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a b s t r a c t

With the explosive growth of distributed renewable energy connected to the power system, the
application of AC–DC hybrid distribution network with power electronic transformer (PET) becomes
more and more extensive. An equivalent loss model is formulated from the perspective of the internal
topology of PET. Then, a novel PET power flow model is established to obtain the relationship
between the three ports. On this basis, reactive power of PV nodes connecting PET and distributed
renewable generation is modified by establishing an equivalent impedance matrix, thus the forward–
backward sweep load flow calculation method is improved for power flow calculation and volt/var
control of distribution network. Different from traditional reactive optimization methods, a multi-
objective reactive power optimization model considering the PET and two types of photovoltaic
converters is established in this paper, with the targets of minimizing voltage deviation and power
loss simultaneously. Finally, the numerical simulation shows the accuracy, rationality, and feasibility
of the proposed method.

© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the globalized carbon neutrality target, more and more
lean distributed generations (DGs) will be accommodated in
he distribution network (DN) in the near future. The high pen-
tration of large-scale DGs makes traditional DN change, and
ower electronic features in DN have become more and more
bvious owing to the integration of power electronic converters
nd power electronic transformer (PET). As the interface of DGs,
ower electronic converters can promote the flexibility of AC–DC
ybrid DN, but the problem brought by them cannot be ignored
n the operation and control of DN (Huber and Kolar, 2019).
ETs, including power electronic converters and high-frequency
ransformers, have been widely used in AC/DC hybrid DN due
o their ability of controlling power flow and reactive power
Milczarek and Malinowski, 2020; Hua et al., 2022). The size
nd location of the converters can be optimized by designing
he topology of PET, which makes AC–DC hybrid DN with high-
ermeability converters more compact (Das et al., 2021; Huang
t al., 2020; She et al., 2013).
Taking into account both voltage quality and economic issues,

he volt/var control problem of DN with DGs and PET is an inter-
sting subject for further study. Photovoltaic inverters, capacitor
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352-4847/© 2022 Published by Elsevier Ltd. This is an open access article under the
banks (CBs), and on-load tap changers (OLTCs) are used to opti-
mize the reactive power of DN (Zhang and Xu, 2020; Ghofrani and
Majidi, 2021; Tang et al., 2021). Photovoltaic inverters are used in
Zhang and Xu (2020) for reactive power compensation, but they
are not used in combination with PET, resulting in limited reac-
tive power regulation capabilities. As traditional reactive power
optimization methods, the regulation means of CBs and OLTCs are
discrete with slow response, which has poor applicability of han-
dling the frequent voltage violations (Ghofrani and Majidi, 2021;
Tang et al., 2021). In addition to the regulation of the equipment,
the optimization of the voltage regulation algorithm can also
promote the economics of the power system operation (Hua et al.,
2018). The volt/var control approaches are summarized in Table 1
with respect to various devices and types of DN. It is concluded
that most of the volt/var control approaches are used through
traditional devices such as OLTCs and CBs according to the review
of recent 10 years of literature from Vijayan et al. (2021), Nazir
et al. (2018), Xu et al. (2017), Howlader et al. (2018), Kraiczy et al.
(2017), Paul et al. (2021), Taghavi et al. (2012), Shah and Crow
(2015), Ahmadi et al. (2014), Malekpour et al. (2012), Bottura
and Borghetti (2014) and Salles et al. (2016). In the near future,
more and more research will apply photovoltaic converters to
realize volt/var control with the AC–DC hybrid DN. Moreover, it
has a trend of combining the PET with photovoltaic converters
to obtain optimized operation of the AC–DC hybrid DN. It is
obvious that the volt/var control method that does not consider
PET in the AC/DC hybrid DN is unsuitable. At present, considering
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

PET Power electronic transformer
DGs Distributed generations
DN Distribution network
CBs Capacitor banks
OLTCs On-load tap changers
DAB Dual active bridge
NSGA-II Non-dominated sorting genetic algo-

rithm
CLCM Constant loss coefficient method

the PET model accurately in DN and improving the power flow
calculation including PET and DGs are the key technologies for
reactive power optimization control.

Before studying the impact of PET on the reactive power
ontrol of DN, the first step is to formulate the power flow model
f PET. Since PET contains many power electronic devices, the
hole loss model is worthy of deep attention. The inside topology
tructure is the key factor to study the equivalent loss model of
ET. The loss of PET mainly consists of switching devices and
ual active bridge (DAB). From the perspective of the internal
witching devices of the PET, a mathematical model of a virtual
ridge arm is proposed and the power loss of modular multi-
evel converter has been calculated in Christe and Dujic (2017).
owever, universal modeling is required for different switching
evices, and the structure of this model appears complicated. For
he study of switching devices loss, the average power loss is
alculated to reflect the effect of instantaneous temperature on
he operation of IGBT, which provides a basis for the study of re-
ucing IGBT power loss (Bahman et al., 2018). Though the Foster
hermal model is established to reveal the relationship between
GBT loss and temperature rise, the causes of IGBT loss have not
een further explored. The reduction of switching devices loss
an be realized from the perspective of control strategies; see,
.g., Liu et al. (2017), Flourentzou et al. (2010). The loss model
f switching devices is established in Zhu et al. (2020), Baliga
2013), Wang et al. (2017), Bazzi et al. (2012) and Xu et al.
2020), but the internal structure of PET and the application of
he loss model in reactive power control are not considered. From
he perspective of the DAB module inside PET, the function of
AB is to isolate different voltage levels and the internal high-
requency transformer of DAB is used to regulate the voltage.
new DAB module topology is proposed to solve the problem

