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Abstract: Fluctuations in the output power of a high penetration distributed generation (DG) will
result in severe voltage fluctuations/violations in the power distribution station area (DSA). This
paper proposes the use of Soft Open Point (SOP) for DSA interconnection to alleviate voltage
violations and frequent fluctuations. Firstly, the typical topology of a flexible interconnected DSA
is introduced, and then the correlation between active/reactive power fluctuations and voltage
fluctuations in DSA is analyzed, according to which a local control strategy is proposed to achieve
voltage control by relying only on the local electrical information of the nodes connected to the
SOP. Finally, the effectiveness of the proposed control strategy is verified by simulation case. The
simulation results show that the voltage fluctuation caused by the DG output power fluctuation can
be suppressed within tens of milliseconds through the control strategy. This strategy greatly reduces
the communication burden and has good real-time performance. It can be used as an SOP control
strategy under conditions of communication failure or to realize a plug-and-play SOP, which has
significant engineering importance for solving the voltage violations and frequent fluctuations in
DSA and improving the consumption capacity of DGs.

Keywords: flexible interconnected distribution station area; local control; soft open point; transient
stability; voltage control

1. Introduction

A low-voltage distribution station area (DSA) is an important component of a power
system, one that is close to the margins of the grid and undertakes the task of supplying
power to end-users from a medium-voltage distribution network. Whether its voltage is
stable will directly affect the quality of life of users. At the present stage, most low-voltage
DSAs are powered by a single power supply and a single line, with limited power supply
capacity and low reliability. More recently, along with the large-scale access to distributed
generations (DGs) and the widespread use of random loads such as electric vehicles, the
problems of voltage violations and frequent fluctuations within the DSA and unbalanced
load rates between areas have become increasingly serious due to the mismatch between
power supply and load demand, which is not conducive to the consumption of renewable
distributed generations [1]. Some scholars have discussed the suppression of voltage
fluctuation from the perspective of auxiliary service and energy storage. Refs. [2,3] points
out that V2G technology can participate in auxiliary services to smooth the fluctuations of
renewable energy generation and keep the voltage stable. The changes and propagation
of vehicle battery in V2G technology are analyzed in [2] and the model proposed in [3]
enhances the parameter access of a vehicle battery pack in V2G environment. Ref. [4]
discussed the application of energy storage technology to mitigate DG output fluctuations,
and also analyzed the energy storage allocation strategy and mitigation strategy. Some
researchers have also proposed that a flexible interconnection between DSAs is a potential
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scheme [5]. The flexible interconnection of multiple DSAs can dynamically increase their
capacity and alleviate the problems of voltage violations/ frequent fluctuations through the
transferal of a part of a load or power supply to other DSAs. Therefore, the interconnection
of multiple DSAs with complementary spatial and temporal load characteristics through
flexible DC technology in low-voltage DSAs is of great significance when improving the
level of a power supply. In recent years, a medium/low voltage flexible DC interconnection
equipment—Soft Open Point (SOP)—has appeared [6]. SOP is a fully controlled power
electronic device which can be flexibly interconnected to DSAs to balance the load between
areas and provide reactive power support [7]. Therefore, SOP has been used in distribution
systems to optimize power flow and suppress voltage fluctuations due to its excellent
and continuous power regulation and its fast response. For the application of SOP in a
distribution network, scholars have carried out relevant research on power trading and SOP
operation control. Ref. [8] proposes a non-cooperative game-based P2P trading method for
a flexible interconnected distribution network based on SOP, which reduces the operation
cost of the distribution network and improves the voltage profile. Ref. [9] proposed a
robust operation method of SOP to alleviate the voltage violation caused by PV output
power fluctuation.

