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ABSTRACT The electronic power transformer (EPT) has higher power losses than the conventional
transformer. However, the EPT can correct the power factor, compensate the unbalanced current, and reduce
the line power losses in the distribution network. Therefore, the higher power losses of the EPT and the
consequent reduced power losses in the distribution network require a comprehensive consideration when
comparing the power losses of the EPT and conventional transformer. In this paper, a comprehensive power
losses analysis model for the EPT in distribution networks is proposed. By analyzing the EPT self-losses
and considering the impact of the nonunity power factor and the three-phase unbalanced current, the overall
power losses in the distribution network when using the EPT to replace the conventional transformer is
analyzed, and the conditions in which the application of the EPT can cause less power losses are obtained.
Based on this, the sensitivity analysis for the EPT comprehensive power losses model is carried out by
comparing the value of each parameter variation impact on the EPT losses model. In the case study,
the validity of the comprehensive power losses model is verified.

INDEX TERMS Comprehensive power losses model, electronic power transformer, distribution network,
power factor, unbalanced current.

I. INTRODUCTION
The electronic power transformer (EPT), also called solid-
state transformer (SST) [1], [2], has been regarded as one of
the 10 most emerging technologies by Massachusetts Insti-
tute of Technology (MIT) Technology Review in 2010 [3].
In 1970, the earliest concept of the EPT was proposed
in [4], where the EPT was a high frequency AC / AC con-
verter circuit model. In 1999, the power electronic trans-
former for high-voltage and high-power applications was
proposed in [5], and then significant progress was made
in the following years [6]–[8]. With the development of
high-power converters, the EPT has been extensively investi-
gated for the distribution systems [8]–[10] and other power
fields [8], [11]. However, the high power losses and high
cost [3] are restricting its widespread applications.

The U.S. Department of Energy released a stan-
dard for liquid and dry type distribution transformers in
October 2007 [12], which requires the efficiency of the dry
transformer should be higher than 97%, and the efficiency of

the oil-immersed transformer is close to 99.5%. Standard-
ization Administration of the People’s Republic of China
also released the latest three-phase distribution transformers’
energy efficiency standard on September 11, 2015 [13], [14],
which requires 3-class dry distribution transformer’s min-
imum efficiency should not be less than 96.8%. The
EPT has a power converter based on cascading configura-
tion, and the maximum efficiency of each level is about
97%-98% [3], [15], [16]. In [17], a power losses comparison
of six representative topologies for the implementation of the
EPT was performed, and the efficiency of the EPT based on
the most widely used topology which is comprised of multi-
level rectifiers, full bridge and inverters is only 91.185%. The
maximum efficiency of the EPT in operation, which was the
fundamental component of the innovative smart micro-grid
future renewable electric energy delivery and management
(FREEDM) proposed by the North Carolina State University,
was only 94% [18], [19]. Therefore, compared to the con-
ventional transformer, the EPT has a lower efficiency, which
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is the main issue that restricts its large-scale application in the
distribution network.

However, the EPT can provide not only the basic func-
tions of the conventional transformer such as voltage trans-
formation, isolation and power transmission, but also many
additional functions such as: automatic voltage regulation,
power factor correction, power flow control, fault current
limitation and three-phase unbalanced current compensa-
tion [20], [21], etc. Among these additional functions,
the power factor correction and three-phase unbalanced
current compensation can effectively reduce the additional
power losses in distribution networks. First, the EPT can cor-
rect the power factor at the input side to independently adjust
the power factor of the distribution network [22], which
ensures the distribution network remains at unity power factor
operation. As such, the voltage drop on distribution lines
can be compensated and the active transmission lines losses
can be reduced. Then, when the unbalanced current occurs,
the EPT can maintain the balance of the three-phase current
in power grids by injecting negative sequence current into the
distribution network, which can reduce the power losses on
phase lines and neutral lines.