f the excessive number of power electronic switching devices
n large-capacity PET (Wang et al., 2021). Nevertheless, only the
ower electronic devices in the DAB module are studied lacking
he concern of core losses and winding losses. The loss model
f the DAB module is established based on the special working
tate of the DAB module when the transformer is fully loaded.
here is still a certain error regarding the actual transformation
atio, which may not be able to meet other operating conditions
Hou and Li, 2020). The aforementioned works summarize the
esearch on the loss of switching devices and DAB separately. It is
otable that the research about the loss model of multi-port PET
ombining with switching devices and DAB simultaneously has
ot been fully investigated, which makes the DN using multi-port
ET exist certain errors in power flow calculation and reactive
ower optimization.
The application of PET makes the traditional power flow calcu-

ation method inapplicable (Lu et al., 2019), thus it is necessary to
stablish a power flow model of PET and improve the power flow
lgorithm. Since PET contains power electronic switching devices
2673
which are different from ordinary transformers, it is important to
obtain a power flow model considering conduction and switching
power loss inside PET (Sadigh et al., 2016). In Ju et al. (2014),
a method of solving the equivalent impedance matrix of PV
nodes in forward–backward power flow calculation is proposed,
which improves the processing capacity of PV nodes. However,
the processing method in the DC system is not mentioned and is
not combined with PET. A PET model considering the efficiency
curves of PET obtained from laboratory measurements is devel-
oped in order to evaluate the impact of PET on distribution system
performance (Guerra and Martinez-Velasco, 2017). Although the
mathematical model of PET is analyzed, the impact of PET power
loss on the system power flow is ignored, which may result in
errors in the power flow calculation.

For the establishment of the volt/var model, a single-objective
model is formulated in Hua et al. (2019). However, active power
loss and voltage deviation cannot be coordinated sufficiently to
acquire trade-off results. In Syed et al. (2018), it is necessary to
judge whether the conditions are met each time before calling
the model so that the calculation speed will be slow. A deep
reinforcement learning approach is proposed to optimize energy
management for the energy Internet (Yeh et al., 2012). However,
the algorithm is not sufficiently suitable for a small-scale power
system to solve a multi-objective model. The multi-objective op-
timization algorithm and its application in DN are introduced in
Ma et al. (2021), Parizad and Hatziadoniu (2020) and Haddadian
and Noroozian (2019). A multi-objective model considering the
PET model and two types of photovoltaic converters is proposed
in this paper and a fast non-dominated sorting genetic algo-
rithm (NSGA-II) is employed to solve the multi-objective model.
Eventually, the reactive power compensation is reasonably allo-
cated between the photovoltaic inverters and the PET by using
the sensitivity coefficient adjustment method introduced in Silva
et al. (2020). The major contribution of this paper is outlined as
follows:

• From the perspective of power electronics, the internal loss
composition of PET is firstly studied in this paper. Integrat-
ing switching device loss and DAB loss, a general expression
of PET loss is derived. The conventional PET loss through
repeated experiments to obtain measurement data in Mad-
husoodhanan et al. (2020) is avoided, which is conducive to
the improvement and optimization of PET operation. In this
sense, the loss of PET can be fully quantified and analyzed,
and various measures can be taken to suppress the loss and
optimize the performance of PET.

• The power flow between the three ports of PET makes
the power flow model difficult to be established, therefore
the PET power flow model is divided into two simplified
models to obtain the power flow relationship between the
three ports. In contrast to the method of ignoring the loss
and considering the loss as a constant; see, e.g., Liu et al.
(2018) and Coppo et al. (2017), the power flow model in
this paper is more advantageous in the sense so that enough
calculation accuracy can be guaranteed in the research of
power flow optimization.

• The conventional reactive power regulation devices are no
longer adequate due to their slow response speed and lim-
ited frequency of operation (Ghofrani and Majidi, 2021;
Tang et al., 2021), therefore the coordination between the
reactive power of the PET port and the photovoltaic in-
verters is implemented in this paper. The sensitivity ad-
justment method is used to allocate the reactive power
reasonably between PET and photovoltaic inverters, avoid-
ing poor DN performance caused by unreasonable reactive

power distribution, increasing the resilience of DN.
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Table 1
Summary of volt/var control approaches.
Year Reference Devices DN

OLTCs CBs Converters PET AC AC–DC

2017–2021
Vijayan et al. (2021), Nazir et al. (2018), Xu et al. (2017) ✓ ✓ ✓ ✓
Howlader et al. (2018) ✓ ✓
Kraiczy et al. (2017) ✓ ✓ ✓
Paul et al. (2021) ✓ ✓ ✓

2012–2016

Taghavi et al. (2012) ✓ ✓
Shah and Crow (2015) ✓ ✓
Ahmadi et al. (2014), Malekpour et al. (2012) ✓ ✓ ✓
Bottura and Borghetti (2014) ✓ ✓
Salles et al. (2016) ✓ ✓
a
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• A multi-objective optimization model under the DN con-
taining PET and photovoltaic converters is formulated in
this paper. Since voltage deviation and power loss cannot
be optimized at the same time, the NSGA-II algorithm is
utilized to obtain a compromise between voltage deviation
and power loss. The simulation results show that the volt-
age quality and active power loss of the DN have been
significantly improved under the condition of making full
use of PET and photovoltaic converters, thus optimizing the
operation of the DN.

The rest of this paper is organized as follows: Section 2 estab-
lishes the equivalent power loss model of PET. In Section 3, the
power flow calculation method for AC/DC hybrid DN with DGs is
studied, in which the power loss of PET is considered. Based on
the established loss model and improved power flow method, a
reactive power optimization model is proposed in Section 4. Cases
studies are implemented in Section 5. Finally, the conclusion is
drawn in Section 6.

2. Equivalent power loss model of PET

This paper mainly studies PET with three ports in AC/DC
ybrid system, and its power loss cannot be ignored in the power
low calculation of DN. Because of the large number of power
lectronic devices, the calculation of the actual power loss of PET
s relatively complicated. In this paper, the relationship between
he three-port PET power loss and the electrical parameters of the
orts is studied, in order to simplify the power loss calculation in
he power flow algorithm and establish the connection between
ifferent power systems.

