of the power grid voltage. Li1 = N1φ and φ(0) = φres,
where φres is initial value of the magnetic flux.

The following can be obtained from (1):

R1
N1φ

L
+N1

dφ

dt
= atUm cos(ωt+ α). (2)

After calculation

φ =

{
φres − aLUm

N1[R2
1 + (ωL)2]

2 (ω
2L3 cosα

−R2
1L cosα− 2ωR1L

2 sinα)

}
e

−R1t
L

+
aLUm

[R2
1 + (ωL)2]

2
N1

{ω2L3 cos(ωt+ α) (3)

−R2
1L cos(ωt+ α) +R3

1t cos(ωt+ α)

− 2ωR1L
2 sin(ωt+ α) + ω3L3t sin(ωt+ α)

+ ω2R1L
2t cos(ωt+ α) + ωR2

1Lt sin(ωt+ α)}

φm =
UmL

N1

√
(R2

1 + ω2L2)
. (4)

When ωL>>R1, the approximate formula for φ can be
obtained As follows:

φ = φrese
−R1t

L + atφm sin(ωt+ α). (5)

Further simplified φ can be obtained as follows

φ = φrese
−R1t

L + atφm (6)

dφ

dt
=

−R1

L
φrese

−R1t
L + aφm. (7)

Fig. 4. Three-phase bridge inverter circuit in the HT.

Set the left of (7) equal to 0.

t1 =
−L

R1
ln

aφmL

R1φres
. (8)

m =
aφmL

R1φres
. (9)

If 0<m<1, when t is in from 0 to t1,φ decreases. When t
is in from t1 to 1/a, φ increases. That is, φ(0) or φ(1/a) is the
maximum. If φmax = φ(0), φmax = φres, the iron core is not
saturated and MIC will not appear.

When φmax = φ(1/a)

φmax = φrese
−R1
aL + φm. (10)

When φmax = 1.2φm

0 < a <
−R1

L

1

ln 0.2φm

φres

. (11)

When an ac voltage with a stepwise increase amplitude is
added to the AW, the magnetic flux at this time is the sum of
the RM and the linearly increasing sinusoidal magnetic flux.
According to (11), when the slope a is within the range, the MIC
could not be generated on the AW side. When the magnetic flux
in the iron core becomes stable, a rated voltage with the same
amplitude and phase as the grid voltage will be induced in HW,
that is, a stable magnetic flux has been established in the iron
core. Closing the circuit breaker on the primary side, HW will
enter into stable state directly.

IV. PRINCIPLE AND CONTROLLING STRATEGY OF STMMF

According to the requirement of the AW topology, the main
circuit of STMMF is designed. The main circuit topology con-
tains the three-phase bridge inverter circuit and NPC three level
inverter circuit. The topology of the designed main circuit in this
article is shown in Fig. 4.

A. STMMF Building

The main circuit adopts a three-phase bridge inverter circuit
and its output voltage will be filtered through the LCL, then the
filtered alternating voltage is as the input of the AW. In order
to control and reduce the current amplitude of AW does not
generate an inrush current, the transformer AW needs to input
a sinusoidal voltage with a linear increase amplitude. The input
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Fig. 5. Generation process of the three-phase modulation voltage.

Fig. 6. Simulink simulation generated by PWM.

signal of this article is a ramp function whose slope is a. The
amplitude of the input signal increases with the time. If at≥1,
the output always is 1. At this time, connect the output signal
to Ud, and connect Uq to 0, f = 50 Hz, TPWM = 100 s, and
Udc=100 V. After the dq-abc conversion, the output three-phase
sinusoidal signal with a phase difference of 120° will be output.
This process is shown in Fig. 5.

From t0-t1, the inverter outputs three-phase alternating volt-
age with a linear increasing amplitude, and the amplitude of the
induced magnetic flux also increases. At t2, the phase B voltage
reaches to the rated value. The magnetic flux also reaches to
the rated value. Then, the required control signal of MOSFET is
generated by using SVPWM. The process of the control signal
generation based on SVPWM is shown in Fig. 6.