Rural power grids have the characteristics of load disper-
sion and long distribution distance lines [23], [24], where
the low power factor and the proliferation of single-phase
loads widely exist. The same phenomenon can be found
in industrial and enterprise distribution networks with long
distribution lines [25]–[27], where there are heavy single-
phase or single-phase and three-phase mixed loads, such
as lighting loads. Besides, single-phase traction and electric
transit or railroad systems can also cause the low power
factor and unbalanced current in the utility three-phase sys-
tem [28]–[30]. When the EPT is applied to these distribution
networks, it can reduce the line power losses through the
power factor correction and three-phase unbalanced current
compensation. Therefore, in general, the power losses of the
EPT are higher than the losses of the conventional trans-
former. However, in specific operating conditions, if the EPT
versatile functions can be considered, the application of the
EPT may decrease the overall power losses.

In this paper, a comprehensive power losses model for the
EPT in the distribution network is proposed. The reduced
losses on the distribution lines caused by using the EPT are
analyzed in the case of non-unity power factor and three-
phase unbalanced current. Taking into account the losses of
the EPT and conventional transformer, the conditions that the
power factor and the current unbalanced degree should satisfy
when using the EPT to replace the conventional transformer
can cause less power losses are identified. Based on this,
the impact of each parameter variation is obtained by the
sensitivity analysis. In case study, the effectiveness of the
model is verified.

This paper is organized as follows. Section II analyzes
the EPT self-losses. Section III analyzes the reduced power
losses in distribution networks with the application of the
EPT. The comprehensive power losses model for EPT

is established and its sensitivity analysis is conducted in
Section IV. A case study simulation is carried out in SectionV.
Finally, we summarize this paper in Section VI.

II. LOSSES MODEL FOR ELECTRONIC
POWER TRANSFORMER
A. POWER LOSSES IN EPT POWER CONVERTERS
The EPT power converters include voltage source convert-
ers (VSC) and H-bridge converters (DC-DC converter) [31].
In this paper, the losses model of AC-DC-AC EPT is estab-
lished. the VSC is located at the input and output of the
EPT with the functions of AC-DC and DC-AC conversion.
H-bridge converters have the functions of DC-DC transmis-
sion and voltage conversion. Power losses on the rectifier side
and inverter side of the VSC are analyzed as follows.

When the converter switch is on-state, the Insulated Gate
Bipolar Transistor (IGBT) module collector-emitter satura-
tion voltage uCE and collector current iC in the EPT can be
expressed as,

uCE = UCE0 + RT × ic (1)

where UCE0 is the IGBT no load voltage, and RT is the IGBT
on-state resistance.

The value of UCE0 and RT can be calculated using the
datasheet of device characteristics provided by manufactur-
ing companies as shown in Fig 1.

FIGURE 1. IGBT module output characteristic curve.

When the EPT works in the unity power factor mode,
the phase current ia and voltage ua are,

ia(t) = Im sinωt

ua(t) = Um sinωt (2)

where Im andUm are the amplitude of phase voltage and phase
current, respectively.
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The duty cycle dT and dD in the IGBT and freewheeling
diode are,

dT =
1
2
(1+M sinωt)

dD = 1− dT =
1
2
(1−M sinωt) (3)

where M is the modulation degree, ranging from 0-1.
Then the current flowing through the IGBT and freewheel-

ing diode can be calculated as follows,

IT .av =
1
2π

∫ π

0
dT iadωt = Im

(
1
2π
+
M
8

)
I2T .rms =

1
2π

∫ π

0
dT i2adωt = I2m

(
1
8
+

M
3π

)
ID.av =

1
2π

∫ π

0
dDiadωt = Im

(
1
2π
−
M
8

)
I2D.rms =

1
2π

∫ π

0
dDi2adωt = I2m

(
1
8
−

M
3π

)
(4)

where IT .av and ID.av are the average current, respectively.
I2T .rms and I

2
D.rms are the root-mean-square current in the IGBT

and freewheeling diode, respectively.
Based on (1) and (4), the conduction losses in the IGBT

PTcon can be expressed as,

PTcon =
1
T

∫ T

0
(uCE × ic)dωt = UCE0IT .av + RT I2T .rms

=

(
UCE0 × Im

2π
+ RT

I2m
8

)
+M

(
UCE0

Im
8
+ RT

I2C
3π

)
(5)

Similarly, the conduction losses in the freewheeling diode
PDcon can be expressed as,

PDcon =
UD0Im
2π

+
RDI2m
8
−M

(
UD0Im

8
+
RDI2m
3π

)
(6)

where UD0 is the freewheeling diode no load voltage and
RD is the freewheeling diode on-state resistance.

