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In order to solve the problem of the power quality caused by distributed power
access to the distribution network, this paper proposes a coordinated control
strategy of reactive power compensation based on a flexible distribution
transformer. First, the working principle of the flexible distribution transformer
is analyzed, and themathematical model of energy acquisition and the regulation
converter of the flexible distribution transformer are studied as well. The device-
level control strategies of energy acquisition and regulation converters are
proposed, respectively. Then, in order to maintain the stability of the bus
voltage and quickly respond to the reactive power changes of the system, a
coordinated control strategy for the reactive power compensation of flexible
distribution transformers is proposed. The priority herein is to maximize the
reactive power compensation capacity of the energy harvesting converter. When
the energy harvesting converter reaches the compensation upper limit, the
control converter is used for reactive power compensation to further
suppress the grid voltage fluctuation. Finally, it is verified through simulations
that the flexible distribution transformer can realize the reactive power
compensation of the distribution network and effectively improve the power
quality of the distribution network.
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1 Introduction

In order to achieve the goal of “carbon peak and carbon neutrality,” the distributed new
energy led by wind power and photovoltaics is developing rapidly. Distributed
photovoltaics are connected to the distribution network nearby. The random
fluctuation of the distributed photovoltaic output and the time–space mismatch of the
“source and load” cause power quality problems, such as power flow reversal (Tang et al.,
2022a; Tang et al., 2023; Tang et al., 2022a; Tang et al., 2022b), voltage fluctuation, and
harmonic distortion in the distribution network, and even reduce the stability and reliability
of the distribution system in serious cases. Traditional distribution transformers use
mechanical switches for voltage regulation, do not have continuous voltage regulation
capabilities, and can only regulate the voltage at the point where the transformer is located.
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The voltage in other areas is further reduced due to the lack of
reactive power, which cannot meet the operation requirements of
the new distribution system. Power electronic transformers can not
only complete the functions of voltage-level conversion, electrical
isolation, and energy transfer but also realize the regulation of the
power flow. However, power electronic transformers use a large
number of power electronic devices, which have the disadvantages of
a large loss, low capacity, and high cost. Therefore, traditional
transformers and power electronic transformers cannot adapt to
the operation requirements of new distribution systems (Tang et al.,
2022a; Tang et al., 2023; Tang et al., 2022c; Tang et al., 2022b).

The hybrid transformer based on the combination of the
traditional transformer and power electronic equipment not only
has the basic functions of the traditional power transformer but also
has the functions of improving the power quality, reactive power
compensation, and power flow control. Cai et al. (2021) improved
the single-phase dq0 transformation method, constructed the virtual
three-phase voltage, and used the derivative method to replace the
low-pass filter, which avoided detection delay and improved the
real-time accuracy of the input and the removal of the load voltage
compensation circuit of the hybrid distribution transformer. Aiming
at the new hybrid distribution transformer, the DC bus voltage
control of the flexible distribution transformer based on fuzzy
control, combined with PI control, is proposed in Li et al. (2021),
which effectively improves the transient performance of the DC bus
voltage control system. Lee et al. (2022) proposed a hybrid
distribution transformer topology in which the two taps of the
converter and the transformer are connected in series so that the
transformer has the ability to maintain the load voltage stability,
compensate grid voltage harmonics, and improve the grid power
factor. Li et al. (2023) proposed a hybrid power transformer
topology based on a single-phase converter. The series converter
is used to dynamically adjust the voltage of the distribution network,
and the parallel converter is used to adjust the power quality. The
proposed topology is simple and realizes dynamic voltage
regulation. As a new type of distribution transformer, the flexible
distribution transformer has been proposed for a re-topology and
control strategy on the related research side. However, the
application of the flexible distribution transformer in the reactive
power compensation of the distribution system is relatively less.

Aiming at the problem of voltage fluctuation and reactive power
shortage in the distribution network, the traditional reactive power
compensation method is mainly used to install compensation
equipment. In Pan et al. (2019), a partition automatic voltage-
control strategy for the active distribution network considering the
reactive power output of the microgrid is proposed, which reasonably
dispatches the coordinated operation of the microgrid and traditional
reactive power-compensation equipment and carries out reactive power
compensation for the active distribution network so as to realize flexible
and fast automatic voltage control in the control area and improve the
voltage quality of the active distribution network. However, there are no
specific indicators to evaluate the voltage support capability of the
proposed method. In Zhao et al. (2017), two unbalanced states of
cascaded H-bridge photovoltaic grid-connected inverters are analyzed,
and a centralized control strategy of reactive power compensation based
on the proportional distribution of active power and the reactive power
distribution according to the demand is proposed to ensure the stable
operation of inverters when the power is seriously unbalanced.