Based on SVPWM, the PWM controlling signal can be ob-
tained. After extracting the values of Ua, Ub, and Uc, the values
of Ta, Tb, and Tc can be calculated through the converter of
abc-αβ. Comparing the isosceles triangle of this picture with the
calculated Ta, Tb, and Tc, the corresponding PWM waveform
can be obtained. The waveform of PWM1, PWM3, and PWM5

are shown in Fig. 7.

B. Controlling Signal Formation

The program of the controlling signal formation is shown in
Fig. 8. The MOSFET control signal required for the MIC elimina-
tion experiment is generated based on the principle of SVPWM,
the period of the PWM square wave is set as 100μs, and the dead
time of the upper and lower switching tubes of a bridge arm is
set as 2μs. A timer interrupt is set every 10 μs. In the interrupt,

Fig. 7. Generation process of PWM waveform.

Fig. 8. Flow chart of PWM signal generated by the DSP.

Fig. 9. Simulation schematic diagram of the MIC elimination strategy.

the phase is taken from the grid. The input signal increases
linearly, and the input signal is converted into a corresponding
three-phase ac signal. Ta, Tb, and Tc are recalculated every six
times when the interrupt is triggered. And when the value of
epwm module counter (TBCTR) = 0, Ta, Tb, and Tc will be
imported into the register to output the corresponding PWM
waveform.

V. SIMULATION VERIFICATION OF ASYNCHRONOUS CLOSING

HT MIC ELIMINATION STRATEGY

A. MIC Simulation

To verify the validity of the proposed MIC elimination strat-
egy based on the asynchronous closing HT, the HT model is
built in MATLAB/SIMULINK for simulation and verification.
The simulation model is shown in Fig. 9.
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TABLE I
TRANSFORMER RATING PARAMETERS

TABLE II
RATED PARAMETERS OF THE THREE-PHASE TRANSFORMER

Fig. 10. MIC of primary side of the transformer.

To improve the accuracy of the simulation, a single-phase
and three-phase HT are taken as the example, the generation
process of the MIC is simulated under the condition of no load
and light load. The specific parameters of the single-phase and
three-phase HT are shown in Tables I and II.

For the single-phase transformer model, the RM of the trans-
former is set as 0.8�m, and the secondary side as the no load
in the simulation. When the voltage phase is 0°, closing the HT
primary-side circuit breaker, the current waveform is shown in
Fig. 10. At this time, the maximum of current is 16 A. After
12–20 cycles, the current of the primary side become stable and
the valid value of the current is 0.018 A.

It should be pointed out that the transformer winding contains
resistance and inductance, the closing excitation current will
gradually decay, and the speed of decay depends on the time
constant L/R. In generally, for small capacity transformers, the
current decays faster and will reach a stable state after about a few
cycles. For large-capacity transformers, the attenuation is slow,
and some even extend to tens of seconds. The small capacity
transformer was used in this manuscript; the excitation current
can stabilize in more than ten cycles. According to the rated
parameter of the transformer, the primary-side-rated current is
about 4.5 A, and no-load current is about 0.4% IN. Now the

Fig. 11. MIC of primary side of the three-phase transformer.

Fig. 12. Harmonic content of MIC on primary side of the single-phase trans-
former.

Fig. 13. Harmonic content of MIC on primary side of the three-phase trans-
former.

current value imax=3.56IN, the maximum of current far exceeds
the primary-side-rated current.

For the three-phase transformer model, the transformer pa-
rameters and RM are shown in Table II. After the simulation
model calculation, the maximum of current is 150 A, and the
rated current of the three-phase transformer is 16.67 A. The
current value imax = 8.998IN, the maximum of current far
exceeds the primary-side-rated current. The three-phase trans-
former current is shown in Fig. 11.

