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Abstract: In this study, a simple, but effective method is presented for the limitation of the Y-yg transformers inrush current. One
of the main privileges of this method is its simple topology. It does not need any control circuit or measurement unit. The method
is based on a three-phase diode bridge with a low resistance DC reactor. Since the number of diodes is minimised, the voltage
ripple, electrical losses and the malfunction probability owing to device failure are decreased considerably. The proposed method
is simulated and validated by experimental test results. It is shown that the proposed configuration is effective for the inrush
current limitation of Y-yg transformers.

1 Introduction

One of the big concerns in the power industry, since the past
decades, is the high energising current of electrical machines
and transformers. In recent years, some solutions have been
recommended to overcome the problem, like using series
resistance to transformer windings and placing the
resistance in the neutral point [1]. These methods have
some side-effects like voltage drop or need bypass
resistance, additional control circuits and switching devices.
Since the inrush current amplitude is highly dependent on

the switching phase angle, phase detectors can be applied
to determine the best switching time [2]. Using these
instruments, the switch is closed at the peak value of the
voltage and the amplitude of the inrush current decreases
remarkably. Although this approach has some advantages,
it is costly and complicated and needs detecting devices
and accurate switches, which operate with 120 phase angle
delay to each other.
Another parameter, which plays a vital role in the

amplitude reduction of the inrush current is the residual flux
[3]. Measuring this parameter is not as convenient as the
other parameters. The residual flux nature can be different
in each transformer energisation, so it is highly unpredictable.
However, some researchers have proposed other methods

based on flux measurements [4].
One of the most recent simple approaches has been

proposed in [5], which is based on a diode bridge in series
with a transformer and without using any control and
measurement devices. Hence, these types of inrush current
limiters (ICLs) are effective and simple.
This method has many merits, like low distortion in load

voltage in steady state and better results, in case of
superconductor coils [5, 6].

In this paper, an enhanced solution for the ICL problem
using less number of diodes is presented. This solution
results in less voltage drop, ripple and distortion.

2 Series ICL for single- and three-phase
transformer

The ICL, shown in Fig. 1, has a low resistance coil in order to
gain better results.
The series ICL is simple and operates in two modes. The

first mode is the charging mode and the second one is the
discharging mode.
When the transformer is energised, one pair of diodes (e.g.

D1 and D2 or D3 and D4) are on, so the DC current reactor
drives in series with source and transformer. In this case,
because of the rapid rate of change in the line current, the
voltage drop (LICL(di1/dt)) will generate a blocking effect in
the circuit, so the amplitude of the inrush current reduces
considerably. The current equation in charging mode is
written, as follows [5]

i(t) = e−(R/L)t −Vm
��������������

(R2)+ (wL2)
√ sin(vt0 − g)+

2VDF

R

( )

+
Vm

��������������

(R2)+ (vL2)
√ sin(vt − g)−

2VDF

R
(1)

where R ¼ Rp+ RICL (Rp is the resistance in the primary side
of the transformer and RICL is the DC reactor resistance),
L ¼ Lp+ LICL+ Lm (Lp is the leakage inductance in the
primary side of the transformer and LICL is the DC reactor
inductance and Lm is the magnetising inductance of the
transformer), VDF is the diode forward voltage drop and Vm
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is the peak amplitude of the utility voltage

i(t) = iICL

g = arc tan
Lv

R

( )

It should be noted that the magnetising inductance of the
transformer is not constant and can be divided into two
parts: One is the saturated inductance and the second one is
not-saturated inductance. In this paper, the transformer is
considered in ultra-saturation mode [7].
The charging mode continues until the ICL current reaches

its first peak. Then, the discharging mode will start and
can continue for several cycles. In this case, as shown in
Fig. 2, all diodes are on. So, the DC reactor current follows
through two loops [8, 9]. Therefore the loop equation can

be written, as follows

LICL
diICL
dt

+ RICLiICL + 2VDF = 0 (2)

The ICL current in the discharging mode is written as follows

iICL = e−(RICL/LICL)t imax +
2VDF

RICL

( )