.1. Topology of PET

The half-bridge MMC PET which is shown in Fig. 1 has three
orts, namely high-voltage AC port, low-voltage AC port, and low-
oltage DC port. Its internal structure can be divided into three
arts. The first part is the half-bridge MMC rectifier. The second
art is DAB, including a high-frequency inverter, high-frequency
ransformer, and high-frequency rectifier. The last part is the
nverter.

.2. Actual power loss model

In the total power loss of PET, the power loss of the IGBT
odule accounts for more than half (Rohner et al., 2010). How-
ver, the power loss of high-frequency transformer in PET cannot
e ignored and the detailed power loss model of PET will be
nalyzed.
2674
2.2.1. Power electronic devices
Based on the theoretical research in Rohner et al. (2010), the

power loss of power electronic devices is mainly composed of
IGBT power loss and FWD power loss. The power loss of both
IGBT and FWD consists of three parts which are conduction loss,
switching loss, and cut-off loss. While analyzing the power loss,
the cut-off loss can always be ignored, because it is far less than
the other two kinds of loss. The switching loss includes turn-on
loss and turn-off loss, and the turn-on loss of FWD can also be
ignored because it is far less than the turn-off loss of FWD (Sadigh
et al., 2016).

The conduction losses of IGBT and FWD which are in the same
module can be expressed as:⎧⎪⎨⎪⎩

PSS =
1
T

∫ T

0
vCE(t)iC (t)τ(t)dt

PDC =
1
T

∫ T

0
vF (t)iF (t)[1 − τ(t)]dt

(1)

where PSS and PDC are the conduction losses of IGBT and FWD,
respectively; vCE is the collector–emitter voltage of IGBT, and vF
is the forward voltage of FWD; iC is the collector current of IGBT,
nd iF is the forward current of FWD; τ is the duty cycle, and T
s the cycle of the modulation wave.

With the output characteristic curve of IGBT and FWD, the
ollector–emitter voltage of IGBT and the forward voltage of FWD
an be shown as follows (Sadigh et al., 2016):

vCE(t) = VCE0 + rCE iC (t)

vF (t) = VF0 + rF iF (t)
(2)

here VCE0 and VF0 are the threshold voltage of IGBT and FWD,
espectively; rCE and rF are the equivalent resistance of IGBT and
WD, respectively.
The modulation scheme of the modular multilevel rectifier

odule is carrier phase-shifted modulation, and the modula-
ion scheme of the inverter module is sinusoidal pulse width
odulation. If the condition is given as follows:

C (t) = iF (t) = Is sin(ωt) (3)

he conduction loss can be obtained as follows:
PSS = (

1
2π

+
M
8
)VCE0Is + (

1
8

+
M
3π

)rCE I2s

PDC = (
1
2π

−
M
8
)VF0Is + (

1
8

−
M
3π

)rF I2s
(4)

where M is the modulation ratio of the modulation scheme
(Sadigh et al., 2016).

The switching losses of IGBT and FWD which are in the same
module can be shown as follows:⎧⎨⎩
PSW = (ESW (on) + ESW (off ))nSW

Is
IsN

Us

UsN

Prr = EDiode(off )nSW
Is Us (5)
IsN UsN
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Fig. 1. Topology of PET.
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here PSW and Prr are the switching losses of IGBT and FWD, re-
pectively; ESW (on) and ESW (off ) are the turn-on and turn-off energy
oss per pulse of IGBT, respectively; EDiode(off ) is the turn-off energy
oss per pulse of FWD; nSW is the number of actions in a cycle;
sN and UsN are the rated current and voltage, respectively; Is and
s are the actual operating current and voltage, respectively.
The actual power loss of power electronic devices can be

xpressed as:

loss = n(PSS + PDC + PSW + Prr ) (6)

here Ploss is the actual power loss of power electronic devices;
is the number of IGBT modules.
As is shown in (4) and (5), in addition to the actual operating

urrent and voltage, other variables are only related to the inter-
al operation mode of PET. So the power loss of power electronic
evices is only affected by the actual operating current of the port
hich is one of the external parameters of PET.

.2.2. High-frequency transformer
A High-frequency transformer only exists in the DAB module.

ased on the theoretical research in Roshen (2007), the power
oss of the high-frequency transformer is mainly composed of
ore loss and winding loss. The core loss is a fixed value, which
s only related to the material of the iron core in the transformer.
he winding loss can be described as follows:

Cu = (Rdc1 + Rac1)
(
Is1
2

)2

+ (Rdc2 + Rac2)
(
Is2
2

)2

(7)

where PCu is the winding loss; Is1 and Is2 are the actual oper-
ating current of the high-voltage side and low-voltage side of
the high-frequency transformer, respectively; Rdc1 and Rdc2 are
the DC equivalent copper resistance of the high-voltage side and
low-voltage side of the high-frequency transformer, respectively;
Rac1 and Rac2 are the AC equivalent copper resistance of the
high-voltage side and low-voltage side of the high-frequency
transformer, respectively.

As is shown in (7), in addition to the actual operating cur-
rent of the high-voltage side and low-voltage side of the high-
frequency transformer, other variables are only related to the
internal operation mode of PET. Therefore, the actual power loss
of PET is affected by the actual operating current of the port and
the fixed core loss.
2675
2.3. Equivalent power loss model

Based on the relationship between the three ports of PET, the
internal power loss of PET can be equivalent to the two modules,
which are the power loss of the ‘‘high-voltage AC port to low-
voltage AC port’’ module and the power loss of the ‘‘high-voltage
AC port to low-voltage DC port’’ module.