The switching losses in the IGBT module can be fitted by
the switching losses and the collector current characteristic
curve shown in Fig. 2. By curvesmatching, the turn-on energy
lossesEon and the turn-off energy lossesEoff can be expressed
as,

Eon = k1ic + k2
Eoff = k3ic (7)

where k1, k2 and k3 are constants.
Then, the average switching losses PS in the IGBT can be

calculated as,

PS =
fs
2π

∫ π

0
((k1 + k3)iC + k2)

uC
UR

dωt

=
fUmIm (k1 + k3)

4UR
+
fUmk2
πUR

(8)

whereUR is the rated voltage of the IGBTmodule, and f is the
effective switching frequency of the IGBTmodule in the EPT.

FIGURE 2. IGBT module switching losses characteristic curve.

Similarly, the switching losses in the freewheeling diode
Prec can be calculated as,

Prec =
fUmImk4
4UR

+
fUmk5
πUR

(9)

where k4 and k5 are constants, which can be obtained by the
fitting curve of the diode recovery losses.

Similarly, the power losses in the H-bridge converter can
be analyzed following the same steps. The waveform of the
current flowing through the IGBT and freewheeling diode in
the H-bridge converter is a square wave with a continuous
ratio of 0.5, the amplitudes of the voltage and the current in
the conduction process are constants, so the voltage drop uCE
in the conducting state is a constant value. And the conduction
losses can be calculated as follows,

PTcon =
1
2π

∫ π

0
uCE iCdωt = uCE IC .av

PDcon =
1
2π

∫
uDiDdωt = uDID.av (10)

where IC .av and ID.av are determined by the conduction time.
With a certain conduction current, switching losses in the

IGBT are constants, which can be calculated as,

Ps = f ((k1 + k3)iC + k2)
uCE
UR

(11)

Similarly, the switching losses in the freewheeling diode
are,

Prec = f (k4iC + k5)
UD
UR

(12)

B. POWER LOSSES IN EPT INTERMEDIATE
FREQUENCY TRANSFORMER
The power losses of the intermediate frequency (IF) trans-
former in the EPT consist of core losses and winding
losses [32]. The core losses PC are mainly composed of
hysteresis losses, eddy current losses and residual losses.
Based on the improved Steinmetz equation [33], it can be
calculated as,

PC = PVV = FKf αBβV (13)
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where PV is the core losses power density, V is the core
effective volume in the IF transformer, f is the frequency of
the square wave signal, and it is also the switching frequency
in the H-bridge converter, B is the flux density in the core, K ,
α and β are constants, when the core material is made of fer-
rite, their value are 4.88× 10−5, 1.63 and 6.22, respectively.
F is the flux waveform factor with a value of π /4 when the
waveform of the current flowing through the IF transformer
is a square wave.

The current square wave in the IF transformer can be
decomposed into the current harmonic components by the
Fourier decomposition,

i (t) = Idc +
∞∑
n=1

In cos (nωt + ϕn) (14)

where Idc is the DC current component, In is the nth harmonic
amplitude and ϕn is the phase angle.

The total winding losses PW caused by the fundamental
and harmonics current can be calculated as,

PW = Rdc

(
I2dc +

1
2

∞∑
n=1

I2nFRn

)
(15)

whereRdc is the windingDC resistance, In is the nth harmonic
current root mean square and FRn is the AC/DC resistance
ratio of the windings with the nth harmonic excitation. The
exact value of the winding losses can be obtained by taking
the fundamental wave, 3rd, 5th and 7th harmonics.

Based on the above analysis, the EPT losses model can be
established by adding the EPT power converters losses and
IF transformer losses.