−
2VDF

RICL

(3)

After several cycles, the amplitude of the DC reactor current
in the DC form ((diICL/dt) ¼ 0) reduces to reach the normal
circuit current. So, the ICL does not have any considerable
effect on the normal mode operation of the system.
The inductance value in the ICL is very important. By

increasing LICL, the amplitude of the inrush current will
decrease a lot [10], so the inrush current and its

Fig. 1 Diode bridge as inrush current limiter for single-phase

transformer
Fig. 2 Inrush current limiter equivalent circuit in discharging

state

Fig. 3 Three-phase equivalent circuit with three separate ICLs
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consequences can be eliminated. As shown in (4), there are
some limitations to increase the inductance, that is

LICL =
(Rp + RICL)T

4 ln((VDS − 2VDF)/(VDS − 2VDF − Rimax))
− Lp − Lm

(4)

where Rp is the resistance in the primary side of the
transformer, RICL is the resistance of the DC reactor,
Lp is the leakage inductance in the primary side of
the transformer and Lm is the magnetising inductance
of the transformer, VDF is the diode forward voltage
drop and VDS is the average of the rectified source
voltage.

Fig. 4 Currents of phases A, B and C

a Without using ICL
b With using ICL (initial flux ¼ 0.8, 0.4 and 20.4 and switching time is 0.06 s)
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Fig. 3 shows the ICL for a three-phase transformer. As
shown in Fig. 4a, the current flows in primary winding of
three-phase transformers, whereas Fig. 4b exhibits how it
can be limited by the ICL.

3 Proposed ICL

As shown in Fig. 3, the inrush current of the three-phase
transformer can be restrained by using twelve diodes of the
series ICL. Through these diodes, considerable current of
the loaded transformers flows. Therefore they are expensive
and because of ageing, the voltage drop or current ripple
may be increased during the normal operation mode.
The new solution, which is shown in Fig. 5, only uses six

diodes as an ICL in Y-yg transformers. One of the most
common types of transformers is Y-yg.
The operation of the new ICL can be divided into two

operation modes; charging and discharging modes.
At first, one of the three diodes ofD1,D2 andD3 and one of the

three diodes of D4, D5 and D6 are in the on state. Then, the loop,
which is shown inFig. 6, is formed and the current can be obtained.
In this paper, the commutation current is neglected. To

detect the phenomenon, the best way is measuring the three
voltages between the ICL and the ground [11, 12].
This condition will continue until the ICL current reaches

the first peak. Then, the discharging mode will start and can
continue for several cycles. In this case, all the diodes are in
on state so the DC reactors current will be discharged in loops.

3.1 Charging mode

According to Fig. 6, the loop equation with neglecting R1 and
L1 can be written, as follows

VLL sin (vt − 30) = 2Rpi1 + 2Lp
di1
dt

+ 2VDF + LICL
di1
dt

+ RICLi1 + 2
dc

dt
(5)

Fig. 5 Proposed ICL connected to Y-yg transformer

Fig. 6 Charging mode of superconductor coil
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Differentiating (5) leads to the following equation

vVLL cos (vt − 30) = 2Rp

di1
dt

+ 2Lp
d2i1
dt2

+ LICL
d2i1
dt2

+ RICL

di1
dt

+ 2
d2c

dt2
(6)

It is clear that

i1(t) = im(t)+ ic(t) (7)

dc

dt
= Rcic (8)

and

dc

dt
=

dc

dim
∗
dim
dt

= Lm
dim
dt

(9)

Using (7), (8) and (9), the following equation can be written

d2c

dt2
= Rc

di1
dt

−
Rc

Lm

dc

dt
(10)

Replacing (10) in (6), leads to (11).

vVLL cos(vt − 30) = 2Rp

di1
dt

+ 2Lp
d2i1
dt2

+ LICL
d2i1
dt2

+ RICL

di1
dt

+ 2 Rc

di1
dt

−
Rc

Lm

dc

dt

( )

(11)