At present, there is much research on SOP control schemes, and the main control
strategies of SOP are centralized control [10–12], decentralized control [13–15], a combined
centralized control and local control [16], or a combination of decentralized control and
local control [17]. For the centralized control strategy, it is necessary to obtain the topology
of the entire distribution network and the global electrical information for optimization,
which brings great communication burden and requires high reliability of the communi-
cation system, and the number of decision variables in the adopted optimization model
is large, which leads to a slow model solution speed that cannot realize real-time control.
Compared with centralized control, the decentralized control strategy puts less stress on
communication by partitioning the distribution network and exchanging only electrical
information on the area boundaries, but it is still difficult to achieve real-time voltage
control and it is still necessary to ensure that all of the node information in the network can
be measured and accessed in real time [18]. As for centralized or decentralized control com-
bined with local control, the local control part uses a Q-V curve to determine the reactive
power provided by the SOP for different voltage fluctuations at different moments, which
is determined by the results of centralized or decentralized optimization over longer time
scales [19]. Meanwhile, the active power transmitted by SOP in a control cycle does not
change with voltage fluctuations, and the real-time voltage fluctuations in the distribution
network are compensated only by the reactive power provided by the SOP. Therefore, in
the control strategy of the centralized control or the decentralized control combined with
local control, although the problem of real-time voltage fluctuation suppression is solved
to a certain extent, the adjustment of the Q-V curve still relies on the global information of
the distribution network or local information in the region, which is not a complete local
control and is not convenient for realizing aplug-and-play SOP. In addition, in the medium
or low voltage distribution network, the line resistance is not negligible. In the case of large
r/x, the change of active power transmitted by the line will also cause significant voltage
fluctuation. Therefore, the control schemes which suppress the voltage fluctuations in real
time using only reactive power cannot take advantage of the fact that the active power
transmitted by SOP can also be quickly adjusted in real time.

As discussed above, current SOP-based centralized or decentralized control strategies
need to obtain information about all nodes in the distribution network, which usually
requires global communication and can cause a great communication burden. These control
strategies will not be effective when there is a global communication failure or it is not avail-
able. The motivation of this paper is to propose a local control strategy as an alternative to
the centralized/decentralized control based on global information in case of communication
failure or for achieving a plug-and-play SOP without global communication conditions.

The main potential of the proposed control strategy can be elucidated in two points:
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(1) The control strategy is based on the local information of the SOP for voltage regula-
tion, which can greatly reduce communication burden as there is no need for global
communication.

(2) Due to the small number of decision variables and constraints in the local control
optimization model, the model can be solved very fast. Therefore, the corresponding
speed of voltage regulation is fast, and the real-time performance is good.

The rest of this paper is organized as follows. Section 2 analyzes the principle of
voltage regulation in flexible interconnected DSAs and describes the implementation of the
proposed local control strategy, Section 3 simulates and verifies the strategy, and Section 4
concludes the whole paper.

2. Method
2.1. Topology of Flexible Interconnected Distribution Station Areas

A typical topology for the flexible interconnection of low-voltage DSAs is shown
in Figure 1. Before adopting SOP for flexible interconnection, different DSAs can only
supply power to the load through their own distribution transformers, and this single
power supply method makes it difficult to meet the increasing demand for power capacity
and reliability. In addition, when the load or the output of photovoltaic and wind power
in the DSA changes, the line voltage will also fluctuate frequently and even exceed the
limits. While SOP allows flexible interconnection between different low-voltage DSAs
which can achieve inter-area energy flow. Based on this topology, when the load power
within a DSA is high or the power of distributed generations exceeds the load demand, the
power can be exchanged with other station areas through the flexible DC interconnector,
which realizes dynamic adjustment of the capacity of the DSA. In addition, regulating
power flow in different DSAs through SOP can effectively alleviate the problem of voltage
violation or frequent fluctuation, and is beneficial to improving the consumption capacity
of distributed generations.
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2.2. Voltage Regulation Principle Based on Voltage-Power Sensitivity