III. EFFECT OF APPLYING EPT ON DISTRIBUTION
NETWORK LOSSES
A. APPLYING EPT IN NON-UNITY POWER
FACTOR CONDITION
The primary side of the EPT has a voltage-type Pulse-
Width Modulation (PWM) rectifier circuit, which is one
of the notable characteristics of the electronic power trans-
former [5]. Therefore, by using the voltage-current double
close-loop control method, regardless of the load is induc-
tive or capacitive, the input side of the EPT can adjust the load
power factor independently. In such cases the distribution
network can remain at unity power factor operation [33], [34].
In the meantime, in the low-voltage distribution networks,
the EPT is close to the load, and the adjustable power factor
is determined by the load. So, as the electrical power is
transmitted through the EPT to the load, the EPT and load can
be considered as a whole. The EPT can adjust the total power
factor at 1 by absorbing or generating reactive power. In this
setting, the reduced losses distribution is illustrated in Fig. 3.
The reduced losses are not on the lines between the load and
the EPT, but on the lines between the EPT and the distribution
network or power supply, i.e., that is, the power losses on
distribution lines are reduced. Therefore, it is necessary to
analyze the overall distribution network power losses when

FIGURE 3. EPT equivalent circuit diagram in the distribution network.

using the EPT to replace the conventional transformer in the
case of non-unity power factor.

When the conventional transformer transmits electric
power, the power losses on the distribution lines Pl can be
calculated as,

Pl = I2 × R =
P2R

U2 cos2 ϕ
× 10−3 (16)

where R is the resistance of the distribution lines, cos ϕ is the
total power factor of the transformer and the load, in addition
to knowing the load power factor, the calculation of this
parameter also requires the active power loss and reactive
power loss of the conventional transformer.

The active power loss of the conventional transformer Pb
consist of no-load loss P0 and load loss PN .

Pb = P0 + PN (17)

where the no-load loss P0 is measured at the rated voltage,
which does not vary with the load. The short-circuit loss at
rated current is the rated load loss PkN , and the load loss is
proportional to the square of the rated load loss, which is,

PN = β2PkN (18)

where β is the transformer load rate. In general, the no-load
loss and rated load loss can be obtained by the performance
parameters list provided by the transformer manufacturer.

The reactive power loss of the conventional transformerQb
can be expressed as,

Qb =
(
I0
100

)
× S +

Uk
100
× S (19)

where S is the capacity of the transformer, I0 is the load cur-
rent percentage and Uk is the impedance voltage percentage.
Thus, the total power factor of the conventional transformer

and the load can be calculated as,

cosϕ =
S cosϕ0 + Pb

S +
√
Q2
b + P

2
b

(20)

where cos ϕ0 is the power factor of the load.
Utilizing the EPT to replace the conventional trans-

former in the distribution network can adjust the total power
factor at 1. Then the reduced losses on the lines 1Pl can be
expressed as,

1Pl =
(
P
U

)2

× R×
(

1
cos2 ϕ

− 1
)

(21)

From (20) and (21), it can be seen that the lower load power
factor, the lower total power factor of the transformer and the
load, and the higher losses reduction.
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B. APPLYING EPT IN THREE-PHASE
UNBALANCED CONDITION
Three-phase unbalance is very common in medium and
low voltage distribution networks [35], especially in the
remote rural areas, industrial and enterprise distribution net-
works or electric transit and railroad systems, which contain
a large number of single-phase loads. The EPT can compen-
sate the three-phase unbalanced current, and then reduce the
additional losses on distribution lines. Therefore, applying
the EPT in three-phase unbalanced conditions will affect the
power losses in distribution networks.