Equation (5) can be rewritten in the following form

A
d2i1
dt2

+ B
di1
dt

+ Ci1 = D sin(vt + a)+ E (12)

where

A = Lm
2Lp + LICL

Rc

B = Lm
2Rp + RICL

Rc

( )

+ 2Lp + LICL + 2Lm

C = 2Rp + RICL

D = VLL

������������

R2
c + L2mv

2

(Rc)
2

√

E = −2VDF

/ = w− 30

cosw =
VLL

D

Using Laplace transform, (12) can be rewritten, as follows

A(s2I (s)− sI (0)− I ′(0))+ B(sI (s)− I (0))+ CI(s)

= D
s sin(/)+ v cos(/)

s2 + v2
+

E

s
(13)

Consequently

I (s) = D
s sin(/)

(s2 + v2)(As2 + Bs+ C)

+ D
v cos(/)

(s2 + v2)(As2 + Bs+ C)
+

E

s(As2 + Bs+ C)

(14)

Using the inverse Laplace transform, the inrush current
between 0 and T/4 can be determined by the following
equation

i(t) = im1e
Ft + im2e

Gt + im3 sin(vt + d)+ im4 (15)

where

im1 =
E

F(F −G)
+

DF sin(/)

(F −G)(F2 +v2)
+

Dv cos(/)

(F −G)(F2 +v2)

( )

im2 =
E

G(G−F)
+

DG sin(/)

(G−F)(G2 +v2)
+

Dw cos(/)

(G−F)(G2 +v2)

( )

im3 =
2vD

�������������������������������

4v4(F + G)2(2vFG − 2v3)2
√

and

im4 =
E

GF

where

F =
−B+

�����������

B2 − 4AC
√

2A

G =
−B−

�����������

B2 − 4AC
√

2A

cos (d) =
(2vFG − 2v3) cos(a)− (2v2(F + G)) sin(a)

�����������������������������������

4v4(F + G)2 + (2vFG − 2v3)2
√

As given in (15), the main part of the current in charging
mode between 0 and T/4 consists of two exponential and
one sinusoidal component. Since F and G are negative,
these two exponential parts will decay.

3.2 Discharging mode

The second mode of the ICL is the discharging mode, so the
loop equation can be written by the following equation

2VDF + LICL
diICL
dt

+ RICL

diICL
dt

= 0 (16)

Solving this equation for i(t) we have

i(t) = e−(RICL/LICL)(t−(T/4)) imax +
2VDF

R

( )

−
2VDF

RICL

(17)

where imax is the maximum amplitude of the current in
charging mode as an initial condition for (16).
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As is given in (17), the main part of the equation is
exponential with a negative exponent, so it will decay after
several cycles.

3.3 Desired value for LICL

Since the calculation of LICL from the quadratic equation is
time consuming, by assuming Rc quite large, the degree of
(5) will decrease to one. By solving the reduced order
equation, i(t) can be expressed by the following
equation

i(t) = e−(R/L)t −VLL
��������������

(R2)+ (vL2)
√ sin(vt0 − 30− g)+

2VDF

R

( )

+
VLL

��������������

(R2)+ (Lv)2
√ sin(vt − 30− g)−

2VDF

R
(18)

where L ¼ 2Lp+ LICL+ 2Lm, L ¼ 2Lp+ LICL+ 2Lm and
g ¼ arc tan((Lv)/R) and t0 is the starting instant. In this
situation, using the desired imax in i(t), (18) can be
rewritten, as follows [10]

imax =
VDS − 2VDF

R
(1− e−(RT/4L)) (19)

where T is the period of the power frequency and
VDS = (2

��

2
√

/p)V is the average of the rectified source
voltage.

R

L

T

4
= ln

VDS − 2VDF

VDS − 2VDF − Rimax

( )

(20)

By using (20), the desired value for LICL in three-phase Y-
yg power transformers can be calculated, as follows

LICL =
RT

4 ln((VDS − 2VDF)/(VDS − 2VDF − Rimax))

− 2Lp − 2Lm (21)

4 Simulation and test results

The simulation results are carried out in a Matlab
environment. The simulation parameters are given in Table 1.
Fig. 7 shows the transformer currents (phase A, B and C).