Fourier decomposition of the no-load current shows that the
total harmonic distortion of the primary side is 47.83%, and
the amplitudes of each frequency are shown in Fig. 12. In the
MIC, the current not only contains the fundamental frequency
of 50 Hz, but also contains numbers of higher harmonics and dc
components. The amplitude of each frequency of the three-phase
transformer is shown in Fig. 13. In addition to the fundamental
frequency, the dc component and the second harmonic are the
most.
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Fig. 14. Simplified electromagnetic model of the three-phase HT.

Fig. 15. Magnetic induction intensity distribution diagram of iron core.

Fig. 16. Magnetic induction intensity distribution diagram of iron core at other
closing periods.

Taking the three-phase HT for example, this article uses AN-
SYS software to build a simplified electromagnetic model of the
HT shown in Fig. 14, ignoring the influence of the transformer
oil tank and structural components on transformer magnetic
circuit distribution. In order to obtain more accurate magnetic
flux distribution of the iron core, DW540 is used as the iron
core material in this article, double-layer cylindrical winding
is used for the HW, LW, and AW, and copper is used as the
material. In the simulation software, the HW of the three-phase
HT is added to the excitation source, and the corresponding HT
core flux distribution map can be obtained. The electromagnetic
model and the iron core grid division diagram of the three-phase
HT are shown in Fig. 15, and the magnetic induction intensity
distribution diagram of the iron core is shown in Fig. 16.

Fig. 15 lists the magnetic induction distribution of the
three-phase HT under the different winding saturation
conditions. It can be seen from Fig. 15(a) that the magnetic
induction intensity of the iron core of phase B winding is about
2T and the MIC occurs in this phase. The magnetic induction
intensity of the iron core of phases A and C winding is about 1 T,
and no MIC occurs in the aforementioned two phase windings.
Fig. 15(b) and (c), respectively, describe the magnetic induction
intensity distribution under the saturation of A phase and B phase
cores. Fig. 15(d) describes the distribution of magnetic induction

Fig. 17. Current waveform modulated by STMMF in AW of the single-phase
HT.

intensity during the normal operation of the HT.
At this time, the magnetic induction intensity of phases A,
B, and C of the transformer windings is 0.13, 1.2, and 1.1 T,
respectively. At this time, there is no MIC occurring in the
three windings of the transformer. Fig. 16 shows other closing
periods, and it can be seen that no MIC is generated in each
phase.

B. MIC Elimination Strategy Based on Asynchronous Closing

When the transition scheme of the asynchronous closing MIC
elimination proposed in this article is adopted, RM of the phase
A is set as 0.8Φm (it can also be set as the values) in the
transformer simulation. The sinusoidal alternating voltage with
a linear increase amplitude is added to the AW, and the circuit
breaker of the primary side is cut off. During 0–10 s, the primary
side does not connect to the grid. When the slope a is 0.1,
the initial slowly change of the current includes the stepped
increase current and the RM attenuation current. Then, the
current gradually increase until it is stable at 10 s. The amplitude
of the current finally stabilized at 0.18 A, far less than the rated
current of the AW. Choose and design the reasonable time of the
voltage rise process so that the magnetic flux cannot enter into
the excessive saturation area. The current waveform modulated
by STMMF in the single-phase AW is shown in Fig. 17. At
here, it is assumed that the RM of the three-phase iron core
are Φra = 0.8Φm, Φrb = 0, and Φrc = −0.8Φm in the process
of three-phase transformer simulation. Certainly, the RM value
here can also be other values.

The currents waveform modulated by STMMF in the three-
phase AW are shown in Fig. 18. Closing the circuit breaker of
the primary winding at 10.02 s, the current in AW decreases
dramatically soon. According to (10), considering the AW volt-
age with a linear increase amplitude, the magnetic flux is the
superposition of the exponential attenuation RM and the linear
increased sine magnetic flux. Equation (11) indicates that if the
slope a of the AW is within the allowable range of transformer
parameters, the AW also does not generate MIC. When the slope
a is set as 10, because the value of the slope exceeds the range
allowed of transformer parameters, the current peaks can reach
180 A in the first few cycles. And then, the current rapidly
decays and reaches stability at 0.12 s. Closing the breaker of
the primary at 0.25 s, the current in AW decreases dramatically
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Fig. 18. Current waveform modulated by STMMF in AW of the three-phase
HT.