However, the adjustment range of the control policy mentioned
previously is limited. In Le et al. (2020), considering the reactive
power compensation equipment connected to the distribution
network, the multi-objective distributed optimal control of the
distribution network, including node voltage control, active power
exchange, and reactive power exchange control, is realized by
grouping the distributed power supply and reactive power
compensation equipment. However, the algorithm should be further
improved for different control objectives and system requirements. He
et al. (2022) considered using the reactive power regulation ability of the
inverter to compensate for the reactive power of the photovoltaic access
node, according to the set reactive power control strategy, and also
ensured that the voltage did not exceed the upper limit. However, the
failure of photovoltaics to operate at the maximum power point will
reduce the system economy. Sun et al. (2023) proposed the use of an
energy storage type distribution network static synchronous
compensator to realize the comprehensive compensation of the
voltage fluctuation, voltage over-limit, and three-phase unbalance of
the distribution network. In Mohammed and Ciobotaru (2023), this
paper proposed a droop control strategy for grid-connected inverters
with adaptive power to solve the problems of the voltage fluctuation of
public AC buses caused by a new energy grid connection, non-optimal
power factor of power transmission from inverters to the public ACbus,
and transmission loss. The method given in Sun et al. (2023) and
Mohammed and Ciobotaru (2023) is easily affected by the external
parameters and disturbances of the system, which leads to the
performance degradation of the proposed method.
ZeraatiGolshanGuerrero (2019) proposed the connection of the
photovoltaic inverter in a triangle and a star pattern to compensate
for the negative sequence and the zero sequence components of the
voltage, respectively, and to control the voltage within the allowable
range. The distributed algorithm based on the consensus increases the
computational complexity. In YOU and GUO (2022), a new integrated
converter with a four-leg converter topology and integrated fault
suppression and reactive power compensation functions is proposed,
which gives a set of converters the functions of single-phase ground
fault suppression and reactive power compensation at the same time,
improves the utilization rate of equipment, and reduces the cost of
equipment. Liang et al. (2023) proposed an active power control
strategy for the reactive power compensation of the battery energy-
storage quasi-Z-source inverter photovoltaic power generation system
based on the virtual synchronous generator technology and realized
photovoltaic power generation and reactive power compensation at the
same time. The control strategy and parameter design, as shown in
YOU and GUO (2022) and Liang et al. (2023), are complex, and the
real-time performance is poor. The above reactive power compensation
method provides reactive power support by improving the
corresponding control strategy of the grid-connected converter.
However, the distribution network has a wide range of points and
various load types, and the grid-connected converter alone is not
enough to maintain the reactive power balance of the system.

The contribution of this paper is twofold. First, a flexible
distribution transformer topology based on the combination of a
traditional transformer and power electronic equipment is
proposed. The electromagnetic power transformer mainly
undertakes power transmission. The energy converter maintains
the stability of the DC capacitor voltage and regulates the output of
the converter to control the compensation voltage. Therefore, the
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flexible distribution transformer not only has the basic functions of a
traditional power transformer but also has the function of reactive
power compensation to improve the power quality. The dq
feedforward decoupling control strategy is used to realize the
decoupling control and the error-free control of the output
current of the energy converter and the output voltage of the
regulating converter. At the same time, the linear relationship
between the reactive power output of flexible distribution
transformer winding and the output voltage of the regulating
converter and the output current of the energy converter is
deduced. The control strategy is designed to correctly calculate
the command value of the output voltage of the regulating
converter and the output current of the energy converter so as to
realize the reactive power compensation function of the hybrid
power transformer.

The rest of the structure of this paper is as follows: the second
section introduces the topology of the flexible distribution
transformer and the working principle of reactive power
compensation. The third section discusses the mathematics and
loss model of the flexible distribution transformer converter. In the
fourth section, the control strategy of the converter reactive power
compensation is proposed. The fifth section gives the simulation
results to verify the feasibility of the proposed flexible distribution
transformer reactive power compensation control strategy. Finally,
the sixth section draws a conclusion.

2 The working principle of the reactive
power compensation of the flexible
distribution transformer

2.1 Topology structure of the flexible
distribution transformer

The topology of the flexible distribution transformer, studied in
this paper, is shown in Figure 1. It can be divided into three

components: the electromagnetic power transformer, energy
converter, and control converter. The electromagnetic power
transformer is the main part of the flexible distribution
transformer. The main structure is a double-winding power-
frequency transformer. The main function is to bear most of the
power transmission and transform the voltage level of the primary
side winding bus and the secondary side winding bus. The converter
is connected in parallel to the secondary winding of the
electromagnetic power transformer. Its structure is an AC/DC
three-phase bridge-voltage source converter, which is mainly
used to maintain the stability of the common DC capacitor
voltage and which independently compensates for the reactive
power to the system. The control converter is connected in series
on the primary side winding of the power transformer. Its structure
comprises three independent AC/DC single-phase full-bridge
converters. The main function of it was to adjust the output
voltage, according to the control target of the flexible distribution
transformer. It is the main control equipment of the flexible
distribution transformer. The energy harvesting converter and
the control converter are connected and exchanged active power
through the coupled common DC capacitor. Under normal
operating conditions, the protection action switch takes the A
phase as an example, S1a is disconnected, and S2a and S3a are
closed; when a short-circuit fault of the distribution network or a
converter fault occurs, S1a A is closed, S2a A and S3a A are
disconnected, and the transmission channel of the converter and
the traditional transformer are disconnected so that the traditional
transformer in the device can work normally and realize the basic
voltage conversion function.