In this case, the new ICL limits the no-load current to 50, 50
and 20 A in phases A, B and C, respectively. As shown in
Fig. 4a, the inrush current without using the ICL can
exceed beyond 2000 A or it can reach 100 A using the
conventional ICL (shown in Fig. 3).
Fig. 8 shows the charging mode and the maximum current,

which flows in primary windings of the transformer plus the
voltage drop owing to VDF and RICL (discharging mode).

Table 1 Simulation parameters

Parameter Value Parameter Value

Rp 0.35 V LICL 0.9 H

R1 0.01 V RICL 0.03 V

Lp 0.0016 H VDF 3 V

L1 0.001 H v 314.15

Lm 0.7 H S 30 MVA

Rc 2500 V VLL 12 270 (Vrms)

It should be noted that (Lm ¼ 0.7H) is saturated value

Fig. 7 T-test results for phase A, B and C (using proposed ICL)
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Fig. 9 shows the voltages between the phases A, B, C and
the ground where the ICL is connected to the circuit. As has
been discussed earlier, between diodes 1, 2 and 3, the one

with the highest voltage and between diodes 4, 5 and 6, the
one with the lowest voltage to the ground will be in the on-
state. Since after the discharging mode, the ICL does not
have any effect on the circuit operation, the voltages of
phase A and B and C will be equal.

Fig. 9 Voltage phase A, B and C to ground

Fig. 11 Fundamental, second harmonic, third harmonic and DC

component of inrush current of phase A with using proposed ICL

Fig. 12 Prototype of proposed ICL

Fig. 8 ICL current, conventional (solid) and proposed (doted)

Fig. 10 Fundamental, second harmonic, third harmonic and DC

component of inrush current of phase A without using any ICL

Table 2 Experimental parameters

Symbol Content Value

Rp resistance of primary winding in transformer 10.4 V

R1 source resistance 0.5 V

Lp primary leakage inductance in transformer 0.035 H

L1 source inductance 0.005 H

Lm magnetising inductance (non saturated value) 22.44 H

LICL DC reactor inductance 0.2 H

Rc iron core resistance in transformer 14 kV

RICL DC reactor resistance 0.1 V

VDF diode forward voltage drop 1.2 V

VLL utility line voltage 380 V

S rated power of transformer 250 VA

V1/V2 winding voltages 380/380

n number of phases 3
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Figs. 10 and 11 illustrate the harmonic analysis for the
transformer current in phase A, with and without using
ICL. A comparison of these figures shows that using the
proposed ICL results in the reduction of the amplitude of
the inrush current by decreasing the DC component.
The test set-up, based on the proposed ICL, is shown in

Fig. 12. The system parameters are listed in Table 2.
Figs. 13 and 14 show the primary winding current of the

transformer with and without using the proposed ICL,
respectively. This test verifies the effectiveness of the
proposed ICL for limiting the unwanted transformer inrush
currents. The results show that the inrush current has been

limited significantly which will downsize the nominal
values of all circuit elements owing to the new current
scale. Of course this is gained in the cost of adding the ICL
circuit, but customised to have less diodes and inductor
value compared to conventional topologies.

5 Conclusions

In this paper, a novel ICL, based on a three-phase diode
bridge for the mitigation of Y-yg transformers inrush
current has been proposed. The proposed ICL has a simple
topology, does not need any controlling circuit and uses
fewer diodes than other ICLs. In addition, it leads to lower
ripple and voltage drop and lower load voltage distortion
for transformers. The simulation and experimental results
show the effectiveness of the proposed ICL. And it should
be noted that the authors have focused on the primary
winding of this transformer. The secondary side is open
circuit. So it can be said that the results can be the same for
Yzn5 transformers which are common in the distribution
network.
Moreover, this method shown to be effective in limiting

transformer short circuit currents, which can be studied and
probed separately.
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