Fig. 19. MIC distribution in AW at the other slope a value.

Fig. 20. Excitation current waveform of the HW under the asynchronous
closing.

soon. The current waveform of AW is shown in Fig. 19. From
to the comparison of the aforementioned two situations, it can
be seen that if the value of the slope a is too large and exceeds
the range allowed by (11), there will be a large peak current in
the AW of the transformer. If the value of the slope a is within
the range, there will be no current peak. The current in the AW
will gradually reach stability.

It can be seen that at 10 s, the magnetic flux has achieved the
stable value. After 10 s, the HW current can directly enter into
the stable state when closing the circuit breaker of the primary
side, which does not generate any current fluctuations, namely
MIC. The primary-side current waveform of the single-phase
transformer and three-phase transformer are shown in Figs. 20
and 21. At the same time, the HT proposed in this article can also
realize some sensitive voltage sag compensation, and some reac-
tive power compensation and other power quality improvement
functions.

Fig. 21. Excitation current waveform of the HW under the asynchronous
closing.

Fig. 22. Voltage distribution and its control signal.

In the simulation process, a sinusoidal modulated ac voltage
with an increasing amplitude is added to the HT AW. And locally
amplified voltage waveform is shown in Fig. 22(a). The voltage
waveform within 0–15s is shown in Fig. 22(b). The control signal
and corresponding voltage waveform are shown in Fig. 22(c).
The control signals of the three-phase inverter are shown in
Fig. 23.

C. Verification of the Validity of the Proposed Scheme

In order to verify the effectiveness of the proposed scheme,
this article compares the series resistance of main circuit tech-
nology and the phase selective closing strategy. In the simula-
tion, the single-phase transformer and three-phase transformer
models are selected. For the series resistance of main circuit
technology, a resistor is connected in series at the primary side
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Fig. 23. S1–6 Switch control signal of inverter.

Fig. 24. Transformer primary side excitation current waveform based on series
resistance of main circuit strategy. (a) Single-phase transformer. (b) Three-phase
transformer.

of the transformer, whose resistance value is 100 Ω. Close the
circuit breaker on the primary side of the transformer, and the
MIC waveform on the primary side is shown in Fig. 24. As can
be seen that the decay rate of the MIC decreases faster than
that of the MIC without any measures, but this method cannot
fundamentally eliminate the excitation inrush current.

According to the principle of the phase selective closing
strategy, this closing strategy can completely eliminate the MIC
of the power transformer in theory. However, the high-voltage
circuit breaker often has a delay time, here, set the three-phase
remanent magnetic Φra = 0.8Φm, Φrb = 0, and Φrc = –0.8Φm.
When the phase of the transformer phase A is 150°, the circuit
breaker of the phase A is closed. After 0.015 s, the circuit breaker
of phases B and C is closed. At this time, the excitation current
of the transformer is shown in Fig. 25. It can be seen that due to
the delay time of the primary-side circuit breaker, the effect of
the phase selective closing strategy on MIC suppression is not
very ideal, and the delay time will have a certain influence on
the peak value of the MIC.

From the comparison of the aforementioned results, it can
be seen that when the asynchronous closing strategy proposed
in this article is adopted, the excitation current of the primary

Fig. 25. Transformer primary side excitation current waveform based on
phase selective closing strategy. (a) Single-phase transformer. (b) Three-phase
transformer.

side of the HT directly enters the steady state, and no MIC
is generated. The suppression effect of the transformer inrush
current is more obvious than that of the series resistance of the
main circuit strategy and the phase selective closing strategy.