Unlike the transmission network, the feeder impedance ratio r/x is larger in the
distribution network, so not only does the transmission of reactive power on the line have
an impact on the node voltage, but the active power transmitted on the line also has a
significant impact on the node voltage [20]. Based on this attribute, we decided to use
SOP to quickly and simultaneously adjust active and reactive power so as to achieve rapid
suppression of voltage fluctuation. In this paper, we used the sensitivity relationship
between the active/reactive power injected into the node and the node voltage to analyze
the effect of the active/reactive power on the voltage. Since low-voltage DSAs mostly use
single the transformer and single line power supply method, its model can be equated to a
one-terminal power supply feeder model with multiple nodes [5]. As shown in Figure 2,
consider a low-voltage DSA with n nodes, where node 0 represents the slack node; define
the load of the i-th node as PL,i + jQL,i, and the output power of the distributed generator
(DG) connected to the i-th node as PDG,i + jQDG,i (i = 1, 2, ..., n), so the power injected to the
i-th node is Si = (PDG,i − PL,i) + j(QDG,i − QL,i); the impedance between the i-th node and
the (i − 1)-th node is Zi = Ri + jXi; and the voltage of the i-th node is Ui.
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In the low-voltage DSA shown in Figure 2, The voltage difference between node i and
the slack node caused by the power injected at node m is shown in Equation (1):

∆Uim =


1

UN

m
∑

k=1
Zk(Pm − jQm) m < i

1
UN

i
∑

k=1
Zk(Pm − jQm) m ≥ i

(1)

When the power injected at node m is perturbed by ∆Pm + j∆Qm, the fluctuation of
voltage difference ∆Uim is shown in Equation (2):

∆
∼
Uim =


1

UN

m
∑

k=1
Zk(∆Pm − j∆Qm) m < i

1
UN

i
∑

k=1
Zk(∆Pm − j∆Qm) m ≥ i

(2)

Substituting the line impedance Zi = Ri + jXi into Equation (2) gives:

∆
∼
Uim =


1

UN

(
∆Pm

m
∑

k=1
Rk + ∆Qm

m
∑

k=1
Xk

)
+ j 1

UN

(
∆Pm

m
∑

k=1
Xk − ∆Qm

m
∑

k=1
Rk

)
m < i

1
UN

(
∆Pm

i
∑

k=1
Rk + ∆Qm

i
∑

k=1
Xk

)
+ j 1

UN

(
∆Pm

i
∑

k=1
Xk − ∆Qm

i
∑

k=1
Rk

)
m ≥ i

(3)

Ignoring the imaginary part of the fluctuation of voltage difference, define SPim as the
sensitivity coefficient of the voltage at node i relative to the active power injected at node m
and SQim as the sensitivity coefficient of the voltage at node i relative to the reactive power
injected at node m. SPim and SQim can be expressed respectively as
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SPim =


1

UN

m
∑

k=1
Rk m < i

1
UN

i
∑

k=1
Rk m ≥ i

SQim =


1

UN

m
∑

k=1
Xk m < i

1
UN

i
∑

k=1
Xk m ≥ i

(4)

From Equation (4), it is clear that the sensitivity of the voltage at node i to the ac-
tive/reactive power injected at node m depends on the line impedance. Therefore, in a
distribution network with a large line impedance ratio r/x, both the active and reactive
power injected at the node will cause a significant effect on the node voltage. Therefore,
SOP can be used to regulate the voltage in DSA by transmitting active power between
DSAs as well as providing reactive power.

From Equation (4), the sensitivity coefficient of the voltage of node i relative to the
active/ reactive power injected at node i is:

SPVi =
1

UN

i
∑

k=1
Rk

SQVi =
1

UN

i
∑

k=1
Xk

(5)

Assuming that a port of the SOP is connected to node i, after obtaining SPVi/SQVi,
the voltage at node i can be accurately adjusted by injecting active/reactive power into it
through the SOP. The formula for voltage regulation is shown in Equation (6):

Ui = Ui0 + SPVi · ∆Pi + SQVi · ∆Qi (6)

where Ui0 is the voltage at the i-th node before regulation, and ∆Pi/∆Qi is the variation of
the injected active/reactive power at the i-th node.