The three-phase current unbalanced degree ε is defined as,

ε =
I2
I1
× 100% =

∣∣∣ 13 (İa + α2 İb + αİc)∣∣∣∣∣∣ 13 (İa + αİb + α2 İc)∣∣∣
=

√(
I2a + I

2
b + I

2
c − IaIb − IaIc − IbIc

)
3Iav

(22)

where I1 and I2 are the root mean square of the positive
sequence current component and the negative sequence cur-
rent component, respectively. α is the phase transformation
operator, α = e120

◦

, and Iav is the three-phase mean current.
When the phase resistance and neutral resistance in the

three-phase four-wire system are all R, compared to the three-
phase balance condition, the additional power losses on phase
lines1Pp in the three-phase current unbalance condition can
be expressed as,

1PP =
(
I2a + I

2
b + I

2
c

)
R− 3I2avR

=
(Ia − Ib)2 + (Ia − Ic)2 + (Ib − Ic)2

3R
(23)

And the neutral current IN is,

IN = Ia + Ibα2 + Icα (24)

Therefore, the additional power losses on neutral lines1Pn
can be calculated as follows,

1Pn = I2NR =
(
I2a + I

2
b + I

2
c + IaIb + IaIc − IbIc

)
× R

(25)

Based on the above analyses, the total reduced losses
1Pt on distribution lines are,

1Pt = 1Pn +1Pp =
6I2ε2

R
+ 3I2Rε2 (26)

From (22) and (26), it can be seen that no matter how
the three-phase unbalanced current changes, a certain three-
phase current unbalance degree corresponds to the fixed
reduced losses. Therefore, regardless of how the value of the
three-phase unbalanced current changes, the current unbal-
anced degree can be used as a unified variable to analyze the
reduced losses of the distribution network when the EPT is
used to compensate the unbalanced current.

IV. COMPREHENSIVE POWER LOSSES MODEL
AND SENSITIVITY ANALYSIS
A. COMPREHENSIVE POWER LOSSES MODEL FOR EPT
Considering the EPT power losses PE and the conventional
transformer power losses PC , and taking into account the
reduced losses on the lines caused by the application of EPT,
the total reduced losses 1P can be expressed as,

1P = PC +1Pl +1Pt − PE

=
I2R

cos2 ϕ
+ (3I2R+

6I2

R
)ε2 − I2R+ P (ρ1 − ρ2)

(27)

Pl is the lines power losses in normal operating conditions
(cos ϕ0 = 1, ε = 0), Pl = I2R. Therefore, 1P can be
simplified as follows,

1P =
Pl

cos2 ϕ
+ (3Pl +

6Pl
R2

)ε2 − Pl + P (ρ1 − ρ2) (28)

Based on 1P, the condition in which the reduced losses
1P satisfy1P ≥ 0with balanced three-phase current (ε = 0)
is,

cos2 ϕ ≤
I2R

I2R+ P (ρ1 − ρ2)
(29)

where ρ1 and ρ2 are the power losses rates of the conventional
transformers and the EPT, respectively.

Similarly, when the distribution network operates at the
unity power factor (cos ϕ0 = 1, cos ϕ can be approxi-
mately 1), the condition in which the reduced losses satisfy
1P ≥ 0 is,

ε2 ≥
PR (ρ1 − ρ2)
3I2R2 + 6I2

(30)

Because the EPT power losses rate ρ1 is much higher
than the conventional transformer power losses rate ρ2, so
from (29) and (30), it can be seen that it requires a very
low power factor or a high current unbalanced degree if
the 1P ≥ 0 is satisfied under a single factor. However,
the actual distribution network can’t operate in this condi-
tion. Therefore, in the case of non-unity power factor and
three-phase unbalanced current, the reduced power losses
in the actual distribution network need a comprehensive
consideration.

Based on the comprehensive analyses, when 1P ≥ 0,
the power factor ϕ0 and current unbalanced degree ε should
satisfy the following conditions,

1
cos2 ϕ

+ (3+
6
R2

)ε2 ≥ 1+
1
ρ
(ρ1 − ρ2)

cosϕ =
S cosϕ0 + Pb

S +
√
Q2
b + P

2
b

(31)

where ρ is the lines losses rate in the case of unity power
factor and balanced three-phase current.
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Using the EPT to replace the conventional transformer can
reduce the power losses in the above conditions. And it can be
seen from (31) that the longer the distribution lines, the more
extensive the applicability of the EPT. So, the EPT can be
more applicable in the distribution network which requires
long distance transmission lines.