Through the study of the actual power loss, the power loss
of PET is only affected by the actual operating current, which is
related to I2, I and constant. The equivalent power loss model can
be described as follows:⎧⎪⎨⎪⎩
Ploss-PET = Ploss-ac + Ploss-dc

Ploss-ac = a2I2ac + a1Iac + a0

Ploss-dc = b2I2dc + b1Idc + b0

(8)

where Ploss-PET, Ploss-ac, and Ploss-dc represent the power loss of PET,
‘‘high-voltage AC port to low-voltage AC port’’ module and ‘‘high-
voltage AC port to low-voltage DC port’’ module, respectively;
a2, a1, and a0 are the coefficients of the AC port; b2, b1, and b0
re the coefficients of the DC port. Iac and Idc are the current of
ow-voltage AC port and low-voltage DC port, respectively.

The general power loss formula of the two modules can be
xpressed as:

= k2I2 + k1I + k0 (9)

here k2, k1 and k0 are all larger than 0, which are not affected
y external working conditions of PET.
According to Fig. 1, the module ‘‘high-voltage AC port to low-

oltage AC port’’ is composed of the MMC rectifier, DAB, and
nverter. Nevertheless, the inverter is not included in the ‘‘high-
oltage AC port to low-voltage DC port’’ module. On the basis of
4), (5), and (7), the coefficients in (8) are analyzed as follows:

a2 is related to the conduction loss of the MMC rectifier and
nverter, and the winding loss of DAB; a1 is related to the con-
uction loss and switching loss of the MMC rectifier and inverter;
2 is related to the conduction loss of the MMC rectifier and the
inding loss of DAB; b1 is related to the conduction loss and
witching loss of the MMC rectifier; Both a0 and b0 are related
o the core loss of DAB.
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Fig. 2. Power flow model of PET: (a) ‘‘high-voltage AC port to low-voltage AC port’’ module; (b) ‘‘high-voltage AC port to low-voltage DC port’’ module.
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3. Power flow calculation algorithm

The forward–backward sweep method is a practical power
flow calculation method for DN, which can be divided into two
stages. At the first stage, the power loss of each branch is calcu-
lated to obtain the power of the first node in the system, by using
the known voltage of each node. At the second stage, each loss of
voltage in the branch is calculated to obtain the voltage of each
node, by using the voltage of the first node and the power of each
node obtained at the first stage. However, the main drawback of
this method is to calculate the voltage of PV nodes. If it is applied
to AC/DC hybrid DN with high permeability for DGs, it will need
to be improved. Also, if the DN contains the PET analyzed in
Section 2, this method will need to be updated.

3.1. Power flow model of PET

In Section 2, the three-port PET has been divided into two
modules in this paper. The models of these two modules in power
flow calculation are shown in Fig. 2.

In Fig. 2, Us is the voltage of high-voltage AC port; Zc is the
equivalent impedance between the high-voltage port and the
low-voltage port; Uc is the voltage which is controlled by the low-
voltage port; Sc is the power controlled by the low-voltage port.
The process of control is shown in (10) and (11). The power flow
models of PET are formulated as:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

Uc_ac = kacUac

Pc_ac = Pac + Pac_loss

Pac_loss = a2I2ac + a1Iac + a0

Iac =

√
P2
ac + Q 2

ac

U2
ac

(10)

Uc_dc = kdcUdc

Pc_dc = Pdc + Pdc_loss

Pdc_loss = b2I2dc + b1Idc + b0

Idc =
Pdc
Udc

(11)

here Uac and Udc are the voltage of low-voltage AC port and low-
oltage DC port, respectively; Pac and Pdc are the active power of
ow-voltage AC port and low-voltage DC port, respectively; Qac
s the reactive power of low-voltage AC port; Other parameters
re as shown in (8). The PET power flow model is divided into
wo simplified models as expressed in (10) and (11), therefore
he power flow relationship between the three ports is obtained.
2676
3.2. Correction of reactive power on PV nodes

While DGs work in an AC system, the nodes of DGs are PV
nodes or PQ nodes. The ports of PET in the AC system are PV nodes
because of the capability of reactive power compensation. The
forward–backward sweep power flow method has a drawback
of calculating the voltage of PV nodes. The voltage amplitude of
PV nodes is related to the reactive power, but the PV nodes have
fixed voltage amplitude, which will result in the error of reactive
power in the calculation. In this paper, the reactive power of PV
nodes at two different positions is modified by establishing the
equivalent reactance matrix.

3.2.1. PV nodes at the end of the system
The equivalent impedance matrix of PV nodes is defined as

Z = R + jX , where X is the resistance matrix and X is the
eactance matrix. The deviation of the current is expressed as
I = ∆α + j∆β , where α is the real part of the current and β

s the imaginary part of the current. The deviation of the voltage
s written as ∆V = ∆λ + j∆γ , where λ is the real part of the
oltage and γ is the imaginary part of the voltage.
The relationship between the current and the voltage is ∆V =

∆I , then the deviation of the voltage is shown as follows:

∆λ = R∆α − X∆β

∆γ = X∆α + R∆β
(12)

ccording to the fixed voltage amplitude of PV nodes, (12) can
e further simplified (Ju et al., 2014). Then the deviation of the
urrent is expressed as follows:

∆α = R∆λ|Z |
−2

∆β = −X∆λ|Z |
−2

(13)

After further derivation, the correction of reactive power is
xpressed as follows:

Q = −X−1∆λ (14)

In order to correct the reactive power of PV nodes, the equiva-
ent reactance matrix must be established. The method is shown
s follows:

Upv
⏐⏐2 = (R + jX )̃S∗

pv (15)

here S̃∗
pv is the conjugate complex power of the PV nodes.

According to (15), the calculating voltage of PV node i can be
ritten as follows:

Upvi
⏐⏐2 =

n∑
k=1

(Rik + jXik )̃S∗

pvk (16)
where k is the number of PV nodes.
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Fig. 3. Power System with two PV nodes.