We propose to connect the SOP to the end node of the DSA so that the voltage at
the end node can be accurately regulated according to Equation (6). This is done for the
following reasons: the voltage deviation at the end node of the line is usually the largest, as
shown in Figure 3; and the sensitivity coefficient derived from Equation (4) shows that the
voltage at the end node of the line is most affected by the variation of the injected power at
the remaining nodes.
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When the power transmitted on the line changes, then the closer to the end of the line,
the greater the voltage deviation. Therefore, in the DSAs with radial topology, when we
can ensure that the voltage deviation at the end node is small, the voltage deviation of
other nodes is usually acceptable.
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2.3. Local Control Strategy for Voltage Fluctuation Suppression Based on Soft Open Point

The local control strategy proposed in this paper is to regulate the output power of
the SOP without relying on communication and relying instead only on local information
at the point of common coupling (PCC) between the SOP and the DSA, so that the node
voltage is as close to the rated value as possible. As mentioned above, since both the active
and reactive powers injected by the SOP into the node significantly affect the node voltage,
the voltage control strategy needs to consider both the active and reactive power provided
by the SOP, thus introducing an optimization problem to determine the reference value of
active/reactive power.

In general, consider a scenario wherein there is a flexible interconnection of n DSAs
as shown in Figure 4. Define the voltage RMS value at the i-th PCC node at the current
moment as Ui0 (i = 1, 2, ..., n), the voltage–active power sensitivity coefficient at the i-th
PCC node as SPVi, the voltage–reactive power sensitivity coefficient at the i-th PCC node as
SQVi, the power injected by SOP into the i-th PCC node as Pi0 + jQi0, and the rated voltage
at the i-th DSA as UNi.
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Based on the voltage value at the PCC at the current moment, a voltage local control
optimization model is proposed with the objective of minimizing the difference between
the actual value of the PCC voltage and the rated voltage after adjusting the SOP output
power, and the objective function is shown in Equation (7):

min
n

∑
i=1

(∆Ui)
2 (7)

The ∆Ui in Equation (7) represents the difference between the voltage of the i-th PCC
node and the rated voltage after adjusting the output power of the i-th port of the SOP,
which can be expressed as shown in Equation (8):

∆Ui = Ui0 + ∆PSOP,i · SPV i + ∆QSOP,i · SQV i −UN i ,∀i (8)

The ∆PSOP,i and ∆QSOP,i represent the active and reactive output power adjustments
of the i-th port of SOP, respectively.
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This optimization model needs to consider the active power conservation constraint
and the capacity constraints of each port of SOP as shown in Equation (9).

n

∑
i=1

∆PSOP, i = 0 (9)

− S ≤ QSOP, i0 + ∆QSOP, i ≤ S, ∀i (10)

(PSOP, i0 + ∆PSOP, i0)
2 + (QSOP, i0 + ∆QSOP, i0)

2 ≤ S2, ∀i (11)

where the S is the capacity of SOP.
As we can see, this model composed of Equations (7)–(11) is a quadratic constraint

quadratic programming (QCQP), which can be solved using commercial software such as
Gurobi. The model can be solved to obtain the adjustment of the output power ∆PSOP,i and
∆QSOP,i of the i-th port of the SOP, so the active/reactive power reference value for the i-th
port of SOP (Prefi + jQrefi) can be obtained as shown in Equation (12):

Pref i = PSOP,i0 + ∆PSOP,i
Qref i = QSOP,i0 + ∆QSOP,i

(i = 1, 2, · · · , n)
(12)

As shown in Equations (7)–(12), the proposed local control strategy can achieve voltage
control based only on local information such as the voltage at the PCC and the output
power of the SOP. We can also find that the optimization model contains only a few decision
variables. Taking the SOP with n ports as an example, the number of decision variables
involved in the model is only 3n and the number of constraints is only 3n + 1, so that
the model can be solved quickly and the real-time performance of the voltage control can
be guaranteed.