B. SENSITIVITY ANALYSIS
In order to provide a clear picture for the losses reduction
caused by the application of the EPT in the distribution
network, the respective power losses reduction caused by the
power factor correction and unbalanced current compensa-
tion are studied in detail. An overall sensitivity analysis for
the EPT comprehensive power losses model is carried out to
compare the 1Pl and 1Pt in different cases.
The condition in which the power factor has a bigger effect

on the 1P is,

1Pl ≥ 1Pt ⇒
1

cos2 ϕ
≥ 3ε2 +

6ε2

R2
+ 1 (32)

It can be seen from (32) that the distribution lines resistance
has a greater impact on the reduced losses caused by the
unbalanced current. Therefore, when the distribution network
has longer lines, the reduced losses caused by the unbalanced
current compensation are bigger than that caused by the
power factor correction. And in the long-distance transmis-
sion networks, the EPT is more economical for the three-
phase unbalanced area.

In the meantime, as the parameters of the distribution
network are dynamically changing, the losses parameters sen-
sitivity need to be analyzed by comparing the impact of slight
variations of the power factor and the current unbalanced
degree on the EPT comprehensive losses model.

Losses parameters sensitivity analysis is performed at
1P ≥ 0, so the constraint is,

Pl
cos2 ϕ

+ (3Pl +
6Pl
R2

)ε2 − Pl + P (ρ1 − ρ2) ≥ 0 (33)

The power factor sensitivity can be defined as,∣∣∣∣ ∂ (1P)∂ (cosϕ0)

∣∣∣∣ = 2Pl
cos3 ϕ

×
S

S +
√
Q2
b + P

2
b

(34)

The current unbalanced degree sensitivity is,∣∣∣∣∂ (1P)∂ (ε)

∣∣∣∣ = 6
(
Pl +

2Pl
R2

)
ε (35)

The value of each parameter variation impact on the EPT
losses model can be determined by comparing the power fac-
tor sensitivity and the current unbalanced degree sensitivity.
The greater the losses sensitivity, the bigger the effect of
parameter variation.

V. COMPREHENSIVE LOSSES SIMULATION
OF DISTRIBUTION NETWORK APPLING EPT
By utilizing the constructed EPT model and simulating the
actual operation of the distribution network, a 10-kV distri-
bution network is used for case studies. The constructed EPT

adopts the AC/DC/AC model. Its rated capacity is 100 kVA,
primary AC voltage is 10 kV, secondary AC voltage is 0.4 kV,
primary DC voltage is 4.2 kV, secondary DC voltage is
0.6 kV, the modulation degree is 1, the frequency of the IF
transformer is 1000 Hz. The IGBT modules adopt Infineon’s
FF400R33KF2C, its maximum rated value of the collector-
emitter voltage is 3300 V, and the continuous DC collec-
tor current is 400 A. The specific IGBT parameters can be
obtained from the characteristic curves in the product manual
as shown in Fig. 1 and Fig. 2. The AC-DC stage consists
of 5 series-connected IGBTs switches with 15% redundancy
to withstand 4.2 kV (the DC link voltage), and the DC-AC
stage consists of 2 series-connected IGBTs switches. The
no-load losses of the conventional transformer in the distri-
bution network are 0.4 kW, the rated load losses are 1.69 kW,
the load current percentage is 1.8, and the impedance voltage
percentage is 4.0.

The losses are evaluated using both the analytical method
and MATLAB software measuring method. First, based on
the established EPT losses model, EPT per device losses are
shown in Table 1.

It can be seen from Table 1 that the total efficiency of
the EPT is low, only 91.4%. Therefore, it is not economi-
cal to use the EPT to replace the conventional transformers
in the distribution network in general occasions. However,
with the development of the higher efficiency power devices
and the input of more optimized control strategies, the EPT
power losses will gradually decrease, and the EPT maximum
efficiency is expected to reach 95%-98%. In the future, it will
be economical to use the EPT in general occasions.

TABLE 1. EPT per device losses.