VI. MIC ELIMINATION EXPERIMENT VERIFICATION OF THE

HT ASYNCHRONOUS CLOSING STRATEGY

As the three-phase transformer is widely used in the power
system, this article takes three-phase HT as an example in the
MIC elimination experiment. The experimental research mainly
includes the MIC simulation experiment and the asynchronous
closing experiment. In order to illustrate the phenomenon
clearly, the variation of the current obtained from A phase of
the three-phase HT is taken as an example. The experiment
system of MIC elimination contains Tektronix oscilloscope,
TMS320F28335 DSP, energy storage unit, 1-kVA HT prototype,
and the integrated converter circuit. The Tektronix oscilloscope
is used to measure the current of the HT winding. The DSP
is used to generate the signal needed for the modulated voltage.
The energy storage unit serves as the input of the inverter circuit.
The integrated converter outputs three-phase modulated voltage
used for STMMF. The frequency of the output voltage is 50 Hz,
and the effective value of the modulated sinusoidal voltage is
22 V. The steady magnetic flux is established through the AW
during the experiment. When HT is connected to the grid with
no load, the primary side becomes stable and does not generate
MIC. The experiment site of the MIC treatment is shown in
Fig. 26.

Fig. 27 shows a prototype of a step-type ac/dc modulation
converter, which mainly includes the dc input, three-phase ac
output, LCL filter, and six switching tubes. The gating signals
of switches are shown in Fig. 28. When three-phase HT without
load is connected to the grid, the primary-side current is collected
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Fig. 26. MIC treatment platform.

Fig. 27. Photograph of the ac/dc converter prototype.

Fig. 28. Gating signals of switches S1–6.

Fig. 29. Measured value of MIC at primary side of the transformer with
conventional closing.

by utilizing the Tektronix oscilloscope. The current value of the
primary side is shown in Fig. 29.

At 0.08 s, closing the primary-side breaker, the transformer is
connected to the grid directly. From the aforementioned figure, it
can be seen that the current variation of the primary side is almost
same as the no-load current output of the simulation. Fig. 29
clearly shows that the primary-side excitation current value is
much smaller than the simulation excitation current. There may
be two reasons, one is that RM of small capacity transformer

Fig. 30. Step-modulated current waveform of AW after filtering.

Fig. 31. Local waveform of step-modulated current in AW.

Fig. 32. Waveform distribution of step-modulated current in AW after tending
to be stable.

could not achieve 0.8Φm. The other is that the direction of RM
is same as the direction of the voltage induction magnetic flux,
and the circuit breaker closing location is not at a maximum
voltage.

For the asynchronous closing MIC elimination experiment,
this article closes the AW breaker at 0 s, the voltage of AW
is an alternating voltage with a step linear increase amplitude.
The AW voltage reaches the rated value at 10 s, and the current
of the AW gradually increases from 0 A to the rated current.
Fig. 30 gives out the current waveform of AW. The current vari-
ation of the AW is slightly different from the simulation result
and (10) at the beginning, and then, the current change is the
same as the simulation result and (10). The reason is that RM of
the transformer is uncertain. When the current of AW reaches
the rated value, the STMMF is established in the iron core. The
current increase and stable distribution are shown in Figs. 30
and 31. After 10s, the voltage of AW reaches into the steady
value. And the current of AW also achieves the steady value.
The experiment value of the AW current is shown in Fig. 32.
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Fig. 33. Excitation current waveform during the asynchronous closing pro-
cess.

Fig. 34. Current waveform in HW after withdrawing AW.

Fig. 35. Winding current change curve under transformer load closing.