Based on the optimization model, the voltage control process of the proposed local
control strategy is shown in Figure 5.
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We set a control period during SOP operation, running the optimization model once
per period and regulating the voltage once based on the model results. Then the same
process is repeated after entering the next control period. As shown in Figure 5, a distur-
bance occurs at t0 causing voltage deviation, entering the control period at t1, t1~t2 solve
the optimization model for SOP output power reference value Pref,i/Qref,i, and t2~t3 is the
transient process of SOP adjusting the output power based on Pref,i/Qref,i. As can be seen,
the total time required to regulate the voltage is t0~t3. Due to the solution time of the model
and the very short transient response time of the SOP (t1~t3), the control period can be set
to be very short. Thus, the time period (t0~t1) from voltage deviation occurring to entering
the next control period can be very short. Therefore, when the control period is set very
short, it takes a short time from the occurrence of the voltage deviation to its elimination.
The whole process of the voltage adjustment can be described by the pseudocode shown in
Algorithm 1.
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Algorithm 1: Local control

Input: U0, PSOP,0, QSOP,0, UN, n
Output: Pref, Qref
% n is the amount of SOP’s ports, a constant. U0, UN, PSOP,0, QSOP,0, Pref and Qref are n-dimension
vectors.
1 for i from 1 to n do
2 Calculate the total resistance from the slack node to the node connected to port i of SOP: ∑ R
3 SPV(i) = ∑ R / UN(i)
4 Calculate the total reactance from the slack node to the node connected to port i of SOP: ∑ X
5 SQV(i) = ∑ X / UN(i)
6 end for
% Lines 1 to 6 are the initialization steps for calculating the sensitivity.
7 Repeat the following procedure once per control period:
8 Establish a optimization model:
9 obj.: min ∑n

i=1(∆U(i))2

10 s. t.:
11 ∑n

i=1(∆PSOP(i)) = 0
12 for i from 1 to n do
13 ∆U(i) = U0(i) + ∆PSOP(i)·SPV(i) + ∆QSOP(i)·SQV(i)−UN(i)
14 |QSOP,0(i) + ∆QSOP(i)| ≤ S
15 (PSOP,0(i) + ∆PSOP(i))

2 + (QSOP,0(i) + ∆QSOP(i))
2 ≤ S2

16 end for
17 slove the optimization model to obtain: ∆PSOP and ∆QSOP
18 for i from 1 to n do
19 Pref(i) = PSOP,0(i) + ∆PSOP(i)
20 Qref(i) = QSOP,0(i) + ∆QSOP(i)
21 end for
22 Return Pref and Qref

3. Simulation Verification

To verify the effectiveness of the proposed local control strategy, a simulation case of
flexible interconnection of two DSAs is designed as shown in Figure 6, with the parameters
shown in Table 1.

As shown in Figure 6, two photovoltaic devices are connected in DSA1 at node 2 and
node 3, one photovoltaic device is connected in DSA2 at node 6, and there is no DG in
DSA3. The photovoltaic output power is shown in the Figure 7.
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Table 1. Parameters of the simulation case.

DSA No. From Bus To Bus
Line Impedance Parameters

Length (km)
load at Receiving Buses

r (ohm/km) x (ohm/km) P (kW) Q (kVar)

1
0 1 0.65 0.412 0.3 13 1
1 2 0.65 0.412 0.3 10 1
2 3 0.65 0.412 0.2 10 2

2
0’ 4 0.65 0.412 0.1 10 2
4 5 0.65 0.412 0.2 10 2
5 6 0.65 0.412 0.2 15 2

3
0” 7 0.65 0.412 0.2 10 2
7 8 0.65 0.412 0.2 12 3
8 9 0.65 0.412 0.2 10 2
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The node voltages in 3 DSAs without flexible interconnection are shown in Figure 8.
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As can be seen from Figure 8, with the fluctuation of PV output power, the node
voltage in DSAs will also fluctuate and even violate the upper limit when the PV’s output
power is too large. In DSA3 where there is no DG, the voltage at nodes 9 and 10 near the
end of the transmission line is below 0.95 UN.