If the conjugate complex power of PV nodes is shown in (17),
he result can be shown in (18) combining with (16).{̃
S∗

pvj = j1

S̃∗

pvk = 0 k = 1, 2, . . . , n, k ̸= j
(17)

ij =
⏐⏐Upvi

⏐⏐2 (18)

here Xij represents the element in the equivalent reactance
atrix; i is the number of the row and j is the number of the
olumn in the equivalent reactance matrix.
The example shown in Fig. 3 can be used to explain the specific

ethod of establishing the equivalent reactance matrix.
As is shown in Fig. 3, the system has two PV nodes, the node

o. 0 is balancing node, and the rest of nodes are PQ nodes. The
quivalent reactance matrix is formulated as follows:

=

[
X11 X12

X21 X22

]
(19)

here X is the equivalent reactance matrix.
If S̃∗

pv4 is 0 and S̃∗

pv5 is j1,
⏐⏐Upv4

⏐⏐ and ⏐⏐Upv5
⏐⏐ are ⏐⏐U ′

4

⏐⏐ and ⏐⏐U ′

5

⏐⏐ by
sing the forward–backward sweep method for one time. Also, if
∗

pv4 is j1 and S̃∗

pv5 is 0,
⏐⏐Upv4

⏐⏐ and ⏐⏐Upv5
⏐⏐ are ⏐⏐U ′′

4

⏐⏐ and ⏐⏐U ′′

5

⏐⏐ by using
he same method. The result of X is presented as follows:

X =

[⏐⏐U ′

5

⏐⏐2 ⏐⏐U ′′

5

⏐⏐2⏐⏐U ′

4

⏐⏐2 ⏐⏐U ′′

4

⏐⏐2
]

(20)

3.2.2. PV nodes in the middle of the system
PV nodes in the middle of the system can be converted to the

nodes at the end of the system by introducing virtual nodes (Ju
et al., 2014). The example shown in Fig. 4 explains this conversion
method.

In Fig. 4, the PV node No. 2 in the middle of the system can
be converted to the PV node at the end of the system. Node No. 2
on the right is a PQ node and its power is 0. Then, the converted
system can be handled using the same method mentioned above
with PV nodes at the end of the system.

3.3. Procedure of the improved power flow calculation

As is shown in Fig. 5, the procedure of the improved power
flow calculation based on PET loss model is shown as follows:

(1) Establish the node admittance matrix and set the voltage of
every node. The power of every node is the actual power.

(2) Calculate the equivalent reactance matrix of PV nodes.
(3) Calculate the nodes power of two low-voltage systems.
(4) Calculate the node power of high-voltage port of PET by

(10) and (11).
(5) Calculate the nodes power of the high-voltage system.
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(6) Calculate the nodes voltage of the high-voltage system by
using the nodes power calculated in Step 5.

(7) Calculate the nodes voltage of two low-voltage ports of PET
by (10) and (11).

(8) Calculate the nodes voltage of two low-voltage systems by
using the nodes power calculated in Step 3.

(9) Determine whether all PV nodes meet the voltage conver-
gence criterion which is shown as follows:

max
⏐⏐⏐⏐⏐⏐U (k)

pvi

⏐⏐⏐ − Uschi

⏐⏐⏐ < εpv (21)

where εpv is the convergence precision of PV nodes. If
the node voltage meets the convergence criterion, go to
Step 10. If else, go to Step 11.

(10) Determine whether other nodes meet the convergence cri-
terion which is shown as follows:

max
⏐⏐⏐U (k)

i − U (k−1)
i

⏐⏐⏐ < ε (22)

where ε is the convergence precision of other nodes. If
the node voltage meets the convergence criterion, go to
Step 12. If else, go to Step 3.

(11) Correct the reactive power of PV nodes by (14), the PV
nodes voltage is replaced by the nodes voltage obtained by
this calculation, then return to Step 3.

(12) Finish the calculation and output the result.

4. Reactive power optimization model

For a three-port PET, its own port has the ability to control
reactive power, which will also optimize the reactive power
distribution in the system. The reactive power compensation
capacity of the PET port has a certain adjustment range. Within its
adjustment range, it can ensure that the system nodes containing
DGs are within a reasonable voltage level range, and the active
power loss in the system can be minimized through reactive
power optimization. Based on the aforementioned power loss
model of PET and improved power flow calculation method, this
section will study the reactive power flow optimization of the
AC–DC hybrid DN containing PET and photovoltaic converters.

4.1. Construction of reactive power optimization model

The reactive power optimization model of the DN is mainly
established based on whether the system node voltage meets
the reasonable operating range, and at the same time, the mini-
mum active power loss must be guaranteed. The multi-objective
function is expressed as follows:

f1 = min PLoss (23)

f2 = min
n∑

i=1

|Vi − VN | (24)

where PLoss represents the total active power loss including DN,
PET and photovoltaic converters; Vi represents the actual voltage
value of node i; VN represents the rated voltage. The constraints
of the above objective function are accounted for in the following
including equality constraints and inequality constraints.

4.1.1. Equality constraints
The two AC port nodes of PET are set as the PV nodes, and the

DC port node of PET is set as the constant V node. The voltage
of each port is set to the rated voltage, which is expressed as
follows:⎧⎪⎨⎪⎩
VPET.HAC = VN.HAC

VPET.LAC = VN.LAC (25)
VPET.DC = VN.DC
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here VPET.HAC, VPET.LAC and VPET.DC are the port voltage ampli-
tudes of the high-voltage AC side, low-voltage AC side and low-
voltage DC side of PET, respectively; VN.HAC, VN.LAC and VN.DC
represent the rated voltage amplitude of the high-voltage AC sys-
tem, the low-voltage AC system and the low-voltage DC system,
respectively.

Considering the power loss model of PET, the power balance
constraint of the three-port PET is as follows:

PPET.HAC = PPET.LAC + PPET.DC + PPET_loss (26)

where PPET.HAC, PPET.LAC and PPET.DC represent the port active power
of the high-voltage AC system, the low-voltage AC system and the
low-voltage DC system of PET, respectively.