When the voltage of the AW reaches the rated value, an alter-
nating voltage nearly 220 V will be induced on the primary side.
After collecting the grid phase, the circuit breaker on the primary
side is selected close at 10.26 s. At this time, the primary-side
current directly enters the steady state. The experimental value
of the primary-side current distribution is shown in Fig. 33. By
comparing the current simulation and experimental waveform,
it can be found that the experimental current waveform under the
asynchronous closing is consistent with the simulation results,
achieving a smooth transition of the excitation current. But it
can be seen that the current waveform on the right under the HW
and AW together is inconsistent with that of the HW winding
when the HT is unloaded, as shown in Fig. 34 (the back half),

Fig. 36. Three-phase transformer primary-side excitation current waveform.
(a) Series resistance of the main circuit. (b). Phase-selective closing strategy.

or the current in AW (after stabilization). This may be due to
the nonlinear superposition of the excitation current in the HW
and AW windings, and causing a slight current stack distortion,
which does not affect the normal closing of the transformer.
The experimental results show that when the stable ac flux has
been established in the HT core iron, the primary-side MIC
will not appear after closing the primary-side circuit breaker.
At 10.80 s, the modulated voltage of the AW is withdrawn, and
the variation of the primary-side current is shown in Fig. 34.
When the AW is cutoff, the excitation current on the primary
side of the transformer return again to the no-load state, the
current tends to the normal distribution. After the AW cutting
off, the current is the primary-side no-load excitation current. It
can be seen that the excitation current directly enters the steady
state, and no MIC is generated.

At the same time, an experimental study on the HT asyn-
chronous closing under the load condition is conducted. In the
MIC elimination experiment, a 30-Ω load resistance is connected
to the LW. A modulated voltage with increasing amplitude grad-
ually is applied on AW, and the circuit breaker on the primary
side is closed at 10.1 s. The current waveform distributions of
HW, LW, and AW are shown in Fig. 35. When the circuit breaker
is closed, the primary current enters the steady state directly
after closing the circuit breaker, and no shock current or MIC is
generated. However, it should be pointed out that before the HW
is closed under the load condition, a certain current component
is generated in LW. It can be seen from the middle part of
Fig. 35. This is because that a certain induced electromotive
force can be generated by the stable modulation voltage on the
LW, thereby forming a certain load current. But it does not affect
the transformer closing operation, nor does it produce load shock
current. After the asynchronous closing, the load running state
realizes a smooth transition.

In order to illustrate the effectiveness of the proposed scheme
in this article, the experiment of the MIC elimination based
on the series resistance of main circuit technology and the
phase selective closing strategy were conducted. Through the
experimental results shown in Fig. 36, it can be found that these
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two kinds of schemes have good consistency with the simulation
results. Both two schemes have some shortcomings for the MIC
governance, unable to completely eliminate the production of
MIC, only from a certain degree, it can be alleviated and reduced,
the desired effect cannot be realized. The treatment effects of
these two schemes on MIC are obviously different from the
elimination strategy of the asynchronous closing HT proposed
in this article, as shown in Fig. 35. The effectiveness of the
proposed scheme is further verified.

VII. CONCLUSION

A novel type of HT asynchronous closing technology for
the MIC elimination scheme is proposed in this article, which
does not require RM measurement, can achieve the primary-side
impact-free closing. This method solves the difficulty of MIC
measurement and suppression, which has broad engineering
application prospects. The research results of this article are
summarized as follows.

One kind of the step-type asynchronous MIC treatment
scheme was designed based on the combination of the oblique
signal and the sine signal. The magnetic flux of the HT iron
core was derived through the differential equations theoretically.
It can provide a theoretical basis for the STMMF calculation.
The simulation model of single-phase and three-phase HT is
designed based on the asynchronous closing strategy. The sim-
ulation results show that the MIC of the power transformer can
be completely eliminated. A small capacity HT prototype was
designed. The experimental platform of experiments had been
carried out to verify the design scheme. The step-type modu-
lation current was adopted as the input of the AW. The stable
growth STMMF was generated by designing a reasonable slope.
By connecting the primary side asynchronously to the power
grid with the STMMF, the smooth transition can be realized.
The generation of the MIC can be effectively restrained. The
transformer without an inrush current closing can be realized,
which provides a certain reference for solving the MIC of large
engineering transformers.
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