When these three DSAs are flexibly interconnected through SOP, with the local control
strategy proposed in this paper enabled, the node voltages in the three DSAs are shown in
Figure 9.
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The local control strategy is enabled when the simulation proceeds to 1 s. Comparing
Figure 8 with Figure 9, it can be seen that the voltage deviations at nodes 3, 6, and 9 are
quickly eliminated after enabling the control, and the voltage deviations at the remaining
nodes within the DSAs are also greatly reduced. As the simulation progresses, the control
strategy is able to respond quickly to keep the voltage in the DSAs around the rated voltage,
despite the fluctuating PV output in DAS1 and DSA2. Therefore, the effectiveness of the
proposed local control strategy is verified.

It can also be seen that, though the PV output power sometimes changes greatly in a
short time, the control strategy can eliminate the voltage deviation after a short transient
process. Similarly, when the PV output power changes slowly, the control strategy can
ensure that the voltage is near the rated value without transient process.

In terms of real-time performance for the above simulation case, the time consumed
to solve the local control optimization model on a MATLAB 2022a simulation platform
(CPU: i5-12500H, RAM: 16 GB) is around 0.01 s. It is evident that the proposed local control
strategy can respond to voltage fluctuations and adjust the output power of each SOP port
in a very short time to achieve the purpose of real-time voltage fluctuation suppression.
The simulation results also verify this.

However, it should also be noted that, since only the local information of SOP ports is
used to regulate the output power of SOP, compared with the centralized and decentralized
control strategies, the proposed local control strategy may not achieve the globally optimal
solution to keep the voltage profile of the whole distribution network optimal. However,
since it has no requirement for communication, this control strategy can be used as an
alternative to the centralized control strategy in case of communication failure or as a
control strategy in plug-and-play SOP scenarios. In order to compare the proposed control
strategy with the current mainstream technique, the comparison between the local control
and centralized/decentralized control is made as shown in the Table 2.

Table 2. Comparison of different control strategies.

Control Strategy Communication Burden Response Speed Effect of Voltage Regulation

Local control Without communication
burden

Fast (near real-time
response)

Medium (able to reduce the voltage
deviation within the DSA but cannot
guarantee the global optimal voltage profile)

Centralized control High Medium Optimal (global optimum)

Decentralized control Medium Slow Suboptimal (near global optimum)

As for the control deviation, this is caused by the calculation error of the sensitivity
coefficient that derives from our decision to ignore the imaginary part of the voltage
deviation amount in Equation (3) while we derived Equation (4) of the sensitivity coefficient
from Equation (3). This part of the deviation depends on the line impedance and the amount
of power adjustment injected into the node, but is usually negligible and does not cause
significant deviations. Meanwhile, the regulation of the voltage magnitude depends almost
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exclusively on the real part of Equation (3) so that, therefore, the control deviation caused
by the ignored imaginary part can be ignored. On the other hand, as shown in Figure 10, it
is possible that the node load or renewable energy output may change significantly during
the time period t1~t3 for solving the optimization model and adjusting the SOP output
power, which may then still result in a large voltage deviation after adjustment in period 1,
but the deviation will be eliminated after entering the next control period. Due to the very
fast solving speed of the model and the SOP’s fast response, the control period can be set
to be very short, so that such control deviations can be solved quickly and without long
term effects.
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4. Conclusions

In this paper, a local control strategy for voltage regulation based on an SOP is pro-
posed to cope with the frequent voltage fluctuations/violations in a DSA. In DSAs with a
radial topology, we propose to use SOPs to flexibly interconnect the end nodes of multi-
ple DSAs. When the capacity of the SOP is sufficient, the proposed control strategy can
quickly respond to voltage fluctuations and reduce the node voltage deviation in the DSAs
without depending on communication, which is the innovation of this work. Compared
with centralized or decentralized control, the local control strategy relies only on local
information, such as the output power of the SOP and the voltage at the PCC, to adjust the
output power of the SOP. This incurs lower communication requirements and can improve
the plug-and-play availability of the SOP. Similarly, in terms of real-time performance, the
response speed of local control is much improved.