2.2 Flexible distribution transformer reactive
power compensation principle

When analyzing the working principle of the flexible
distribution transformer, the specific situation of the power

FIGURE 1
Topology structure diagram of the flexible distribution transformer.
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electronic switch inside the converter can be ignored. At the same
time, when the loss is not considered, the converter can be
equivalent to an ideal controlled-voltage source or current source,
thereby simplifying the analysis process. The main function of the
converter is the inverter compensation voltage, so it can be
equivalent to an ideal, controlled-voltage source. The main
function of the converter was to stabilize the DC-side voltage,
and its control target is usually the current injected into the
energy extraction winding of the transformer, so it can be
equivalent to an ideal controlled current source. In order to
further simplify the equivalent circuit of the flexible distribution
transformer, the power transformer in the flexible distribution
transformer is regarded as an ideal transformer. Based on the
topology of Figure 1, the simplified single-phase equivalent
circuit is shown in Figure 2.

Figure 2 shows that Uin represents the voltage on the actual
primary side bus of the flexible distribution transformer, U1

represents the voltage on the primary side winding of the power
transformer in the flexible distribution transformer, U2 represents
the voltage on the secondary side winding of the power transformer,
Ush represents the voltage on the energy winding side of the flexible
distribution transformer, k represents the voltage ratio between the
primary and secondary side windings of the power transformer, I1
represents the current flowing through the primary side winding of
the power transformer, I2 represents the current flowing through the
secondary side winding of the power transformer, andUse represents
the output voltage of the control converter. Ish represents the output
current of the energy converter; Z1 and Z2 represent the line
impedance; Us and Zs represent the system power supply voltage
and system impedance, respectively; and X

·
is used to represent the

phasor value of a variable X in the following text.
First of all, for the electrical quantities of the power transformer

part, according to the law of electromagnetic induction and the law
of flux conservation, we obtain the following relationships:

_U1 �
_U2

k
� _Ush

k
,

_I1 � k _I2.

⎧⎪⎪⎨⎪⎪⎩ (1)

In order to facilitate the analysis of the relationship between the
electrical quantities in the flexible distribution transformer, taking
the phasor _U1 as the reference phasor and setting _U1 � U1∠0° and
_I1 � I1∠θ1, then they are expressed as _U2 � _Ush � U2∠0°, and then,

regulating the converter output voltage _Use and the energy converter
output current _Ish can be expressed as Use∠θse and Ish∠θsh,
respectively, so the phasor relationship of the electrical quantities
in the flexible distribution transformer is shown in Figure 3.

When the flexible distribution transformer is not equipped with
an energy storage device, it cannot exchange active power with the
power system for a long time. Therefore, the flexible distribution
transformer needs to balance the active power of the converter and
the energy converter. The active power absorbed by the converter
from the power system is shown in Figure 3:

Pse � UseI1 cos θse − θ1( ). (2)

The active power absorbed by the converter from the power
system is as follows:

Psh � UshIsh cos θsh( ). (3)

When the flexible distribution transformer is running, the
output voltage of the converter and the output current of the
energy converter need to meet the constraints; they are expressed
as follows:

UseI1 cos θse − θ1( ) + UshIsh cos θsh( ) � 0. (4)

Equation 4 is the basic condition for the stable operation of the
flexible distribution transformer. On this basis, the flexible
distribution transformer can change the output of the control
converter and the energy converter to achieve the purpose of
reactive power compensation. The following will briefly introduce
the basic working principle of the above described functions.

FIGURE 2
Simplified circuit diagram of the flexible distribution transformer.

FIGURE 3
Phasor diagram of the flexible distribution transformer.
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Based on the structure of the voltage source converter, the
control converter and the energy converter of the flexible
distribution transformer have independent reactive power
compensation capabilities, which can inject the required reactive
power into the power system. Figure 3 shows that the reactive power
injected into the system by the flexible distribution transformer can
be expressed as follows:

Qinj � −UseI1 sin θse − θ1( ) + UshIsh sin θsh( ). (5)

Equation 5 shows that the flexible distribution transformer has a
certain reactive power compensation ability, but the reactive power
compensation ability of the flexible distribution transformer will be
constrained by Eq. 4. The flexible distribution transformer will
reduce its own additional reactive power compensation ability
when performing voltage regulation. The flexible distribution
transformer can output the maximum reactive power
compensation capacity without voltage regulation:

Qinj
max � UseI1 + UshIsh. (6)