The EPT power factor correction function is obvious which
will not be discussed in this paper. The following simulations
mainly study the three-phase unbalanced current compensa-
tion function of the EPT and the power losses caused by the
unbalanced current.

Before 0.05s, the distribution system is in the three-phase
unbalanced condition. After 0.05s, the EPT starts to apply
compensation. In this process, the three-phase current sim-
ulation in the substation outlet is shown in Fig. 4.

It can be seen that, with lines compensation, the EPT
can maintain the three-phase current in a balanced operating
condition. In this process, the losses on the lines are listed
in Table 2.

VOLUME 6, 2018 14931



Q. Yue et al.: Comprehensive Power Losses Model for EPT

FIGURE 4. Three-phase current in the substation outlet.

From Table 2, it can be seen that if different unbalanced
three-phase current values correspond to the same current
unbalanced degree, the reduced power losses after EPT com-
pensation are the same. If there are only single-phase loads in
the distribution network, the reduced lines power losses are
significant. Therefore, the application of the EPT can effec-
tively reduce the losses caused by the three-phase unbalanced
current.

TABLE 2. Contrast before and after compensation.

Taking into account the effect of the three-phase unbal-
anced current and the non-unity power factor, when the distri-
bution lines are 20 km, 10 km and 5 km, the overall reduced
power losses in the distribution network are shown in Fig. 5.

Fig. 5a shows the reduced losses three-dimensional dia-
gram under the comprehensive analysis. Fig. 5b shows the
projection of the overall reduced losses on the power factor
and the three-phase unbalanced degree at 1P = 0, that is
the applicable critical condition in which the application of
EPT instead of conventional transformer can decrease power
losses in the distribution network. In this critical condition,
power factor and three-phase unbalanced degree are a positive
quadratic function. The upper part of the curve is the area
where 1P = 0, in this case, using the EPT to replace the
conventional transformer is more economical for the distri-
bution network. It can be also seen from the Fig. 5 that,
the longer the distribution lines are, the greater the applicable

FIGURE 5. Reduced losses in the comprehensive consideration.
(a) Reduced losses three-dimensional diagram under the comprehensive
analysis. (b) The projection of the overall reduced losses on the power
factor and the three-phase unbalanced degree at 1P = 0.

range will be. Therefore, in terms of distribution network
energy-saving, the EPT have a better applicability for the
remote rural areas, the industrial and enterprise distribution
networks or the electric transit and railroad systems away
from the power center.

Fig. 6 shows the comparison of the 1Pt and 1Pl . The
upper part of the curve is the area where the application
of EPT can reduce more losses caused by the unbalanced
current, and the lower part of the curve is the area where
the application of the EPT can reduce more losses caused
by the non-unity power factor. As the reactive power losses
exist in the conventional transformer, the EPT can still reduce
additional power losses although the load power factor is at 1,
which is verified in the simulation results.

Fig. 7 shows the comparison of each parameter sensitivity.
The upper part of the curve is the area where the current
unbalanced degree sensitivity is larger, and the lower part
of the curve is the area where the power factor sensitivity
is larger. Therefore, it can be seen from the Fig. 7 that,
the variation of power factor has a greater impact on the losses
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FIGURE 6. Comparison of 1Pt and 1Pl .

FIGURE 7. Comparison of each parameter sensitivity.

reduction when the power factor is less than 0.68 or current
unbalanced degree is less than 0.3 in this illustrative example.

VI. CONCLUSION
The EPT has higher power losses than the conventional trans-
former. However, it can correct the power factor, compensate
the unbalanced current, and reduce the overall losses in the
distribution network. Therefore, a comprehensive EPT losses
analysis model is proposed in this paper. By building the
comprehensive EPT power losses model, taking into account
the power losses of the EPT, conventional transformer and
the reduced losses of the lines caused by the application of the
EPT, using the EPT to replace the conventional transformer in
distribution networks can decrease the overall power losses.
It can be deployed in remote rural areas, industrial and enter-
prise distribution networks or electric transit and railroad
systems away from the power center.
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