Although this local control strategy cannot guarantee the optimal voltage of all nodes
in the DSA, it achieves a good voltage control effect without relying on communication and
node information other than the nodes connected by SOP. In future work, we will explore a
method for achieving a globally optimal voltage profile in a network based on SOP using
local information or a small amount of information in the key nodes.
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Nomenclature

Abbreviations
SOP Soft open point
DSA Distribution station area
DG Distributed generator
RMS Root mean square
PCC Point of common coupling
QCQP Quadratic constraint quadratic programming
Indexes
i, m Indices of nodes
t0, t1, t2 Time point in control period
Variables
PDG,i, QDG,i Active/reactive power injection by DG at node i
PL,i, QL,i Active/reactive power consumption at node i
Pm, Qm Total active/reactive power injection of node m
∆(·) Change of (·)

SPim, SQim
Sensitivity coefficient of the voltage at node i relative to the reactive power
injected at node m

PSOP,i, QSOP,i Active/reactive power injection by SOP at node i
PSOP,i0, QSOP,i0 Initial active/reactive power injection by SOP at node i before adjusting
Pref,i, Qref,i Reference value of active/reactive power output at port i of SOP
Ui0 Initial voltage at node i before adjusting
S Capacity of SOP

References
1. Zhu, Z.; Liu, D.; Liao, Q.; Tang, F.; Zhang, J.J.; Jiang, H. Optimal power scheduling for a medium voltage AC/DC hybrid

distribution network. Sustainability 2018, 10, 318. [CrossRef]
2. Khalid, H.M.; Peng, J.C.-H. Bidirectional charging in V2G systems: An in-cell variation analysis of vehicle batteries. IEEE Syst. J.

2020, 14, 3665–3675. [CrossRef]
3. Khalid, H.M.; Flitti, F.; Muyeen, S.M.; Elmoursi, M.S.; Sweidan, T.O.; Yu, X.H. Parameter estimation of vehicle batteries in V2G

systems: An exogenous function-based approach. IEEE Trans. Ind. Electron. 2022, 69, 9535–9546. [CrossRef]
4. Sun, Y.S.; Zhao, Z.X.; Yang, M.; Jia, D.Q.; Pei, W.; Xu, B. Overview of energy storage in renewable energy power fluctuation

mitigation. CSEE J. Power Energy Syst. 2020, 6, 160–173.
5. Xu, Y.; Liu, H.; Xiong, X.; Ji, Y.; Shao, Y.; Zhang, H.; Sun, L.; Wu, M. Key technologies and development modes of flexible

interconnection of low-voltage distribution station area. Proc. CSEE 2022, 42, 3986–4001.
6. Cao, W.; Wu, J.; Jenkins, N.; Wang, C.; Green, T. Operating principle of soft open points for electrical distribution network

operation. Appl. Energy 2016, 164, 245–257. [CrossRef]
7. Cao, W.; Wu, J.; Jenkins, N.; Wang, C.; Green, T. Benefits analysis of soft open points for electrical distribution network operation.

Appl. Energy 2016, 165, 36–47. [CrossRef]
8. Zhao, J.; Tian, Z.; Ji, H.; Ji, J.; Yan, J.; Wu, J.; Li, P.; Wang, C. Peer-to-peer electricity trading of interconnected flexible distribution

networks based on non-cooperative games. Int. J. Electr. Power 2023, 145, 108648. [CrossRef]
9. Ji, H.; Wang, C.; Li, P.; Ding, F.; Wu, J. Robust operation of soft open points in active distribution networks with high penetration

of photovoltaic integration. IEEE Trans. Sustain. Energy 2019, 10, 280–289. [CrossRef]
10. Li, P.; Ji, H.; Wang, C.; Zhao, J.; Song, G.; Ding, F.; Wu, J. Coordinated control method of voltage and reactive power for active