Setting n as the ratio of the amplitude of the output current Ish of
the energy converter to the amplitude of the current _I1, we have the
following expression:

Ish � nI2 � nI1
k
. (7)

Setting m as the ratio of the amplitude Use of the output voltage
of the converter to the amplitude of the voltage _U1, then we obtain
the following:

Use � mU1. (8)

Substituting Formula (7) and Formula (8) into Formula (6), we
obtain the following:

Qinj
max � m + n( )U1I1. (9)

It can be seen from Eq. 9 that the reactive power
compensation capability of the flexible distribution
transformer depends on the amplitude of the output voltage
or output current of the control converter and the energy
converter. Therefore, in order to obtain a greater reactive
power compensation capability, it is necessary to configure a
control converter that can output higher voltage and an energy
converter that can output greater current.

3 Flexible distribution transformer
converter mathematical and
loss models

3.1 Mathematical model of the
energy converter

The structure of the energy converter in the flexible distribution
transformer, studied in this paper, is a three-phase bridge-voltage
source converter, and its equivalent circuit structure is shown in
Figure 4. In the figure, Cdc is the DC capacitor of the DC side of the
energy converter; Lsh is the filter inductance of the ACmeasurement
of the energy converter; Rsh is the equivalent energy dissipation

resistance of the AC measurement of the energy converter; Udc

represents the voltage at both ends of the DC capacitor of the energy
converter; Ursh represents the modulation voltage output given by
the three-phase inverter in the energy converter; Ursha, Urshb, and
Urshc represent the A, B, and C phase components of the modulation
voltageUrsh of the energy converter, respectively; andUsha,Ushb, and
Ushc represent the A, B, and C phase components of the voltage Ush

of the energy winding side of the electromagnetic power
transformer, respectively. Isha, Ishb, and Ishc represent the A, B,
and C phase components of the output current Ish of the converter,
respectively.

Figure 4 shows that the loop equation of the energy converter in
the ABC three-phase stationary coordinate system can be obtained
as follows:

Ursha

Urshb

Urshc

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � Usha

Ushb

Ushc

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ − Lsh
d
dt

Isha
Ishb
Ishc

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ − Rsh

Isha
Ishb
Ishc

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦. (10)

The variables in (10) are AC quantities, which are not easy to
control. Therefore, the Park transformation can be used to convert
each AC variable into the DC flow in the synchronous rotating
coordinate system so that the output current of the energy converter
can be easily controlled. In the coordinate transformation, the
voltage Ush of the energy-taking winding side of the
electromagnetic power transformer connected to the energy-
taking converter is selected as the reference phasor, and the
phase angle α is obtained through the phase-locked loop, so the
expression of the Park transformation is given as follows:

P1 � 2
3

cos α cos α − 2π
3

( ) cos α + 2π
3

( )
sin α sin α − 2π

3
( ) sin α + 2π

3
( )

1
2

1
2

1
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (11)

Bymultiplying the Park transformation matrix, shown in Eq. 11,
on both sides of Eq. 10, the loop equation of the energy converter in
the dq0 synchronous rotating coordinate system can be obtained
as follows:

Urshd

Urshq
[ ] � Ushd

Ushq
[ ] − Lsh

d
dt

Ishd
Ishq

[ ] + −Rsh ωLsh

−ωLsh −Rsh
[ ] Ishd

Ishq
[ ]. (12)

In (12), ω is the power frequency angular frequency, and the
subscripts d and q represent the d-axis and q-axis components of

FIGURE 4
Equivalent circuit structure diagram of the energy converter.
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each variable in the dq0 synchronous rotating coordinate system,
respectively, which is shown in the following.

3.2 The mathematical model of a
regulating converter

The structure of the control converter in the flexible
distribution transformer is represented by three independent
single-phase full-bridge voltage source converters, and its basic
equivalent circuit structure is shown in Figure 5. In the diagram,
Cdc is the DC capacitor on the DC side of the converter and is also
the common DC capacitor between the converter and the energy
converter. Rf is the equivalent energy dissipation resistance of the
converter, Lf is the AC filter inductance of the converter, and Cf is
the AC filter capacitance of the converter. Udc represents the
voltage at both ends of the DC capacitor on the DC side of the
converter and is also the voltage at both ends of the DC capacitor
on the DC side of the energy converter. Urse represents the
modulation voltage of the single-phase inverter in the
converter, and IL represents the current flowing through the
filter inductance of the converter. Use is the output voltage of
the converter, and I1 is the current flowing through the primary
winding of the flexible distribution transformer.

Figure 5 shows that the loop equation of the control converter in
the ABC three-phase stationary coordinate system can be obtained
as follows:

Urse � Use − Lf
dIL
dt

− RfIL,

IL � I1 − Cf
dUse

dt
.