4.1.2. Inequality constraints
Since the DC port of three-port PET cannot control the reactive

output, the three-port PET is equivalent to the two-port PET to
simplify the reactive control structure of PET. The PET can be
equivalent to two voltage source converters, and the modulation
coefficient and modulation phase angle can be decoupled to con-
trol reactive power and port voltage, respectively. The inequality
constraints of modulation coefficient and modulation phase angle
are as follows:{
0 ≤ M1,M2 ≤ 1

−45◦
≤ δ1, δ2 ≤ 45◦

(27)

where M1 and M2 are the modulation coefficients of the primary
and secondary sides, respectively; δ1 and δ2 are the modulation
phase angles of the primary and secondary sides, respectively.

The allowable capacity constraints of PET ports are as follows:⎧⎪⎪⎨⎪⎪⎩
√
P2
PET.HAC + Q 2

PET.HAC ≤ SN_PET.HAC√
P2
PET.LAC + Q 2

PET.LAC ≤ SN_PET.LAC

PPET.DC ≤ PN_PET.DC

(28)

here SN_PET.HAC and SN_PET.LAC are the rated capacity of the high-
oltage AC port and the low-voltage AC port of PET, respectively;
N_PET.DC is the rated active capacity of the low-voltage DC port.
The constraints on the reactive power compensation capacity

f the AC port of PET are as follows:

0 ≤ QPET.HAC_G ≤ QPET.HAC_Gmax

0 ≤ QPET.LAC_G ≤ QPET.LAC_Gmax
(29)

here QPET.HAC_G and QPET.LAC_G represent the reactive power com-
pensation capacity of the high-voltage side and low-voltage side
of the AC port of PET, respectively; QPET.HAC_Gmax and QPET.LAC_Gmax
represent the upper limit of the compensation capacity of the
high-voltage side and the low-voltage side, respectively.

The output constraints of DGs are as follows:{
0 ≤ PDG_G ≤ PDG_Gmax

0 ≤ QDG_G ≤ QDG_Gmax
(30)

where PDG_G and QDG_G represent the active output and reactive
output of DGs, respectively; PDG_Gmax and QDG_Gmax represent the
upper limit of the active output and reactive output, respectively.
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4.2. Control models of PV converters

By controlling the active and reactive power output of the PV
converter, the node voltage can be controlled within the rated
operating range, and the maximum generation of photovoltaic
power can be ensured, reducing other reactive power optimiza-
tion investments. Photovoltaic can be directly connected to the
DC grid, avoiding the link of the inverter, and can also be con-
nected to the AC grid (Morshed and Fekih, 2020). Two control
models of photovoltaic converters are analyzed in this paper.
Photovoltaic is connected to the DC port of PET, eliminating the
loss of the inverter. Since reactive power cannot be transmitted
in the DC link, the PV converter runs at the unity power factor.
Therefore, the control model of the PV converter connected to the
DC port of PET is:

udc(t) = [Pdc(t),Qdc(t)] = [Pdc(t), 0] (31)
dc
loss(t) = (1 − ηdc)SdcN (32)

ηdc(t) = a1 exp(a2
Pdc
SdcN

) + b1 exp(b2
Pdc
SdcN

) (33)

ξ = [a1, a2, b1, b2] (34)

here udc(t) is the control variables of the PV converter; Pdc(t)
nd Qdc(t) are the active power and reactive power of the PV con-
erter, respectively; Pdc

loss(t) is the power loss of the PV converter;
dc(t) is the operating efficiency function of the PV converter; SdcN
s the capacity of PV converter; ξ is the control parameters of the
perating efficiency function.
The control model of the PV inverter connected to the AC grid

s:
ac(t) = [Pac(t),Q ac(t)] (35)

here uac(t) is the control variable of the PV inverter; Pac(t)
nd Q ac(t) are the active and reactive power of the PV inverter,
espectively. The loss model of PV inverter connected to AC grid is
imilar with PV converter connected to DC port of PET as shown
n (33).

.3. Distribution of reactive power compensation

When the DN requires reactive power compensation, the reac-
ive power compensation is shared by reactive power compensa-
ion devices according to their own sensitivity coefficient (Silva
t al., 2020). The reactive power compensation in this paper is
mplemented between the PET and the PV inverters, and the
ensitivity coefficients at these nodes need to be obtained. In the
rocess of power flow calculation, the modified matrix equation
s as follows:

∆P

∆Q

]
=

⎡⎣
∂P
∂θ

∂P
∂U

∂Q
∂θ

∂Q
∂U

⎤⎦[
∆θ

∆U

]
(36)

The above matrix equation is transformed as follows:

∆θ
]

=

[
SPθ SQ θ

][
∆P

]
(37)
∆U SPU SQU ∆Q
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Fig. 5. Flow chart for the power flow calculation.
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Table 2
The parameters of switching devices.
Devices Parameters Value Devices Parameters Value

IGBT

VCE0 7/6 V

FWD

VF0 8/7 V
rCE 1/540 � rF 1/700 �

ESW (on) 105 mJ EDiode(off ) 60 mJ
ESW (off ) 98 mJ UsN 900 V
UsN 900 V IsN 450 A
IsN 450 A

The node voltage change caused by active and reactive power
changes is as follows:

∆Ui = SPUj∆Pj + SQUj∆Qj (38)

here ∆Ui is the voltage change of the node i; ∆Pj and ∆Qj are
he active and reactive changes of node j, respectively; SPUj is the
active voltage sensitivity matrix and represents the impact of ∆Pj
on ∆Ui, which can be ignored here; SQUj is the reactive voltage
sensitivity matrix.