distribution networks based on soft open point. IEEE Trans. Sustain. Energy 2017, 8, 1430–1442. [CrossRef]
11. Wu, H.; Lin, X.; Ding, M.; Bi, R.; Luo, C.; Xu, B. Adaptability evaluation and active power regulation of FID in active distribution

network. Int. J. Electr. Power 2021, 124, 106351. [CrossRef]
12. Li, P.; Ji, J.; Ji, H.; Song, G.; Wang, C.; Wu, J. Self-healing oriented supply restoration method based on the coordination of multiple

SOPs in active distribution networks. Energy 2020, 195, 116968. [CrossRef]
13. Zhu, J.; Yuan, Y.; Wang, W. Multi-stage active management of renewable-rich power distribution network to promote the

renewable energy consumption and mitigate the system uncertainty. Int. J. Elec. Power 2019, 111, 436–446. [CrossRef]
14. Zhao, J.; Yao, M.; Yu, H.; Song, G.; Ji, H.; Li, P. Decentralized voltage control strategy of soft open points in active distribution

networks based on sensitivity analysis. Electronics 2020, 9, 295. [CrossRef]
15. Ji, H.; Yu, H.; Song, G.; Li, P.; Wang, C.; Wu, J. A decentralized voltage control strategy of soft open points in active distribution

networks. Energy Procedia 2019, 159, 412–417. [CrossRef]
16. Li, P.; Ji, H.; Song, G.; Yao, M.; Wang, C.; Wu, J. A combined central and local voltage control strategy of soft open points in active

distribution networks. Energy Procedia 2019, 158, 2524–2529. [CrossRef]

http://doi.org/10.3390/su10020318
http://doi.org/10.1109/JSYST.2019.2958967
http://doi.org/10.1109/TIE.2021.3112980
http://doi.org/10.1016/j.apenergy.2015.12.005
http://doi.org/10.1016/j.apenergy.2015.12.022
http://doi.org/10.1016/j.ijepes.2022.108648
http://doi.org/10.1109/TSTE.2018.2833545
http://doi.org/10.1109/TSTE.2017.2686009
http://doi.org/10.1016/j.ijepes.2020.106351
http://doi.org/10.1016/j.energy.2020.116968
http://doi.org/10.1016/j.ijepes.2019.04.028
http://doi.org/10.3390/electronics9020295
http://doi.org/10.1016/j.egypro.2018.12.067
http://doi.org/10.1016/j.egypro.2019.01.410


Sustainability 2023, 15, 4424 13 of 13

17. Li, P.; Ji, H.; Yu, H.; Zhao, J.; Wang, C.; Song, G.; Wu, J. Combined decentralized and local voltage control strategy of soft open
points in active distribution networks. Appl. Energy 2019, 241, 613–624. [CrossRef]

18. Jiang, X.; Zhou, Y.; Ming, W.; Yang, P.; Wu, J. An overview of soft open points in electricity distribution networks. IEEE Trans.
Smart Grid 2022, 13, 1899–1910. [CrossRef]

19. Guo, X.; Huo, Q.; Wei, T.; Yin, J. A local control strategy for distributed energy fluctuation suppression based on soft open point.
Energies 2020, 13, 1520.

20. Pan, J.; Li, Z.; Wang, S.; Wen, D. Self-adaptive sensitivity based reactive power control of distributed generations in distribution
network. Proc. CSU-EPSA 2018, 30, 127–133.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.apenergy.2019.03.031
http://doi.org/10.1109/TSG.2022.3148599

	Introduction 
	Method 
	Topology of Flexible Interconnected Distribution Station Areas 
	Voltage Regulation Principle Based on Voltage-Power Sensitivity 
	Local Control Strategy for Voltage Fluctuation Suppression Based on Soft Open Point 

	Simulation Verification 
	Conclusions 
	References