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (13)

In order to convert the AC variables in Eq. 13 into the direct flow
in the synchronous rotating coordinate system, it is necessary to
construct new variables with a lag of 90° to realize the single-phase
Park transformation. These new variables with a lag of 90° also
satisfy the mathematical relationship of Eq. 14, so they are expressed
as follows:

Urse

Urse
′[ ] � Use

Use
′[ ] − Lf

d
dt

IL
I′L

[ ] − Rf
IL
I′L

[ ], (14)

IL
I′L

[ ] � I1
I1′

[ ] − Cf
d
dt

Use

Use
′[ ]. (15)

In Formula (14) and Formula (15), Urse
′, Use

′, I′L, and I1′ represent
the new variables of the phase-lag original variable Urse, Use, IL, and
I1 of phase 90°, respectively.

In the coordinate transformation, the line current I1 flowing into
the control converter is selected as the reference phasor, and the
phase angle β is obtained through the phase-locked loop, so the
expression of the single-phase Park transformation is given
as follows:

P2 � sin β − cos β
cos β sin β

[ ]. (16)

Bymultiplying the Park transformation matrix, shown in Eq. 16,
on both sides of Eq 14 and Eq 15, the loop equation of the control
converter in the dq0 synchronous rotating coordinate system can be
obtained as follows:

Ursed

Urseq
[ ] � Used

Useq
[ ] − Lf

d
dt

ILd
ILq

[ ] + −Rf ωLf

−ωLf −Rf
[ ] ILd

ILq
[ ], (17)

ILd
ILq

[ ] � I1d
I1q

[ ] − Cf
d
dt

Used

Useq
[ ] + 0 ωCf

−ωCf 0
[ ] Used

Useq
[ ]. (18)

3.3 Operation loss of the flexible distribution
transformer converter

The energy converter and the control converter in the flexible
distribution transformer contain multiple sub-modules composed of
an IGBT (insulated-gate bipolar transistor) and a freewheeling
diode. The loss of a single sub-module includes the IGBT,
freewheeling diode conduction, and turn-off losses.

The on-state loss Pon.IGBT of the IGBT can be expressed
as follows:

Pon.IGBT � 1
T0
∫T

0
uCE t( ) · iC t( )dt � uCE0 · Iav.IGBT + RT · I2rms.IGBT.

(19)
In the formula, Iav.IGBT is the average value of the IGBT current,

Irms.IGBT is the effective value of the IGBT current, and T is the
carrier cycle.

The on-state loss of the freewheeling diode, anti-parallel to the
IGBT, is given as follows:

Pon.Diode � 1
T
∫T

0
uD t( ) · iD t( )dt � uD0 · Iav.Diode + RD · I2rms.Diode.

(20)
In the formula, Iav.Diode is the average value of the diode current

that is anti-parallel to the IGBT; Irms.Diode is the effective value of the
diode current.

IGBT switching losses include turn-on and turn-off losses. The
energy loss of the IGBT turn-on and turn-off once is Eswitch.on.IGBT

and Eswitch.off.IGBT, respectively, and the energy loss of the
freewheeling diode, anti-parallel to the IGBT turn-off once, is
Eswitch.rec.IGBT, where

Eswitch.on.IGBT � k1iC + k2,
Eswitch.off.IGBT � k3iC,
Eswitch.rec.IGBT � k4iD + k5.

(21)

FIGURE 5
Control converter equivalent circuit structure diagram.
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In the formula, k1, k2, and k3 are the characteristic constants of
the IGBT; k4 and k5 are the characteristic constants of the
freewheeling diode anti-parallel to the IGBT.

The losses of the IGBT and anti-parallel freewheeling diode are
as follows:

Pswitch.IGBT � 1
T
∑n
j�1

k1iC j( ) + k2 + k3iC j( )( ) uCE j( )
UCE.reted

,

Pswitch.Diode � 1
T
∑n
j�1

k4iD j( ) + k5( ) uD j( )
UD.reted

.

(22)

In the aforementioned formula, n is the number of switches in a
cycle; UCE.reted and UD.reted are the corresponding voltage ratings in
the switching loss experiment; iC(j) andD(j) are the corresponding
current and voltage instantaneous values in the jth switching
process, respectively.

The analysis above is aimed at the power loss of a single IGBT
and its anti-parallel freewheeling diode. The total loss of the energy
converter can be approximately 12 times that of the IGBT and the
freewheeling diode, and the total power loss of the regulated
converter can be approximately six times that of the IGBT and
the freewheeling diode.

The total power loss of the converter is given as follows:

PSeries � 12 Pon.IGBT + Pswitch.IGBT( ). (23)
The total power loss of the control converter is given as follows:

PParallel � 6 Pon.IGBT + Pswitch.IGBT( ). (24)
The loss of the power transformer is mainly composed of the no-

load loss and the load loss. The calculation formulas of the no-load
loss and the load loss are given as follows:

PFe � T*λ*K*f
αBβ,

PCu � I2mrm.
(25)

In the formula, K*, α, and β are the relevant empirical
parameters of the core; T* is the temperature coefficient of the
core; λ* is the waveform coefficient; f is the working frequency of
the transformer; B is the magnetic flux density of the core; Im is the
coil current; and rm is the coil resistance.