Assuming that the voltage Vi of node i exceeds the limit, and
VN is the node voltage safety constraint, the voltage deviation is:

∆Vi = Vi − VN (39)

Then, the total reactive power compensation ∆Qi required by
node i is:

∆Qi =
∆Vi

SQUi

(40)

The PET and PV inverters reasonably distribute the reactive
power compensation through the following formula, and the
reactive power compensation distributed at node j is:

∆Qj = ∆Qi ·
SQU(i, j)∑n
j=1 SQU(i, j)

(41)

here SQU(i, j) is the sensitivity coefficient of the voltage devi-
tion, which represents the impact the reactive power injected
nto node i have on node j.

. Case studies

.1. Verification of PET equivalent power loss model

.1.1. Parameters
The parameters of switching devices of three-port PET are

hown in Table 2, and the other devices are shown in Table 3.

.1.2. Simulation results
According to the parameters in Table 2 and Table 3, the pa-

ameters of equivalent power loss model in (8) are shown in
able 4.
The test operation efficiency of PET in each condition is shown

n Table 5. The efficiency calculated by (8) and the parameters in
able 4 under the same conditions are also shown in Table 5 as
he comparison. The error between the calculated result of the
quivalent model and the actual test result satisfies the accuracy,
o the equivalent power loss model is reasonable.
The constant loss coefficient method (CLCM) in Table 6 refers

o the method of calculating PET loss based on 10% of the actual
apacity of the PET port. As shown in Table 6, this paper studies
he power loss and voltage deviation of DN under the conditions
f light load (50%), normal load (100%), and heavy load (150%),
espectively. Under the light, normal, and heavy load levels, the
rrors of power loss between CLCM and the proposed method
re 44.84%, 14.95%, and 4.97%, respectively. It can be seen from
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Table 3
The parameters of other devices.
Parameters Value Parameters Value

Capacity of PET 3MVA Rdc1 0.00165 �

Number of SMs in each bridge-arm 20 Rdc2 0.0035 �

Voltage of one SM 1000 V Core loss of high-frequency transformer 22.7 W
Voltage of high-voltage AC port 10 kV Frequency of high-frequency transformer 1 kHz
Frequency of AC voltage 50 Hz Ratio of high-frequency transformer 4:3
Number of DAB modules 10 Voltage of Low-voltage DC port ±750 V
Rac1 0.00159 � Voltage of Low-voltage AC port 380 V
Rac2 0.00336 �
Table 4
The parameters of equivalent power loss model.
Parameters Value Parameters Value

a2 0.074 b2 0.073
a1 32.054 b1 31.267
a0 113.5 b0 113.5

Table 5
The comparison of efficiency.
Current of low-voltage ports Efficiency

AC port DC port Test Calculation

450 A ±450 A 97.11% 98.05%
500 A ±500 A 97.04% 97.71%
550 A ±550 A 96.95% 97.34%
600 A ±600 A 96.44% 96.96%
650 A ±650 A 96.01% 96.55%
700 A ±700 A 95.78% 96.11%

Table 6 that the method proposed in this paper is very different
from CLCM under normal and light load levels. This is because the
line loss is small due to the low load level, but the loss of PET is
large as the comparison. At this time, if the loss of PET is ignored
or CLCM is used to calculate the loss, it will have a negative
impact on the operation and planning of DN. In the case of heavy
load level, the line loss increases due to the increase in line
current, which can reduce the negative impact of CLCM, but the
proposed method in this paper cannot tolerate this calculation
error. Under the light, normal, and heavy load levels, the errors
of voltage deviation between CLCM and the proposed method are
9.58%, 0.81%, and 0.25%, respectively. At this moment, the volt/var
optimization is not performed to achieve the optimal power flow,
and the voltage deviation does not compromise with the power
loss of DN, so the effect of CLCM on the voltage deviation error is
not obvious. Therefore, this paper can more accurately consider
the overall power loss and voltage deviation of DN, and provide a
guarantee for the economic benefits and stable operation of DN.

5.2. Improved power flow calculation

5.2.1. Simulation parameters
In order to verify the feasibility of the power flow calculation

ethod, the power flow of the IEEE 33-bus system is calculated.
he adjusted structure of the system with new nodes in the DC
ystem is shown in Fig. 6.
As is shown in Fig. 6, the blue nodes are the nodes in the AC

ystem whose voltage is 380 V, the red nodes are the nodes in the
C system whose voltage is ±750 V and the black nodes are the
odes in the AC system whose voltage is 10 kV. Node No. 28 is
he high-voltage AC port of PET, node No. 29 is the low-voltage AC
ort of PET, and node No. 34 is the low-voltage DC port of PET. The
oltage and power of nodes No. 29 and No. 29’ can be controlled
y (10). The voltage and power of nodes No. 34 and No. 34’ can
e controlled by (11). Besides the change of parameters in some
odes shown in Table 7, the rest parameters of the system are the
ame as those in Sun et al. (2021). The parameters of DGs nodes

n the system are shown in Table 8.
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5.2.2. Results
The node voltages of the power system, including the condi-

tions within DGs and without DGs, are shown in Fig. 7 and Fig. 8.
According to the results shown above, the voltage of the low-
voltage system meets the appropriate operating range, and the
voltage quality of the high-voltage system has been improved
significantly due to the compensation of the DGs. The voltages
of PV nodes are the same as the preset voltages, which demon-
strates the effectiveness of the calculation method. Therefore, the
improved forward–backward sweep power flowmethod based on
PET is suitable for AC/DC hybrid DN with high penetration of DGs.

As shown in Table 9, the power flow calculation under dif-
ferent load conditions can achieve rapid convergence in a few
iterations, and the calculation time is less than 40 ms, which
has a faster calculation speed. At the same time, the convergence
error is in the order of 10−14, which strongly guarantees the
calculation accuracy. Due to the fast convergence characteristics
of the improved power flow calculation, it saves time for the
subsequent reactive power optimization program that contains
thousands of power flow calculations and can realize fast reactive
power optimization control.