Based on the above analysis, the total loss after the flexible
distribution transformer is put into operation, which is given
as follows:

PT � PSeries + PParallel + PFe + PCu. (26)

4 Converter reactive power
compensation control strategy

The control converter and the energy converter in the flexible
distribution transformer are based on the structure of the voltage
source converter. Therefore, the flexible distribution transformer
naturally has the function of reactive power compensation, and the
reactive power output of the control converter and the energy
converter is independent of each other; the reactive power
injected into the system can be controlled independently. The
expression of the reactive power Qse absorbed by the control

converter from the power system in the synchronous rotating
coordinate system is given as follows:

Qse � 3
2
UseqI1d. (27)

The expression of the reactive power Qinj injected into the
system by the flexible distribution transformer in the
synchronous rotating coordinate system can be obtained by
Formula (19), which is given as follows:

Qinj � − Qsh + Qse( ) � 3
2
UshdIshq − 3

2
UseqI1d. (28)

It can be known from Eq. 20 that the reactive power injected into
the power system by the flexible distribution transformer is affected
by the q-axis component of the output voltage of the converter and
the q-axis component of the output current of the energy converter.
Therefore, the control of the q-axis component of the output voltage
of the converter and the q-axis component of the output current of
the energy converter can control the reactive power injected into the
power system by the flexible distribution transformer.

The instruction value of the reactive power that needs to be
injected into the power system by the flexible distribution transformer
is Qinj

*. When the value is positive, it represents the positive inductive
reactive power injected into the power system. When the value is
negative, it represents the negative inductive reactive power injected
into the power system. When the reactive power compensation of the
flexible distribution transformer is carried out, priority is given to the
selection of the energy converter for the output of the reactive power.
When the command value Qinj

* of the reactive power does not exceed
the range of the reactive power output capacity of the energy
converter, the output of the reactive power can be borne by the
energy converter. Therefore, the steady-state value expression of the
q-axis component of the output voltage of the converter and the q-axis
component of the output current of the energy converter is given
as follows:

Ishq � 2
3Ushd

Qinj
*,

Useq � 0.

⎧⎪⎪⎨⎪⎪⎩ (29)

The upper and lower limits of the reactive power output capacity
of the energy converter are Qsh

max and Qsh
min, respectively. When the

reactive power command valueQinj
* exceeds the reactive power output

capacity range of the energy converter, it is necessary to regulate the
converter to undertake part of the reactive power output task. When
Qinj

* exceeds the upper limit Qsh
max, the steady-state values of the q-axis

component of the output voltage of the converter and the q-axis
component of the output current of the energy converter are
expressed as follows:

Ishq � 2
3Ushd

Qsh
max,

Useq � − 2
3I1d

Qinj
* − Qsh

max( ).
⎧⎪⎪⎪⎨⎪⎪⎪⎩ (30)

When Qinj
* exceeds the lower limit Qsh

min, the steady-state values
of the q-axis component of the output voltage of the converter and
the q-axis component of the output current of the energy converter
are expressed as follows:
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Ishq � 2
3Ushd

Qsh
min,

Useq � − 2
3I1d

Qinj
* − Qsh

min( ).
⎧⎪⎪⎪⎨⎪⎪⎪⎩ (31)

The upper and lower limits of the reactive power output capacity
of the control converter are Qse

max and Qse
min, respectively. When the

command value of reactive power Qinj
* exceeds the common reactive

output capacity range of the energy converter and the control
converter, in order to ensure the safe operation of the flexible
distribution transformer, the energy converter and the control
converter can only output the upper or lower limit of their own
reactive output capacity. When Qinj

* exceeds the upper limit
Qsh

max + Qse
max

, the steady-state values of the q-axis component of
the output voltage of the converter and the q-axis component of the
output current of the energy converter are expressed as follows:

Ishq � 2
3Ushd

Qsh
max,

Useq � − 2
3I1d

Qse
max.

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (32)

When Qinj
* exceeds the lower limit Qsh

min + Qse
min

, the steady-state
values of the q-axis component of the output voltage of the converter
and the q-axis component of the output current of the energy
converter are expressed as follows:

Ishq � 2
3Ushd

Qsh
min,

Useq � − 2
3I1d

Qse
min.

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (33)

In order to realize the error-free control of reactive power
compensation, a PI controller can be added to the command
value expression of the q-axis component of the output voltage
of the converter and the q-axis component of the output current of
the energy converter in Formula (19)~Formula (25). Therefore, the
control strategies for the q-axis component of the output current of
the energy converter are given as follows:

Ishq
* � 2

3Ushd
KP1 + KI1

s
( ) ·

Qsh
max + Qsh( ) , Qinj

* ≥Qsh
max,

Qinj
* + Qsh( ) , Qsh

min ≤Qinj
* ≤Qsh

max,

Qsh
min + Qsh( ) , Qinj

* ≤Qsh
min.

⎧⎪⎪⎨⎪⎪⎩
(34)

In the formula, KP1 is the proportional coefficient and KI1 is the
integral coefficient.

The control strategies for regulating the q-axis component of the
output voltage of the converter are given as follows:

Useq
* � − 2

3I1d
KP2 + KI2

s
( )

·

Qse
max + Qse( ) , Qinj

* ≥Qsh
max + Qse

max,

Qinj
* − Qsh

max + Qse( ) , Qsh
max ≤Qinj

* ≤Qsh
max + Qse

max,

0 , Qsh
min ≤Qinj

* ≤Qsh
max,

Qinj
* − Qsh

min + Qse( ) , Qsh
min + Qse

min ≤Qinj
* ≤Qsh

min,

Qse
min + Qse( ) , Qinj

* ≤Qsh
min + Qse

min.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(35)

In the formula, KP2 is the proportional coefficient and KI2 is the
integral coefficient.

Formulas 34, 35 are the modified reactive power compensation
control strategies of flexible distribution transformers. Based on
Formulas 34, 35, the control block diagram of the reactive power
compensation control strategy of the flexible distribution
transformer is built, as shown in Figure 6.

After determining the command value Qinj
* of the reactive power

injected into the power system by the flexible distribution transformer,
Qinj

* exceeds the reactive power output capacity range of the energy
converter, and the control converter undertakes part of the reactive
power output task. The q-axis component command value of the
output current of the energy converter and the q-axis component
command value of the output voltage of the converter are calculated,
and then, the flexible distribution transformer inverts the corresponding
output voltage and output current so as to realize the reactive power
compensation function of the flexible distribution transformer.

5 Simulation verification

This section will simulate and verify the effectiveness of the
reactive power compensation control strategy of the flexible
distribution transformer. In Intel Core i7-7700, the main frequency
is 2.80 GHz, with a memory of 16-GB host computing power. In this
section, a test system with flexible distribution transformers is built
based on PSCAD/EMTDC, as shown in Figure 7.

For the three-phase bridge converter with the L-filter, the capacity
of injecting inductive reactive power into the power system is smaller
than that of the capacitive reactive power. At the same time, the
capacity of injecting the inductive reactive power into the power
system using a single-phase bridge converter in a series is different
from that of the capacitive reactive power. In this section, the smaller
capacity of the inductive reactive power and the capacitive reactive
power is set as the upper and lower limits of the capacity of the energy
converter and the control converter, respectively. Therefore, based on
the parameters of the flexible distribution transformer in Table 1, the
upper and lower limits of the capacity of the reactive power
compensation of the energy converter are set as ±80 kVar. The
upper and lower limits of the reactive power compensation
capacity of the converter are ±30 kVar.

A. Verification of the reactive power compensation performance
of the flexible distribution transformer

The process of the simulation test is set as follows: the test system
is the initialization process before 0.1-s time, the flexible distribution
transformer is put into operation at 0.1-s time, the DC capacitor is
charged at 0.2-s time, and the output current q-axis component of
the energy converter is controlled to be zero. The reactive power
injected into the system by the flexible distribution transformer is
adjusted at 1.0-s time. The command value of the injected reactive
power is set to 100 kVar at 1-s time, which jumps to 60 kVar at 2-s
time, to 40 kVar at 3-s time, and to 100 kVar at 4-s time.

The waveforms of the reactive power injected into the power
system by the energy converter and the reactive power injected into
the power system by the control converter are shown in Figure 8.

It can be seen from Figure 8 that the reactive power injected into
the power system by the energy converter has a large fluctuation but
a short duration due to the uncontrolled rectification at 0.1-s time.
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At 1.0 s, due to the instruction of reactive power compensation, the
reactive power output by the energy converter begins to adjust and
stabilize at 80 kVar, and the reactive power output by the converter
is regulated to 20 kVar; at the time of 2 s, due to the adjustment of
the reactive power compensation command value, the reactive
power output of the energy converter is adjusted to 60 kVar, and
the reactive power output of the control converter is adjusted to
0 kVar; at the time of 3 s, the output reactive power is adjusted to
40 kVar, and the output reactive power of the energy converter is
adjusted to 40 kVar. The reactive power injected by the converter to
the power system is maintained at zero. The reactive power output at
4 s is adjusted to 100 kVar, and the reactive power output by the
energy converter begins to adjust and stabilize at 80 kVar; the

reactive power injected by the converter into the power system is
adjusted to 20 kVar.

As can be seen from Figure 9, when the flexible distribution
transformer is used in the operation at 0.1 s, the DC capacitor voltage
quickly reaches the voltage value of uncontrolled rectification of
0.8 kV. After charging the DC capacitor at 0.2 s, the DC capacitor
voltage can quickly reach the rated value of 1 kV and remain stable.