5.3. Solution of reactive power optimization model

The NSGA-II algorithm is used to solve the reactive power
optimization problem. The active power loss and node voltage
deviation will be calculated by the aforementioned power flow
calculation method. The variables in the NSGA-II are the reactive
power compensation of the PET port and the output power of the
photovoltaic converters in DN. The number of iterations is set to
700 and the population size is set to 100, then the problem is
solved in the above-mentioned improved IEEE 33-bus system.

The node voltages of the 10 kV DN under the initial randomly
generated 100 populations are shown in Fig. 9. Due to a large
number of nodes in the 10 kV medium voltage DN and space
limitations of this paper, the node voltages of the 750 V DC
and 380 V low voltage AC are not shown in this section. The
following only focuses on the node voltage display of the 10 kV
DN. As shown in Fig. 9, the voltage distribution of each node is
not uniform, and the node voltage under each population has
exceeded the limit seriously. This is because the corresponding
reactive power optimization measures have not been taken, and
the reactive power resources in the DN have not been rationally
used, resulting in poor node voltage quality and serious network
loss. As shown in Fig. 10, the distribution of each population
is roughly the same after volt/var control, indicating that the
simulation results are convergent and reliable. After the preset
number of iterations for reactive power optimization, the node
voltages of DN under each population in Fig. 10 have been sig-
nificantly improved compared with Fig. 9, and the situation of
node voltage exceeding the limit rarely occurs, which shows that
reactive power optimization is fully performed. The necessity of
volt/var control and the effectiveness of the coordination mea-
sures between PET and photovoltaic converters is verified in this
paper.



K. Yu, B. Xue, F. Gu et al. Energy Reports 8 (2022) 2672–2685
Table 6
Case studies under different load levels.
Case studies Load level

Light (50%) Normal (100%) Heavy (150%)

CLCM Power loss (kW) 19.6643 39.4485 59.3726
Voltage deviation (kV) 0.0878 1.0186 2.0687

Novel loss model Power loss (kW) 13.5763 34.3186 62.4762
Voltage deviation (kV) 0.0971 1.0104 2.0739
Fig. 6. Improved IEEE 33-bus system.
Fig. 7. High voltage AC system node voltage.
Fig. 8. Low voltage system node voltage.
2681
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Table 7
The parameters of model.
Start node End node Impedance (�) Load of end node (kVA)

27 28 0.5416 + j0.7129 0
28 29’ j3.21 0
28 34’ j3.21 0
29 30 0.0501 + j0.0080 60 + j20
30 31 0.0752 + j0.0120 60 + j20
31 32 0.0401 + j0.0064 60 + j20
32 33 0.0351 + j0.0056 0
34 35 0.0165 150
35 36 0.0132 250
36 37 0.0149 150
37 38 0.0116 0

Table 8
The parameters of DGs nodes.
Node Active power (kW) Reactive power (kvar) Node type

28 120 80 PV
29 90 40 PV
33 90 40 PQ
34 80 0 P
38 250 0 P

Table 9
Computational time under different load levels.
Load level Iterations Computational time (ms) Convergence error

Light (50%) 10 36.8 1.74 × 10−14

Normal (100%) 7 35.6 7.79 × 10−14

Heavy (150%) 8 35.7 1.95 × 10−14

Fig. 9. Node voltage under initial 100 populations.

The above part of the simulation is based on the fixed load
ata. It is necessary to verify the reliability of the volt/var con-
rol in this paper under different load conditions. Monte Carlo
imulation is used to generate 24 h AC–DC hybrid DN load data,
nd reactive power optimization control is adopted for the DN
nder different load conditions. The node voltage of the 10 kV DN
t 24 h is presented in Fig. 11. Due to the evident random load
luctuations, the node voltage changes in different periods have
ertain differences, and it is impossible to achieve the same node
oltages in all periods. The optimized node voltage in Fig. 11 has
etter quality, indicating that the reactive power control method
n this paper can fully meet the demand of load fluctuations and
as higher reliability.
The pareto solutions are presented in Fig. 12 and a solution is

elected to acquire a trade-off result between f and f . The node
1 2
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Fig. 10. Node voltage under 100 populations after optimization.

Fig. 11. Node voltage in different periods.

voltage obtained is shown in Fig. 13 and Fig. 14. It can be seen that
the optimized node voltage has been significantly improved, es-
pecially for high-voltage ports. Through calculation, the objective
function f1 is 39.49 kW before optimization and 34.10 kW after
optimization. The total active power loss of DN after optimization
is reduced by 13.6%. The proposed optimization model can not
only improve the node voltage quality, but also reduce the active
power loss of the system, which verifies the effectiveness of the
optimization model.

6. Conclusion

As the penetration rate of DGs gradually increases, PET is
widely used in AC–DC hybrid DN. The current research rarely
considers the loss model of PET and its application in power flow
calculation. This paper establishes an equivalent loss model of
PET. The power flow calculation is carried out in the improved
IEEE 33-bus system, and the results verify the feasibility of the
power flow calculation including PET and distributed renewable
generation. A multi-objective reactive power optimization model
is proposed and solved by NSGA-II. The coordination between
power loss and voltage deviation using PET and two types of
PV converters simultaneously is implemented. The active power
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Fig. 12. Pareto solutions.

Fig. 13. High voltage AC system node voltage.

Fig. 14. Low voltage system node voltage.
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oss of DN after optimization is reduced by 13.6%. The simu-
ation results show that the optimized system node voltage is
ore reasonable, and the active power loss of the system is also

educed.
From the perspective of the power electronic devices, various

easures can be studied to reduce the conduction and switching
osses of power electronic devices and optimize the operation
erformance of PET. In addition, the time characteristics of the
oad and photovoltaic output, and the determination of optimal
ocation and sizing for PET will be further investigated to combine
ith the multi-objective models proposed in this paper. The
oordination between PET and other power electronic devices
uch as soft open points in DN can be further studied.
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