B. Verification of the voltage regulation characteristics of the
flexible distribution transformer

When the simulation system runs for 0.6 s, the voltage sag of
the power side system is set. The traditional transformer does not

FIGURE 6
Flexible distribution transformer reactive power compensation-control strategy block diagram.

FIGURE 7
Test system for the steady-state control of the flexible distribution transformer.

TABLE 1 Main parameter settings of the AC grid simulation model.

Parameter Value taken

Three-phase AC system voltage/kV 10

Voltage at the head of the controlled line/kV 0.4

Effective value of the load phase voltage/kV 0.22

Load steady-state single-phase active power/MW 0.2

On-state resistance of the anti-parallel diode and IGBT/Ω 0.0001

Anti-parallel diode and IGBT turn-off resistance/Ω 1 × 106

Forward breakdown voltage of the anti-parallel diode and IGBT/kV 1 × 105

Reverse breakdown voltage of the anti-parallel diode and IGBT/kV 1 × 105

Filter inductance/mH 0.505

Filter capacitance/μF 497.4
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actively change the tap adjustment voltage after the system voltage
sag. By changing the tap adjustment voltage of the transformer,
the aim is to change the reactive power distribution of the system
so that the system voltage is adjusted. As shown in Figure 10,
when the system voltage sags to 0.871 pu, the traditional
transformer cannot actively adjust the voltage, and the low-
voltage side voltage of the system is in a state of sag. If there is
a shortage of reactive power in the system, the traditional
transformer voltage regulation will lead to the reduction of
other node voltages and the problem of insufficient reactive
power in the system has not been solved.

The system charges the DC capacitor in 0.9 s. In the reactive
power compensation coordinated control system of the flexible
distribution transformer, it is determined that the stable voltage
command value of 1 pu is required to adjust the system voltage to
obtain energy and regulate the converter. In 1.2 s, the flexible

distribution transformer control system is put to use to maintain
the voltage stability, and the corresponding reactive power is
obtained to maintain the reactive power balance.

C. Operation efficiency of the flexible distribution transformer

In the simulation system of Figure 11, the efficiency of the
flexible distribution transformer is calculated by measuring the
active power at both ends of the flexible distribution transformer.
The input power of the flexible distribution transformer is
0.635 MW, the output power is 0.627 MW, and the efficiency of
the flexible distribution transformer is 98.7 % as shown in Figure 12.
The working efficiency of the power electronic transformer is 96%
(Li et al., 2020). Compared with the power electronic transformer,
the internal loss of the flexible distribution transformer is smaller
and the operation efficiency is higher.

FIGURE 8
Waveform diagram of the output reactive power of the flexible distribution transformer.

FIGURE 9
DC capacitor voltage of the flexible distribution transformer. FIGURE 10

Low-voltage side voltage of the flexible distribution transformer.
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Through the simulation mentioned above, the reactive power
compensation control strategy of the flexible distribution transformer,
proposed in this paper, can automatically distribute the reactive power
output that the energy converter and the control converter need to
bear, following the command value of reactive power. At the same
time, it will not exceed the upper and lower limits of the output
reactive power capacity of the energy converter and the control
converter, respectively. The simulation experiment verifies the
effectiveness of the reactive power compensation control strategy
of the flexible distribution transformer proposed in this paper. Based
on the reactive power compensation control strategy, the flexible
distribution transformer can compensate for the reactive power of the
power system and can always follow the command value of reactive
power to realize the reasonable distribution of the reactive power
between the energy converter and the control converter so as to output
the capacitive reactive power or the inductive reactive power to meet
the reactive power control needs of the power system.

6 Conclusion

Aiming at the voltage fluctuation and reactive power shortage
caused by the distributed new energy grid connection, this paper
proposes a coordinated control strategy of reactive power
compensation using the flexible distribution transformer. First,
the technology of the flexible distribution transformer composed
of the traditional transformer and power electronic equipment is
introduced. The topology of the flexible distribution transformer
with reactive power support capability is proposed. The
mathematical model of the energy converter and the control
converter in the flexible distribution transformer in the
synchronous rotating coordinate system is deduced and
established. The decoupling control and error-free control of the
output current of the energy converter and the output voltage of the
converter are realized using the dq feedforward decoupling control
strategy. The reactive power output by the control converter and the
energy converter in the flexible distribution transformer is
independent of each other, and the reactive power injected into
the system by the two is controlled independently. The reactive
power compensation method of the flexible distribution transformer
proposed in this paper has the following advantages: 1) the flexible
distribution transformer can maintain voltage stability according to
the set voltage reference value. 2) The reactive power of the system is
compensated and the reactive power balance of the system is
maintained. Compared with a single converter, the compensation
capacity is increased by 37.5%. 3) A high work efficiency to ensure
the economic operation of the distribution network. The
effectiveness of the reactive power compensation-coordinated
control strategy proposed in this paper is verified by simulations.
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