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Abstract: In low-voltage power distribution station areas (DSAs), sensor devices and communication
networks are often inadequate. Therefore, the control strategies mainly used for soft open points
(SOPs) based on global information in medium-voltage distribution networks are difficult to be
directly applied to low-voltage DSAs. This paper proposes a novel control strategy for SOP that
only requires collecting the local information of SOP and the load rate of transformers. It aims
to address the issues faced of voltage violations at the end of feeders and the load rate imbalance
among adjacent DSAs under the current high penetration of renewable energy sources. In this paper,
first, a sensor network consisting of sensor devices located at the transformers and each port of the
SOP is introduced for information collection. Then, based on the sensitivity relationship between
the node voltage and the injected power, considering capacity and voltage safety constraints, the
adjustable range of the active power output for each port of the SOP is derived. According to this
range, the operating states of the DSAs are categorized into four scenarios. For each scenario, the
adjustment amount of SOP output power is determined to achieve comprehensive regulation of
terminal voltage and load rate of all DSAs interconnected by SOP. Finally, the effectiveness of the
proposed strategy is verified based on a simulation model of three flexible interconnected DSAs
established in MATLAB/Simulink.

Keywords: low-voltage power distribution station area (DSA); load rate imbalance; renewable energy
consumption; soft open point (SOP); sensor networks; voltage regulation

1. Introduction

A low-voltage power distribution station area (DSA) is the power supply area of a
distribution transformer (usually 35 kV/380 V or 10 kV/380 V). The low-voltage DSA
is a power supply unit directly serving users, and its operational status directly affects
the economic efficiency of the power grid and the quality of the user power supply [1].
Currently, to reduce the level of carbon emissions, the installed proportion of renewable
energy sources (RESs) has gradually been increased, and various distributed generators
(DGs) represented by photovoltaic (PV) are being connected to low-voltage power DSAs in
large quantities. Due to the fluctuating output of DGs and the incomplete match between
output and the local load demand, DSAs with high PV penetration face challenges such as
reverse power flow and voltage violations [2]. Literature [3–5] indicates that the voltage
violation caused by mismatched source–load power is one of the main factors limiting the
consumption capacity of RESs in distribution networks. This is because in the absence of
energy transfer pathways, the output power of DG units that cannot be locally consumed
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in DSAs can only be fed back to the higher-level grid. When this reverse power flow causes
the voltage to exceed the upper limit, measures like curtailing wind or solar power are
necessary to ensure that the voltage remains within the permissible range, thereby limiting
the increase in DG penetration rate. Also, the voltage at the feeder end is the most sensitive
to fluctuations in DG output power, making voltage violations more likely and affecting
normal power consumption by users [2,6]. Therefore, studying the regulation of voltage
violations at the end of feeders in DSAs is of significant importance for enhancing the
distribution network’s capacity to accommodate DGs.

Additionally, the problem of load rate imbalance among adjacent DSAs is becoming
more prominent, affecting the economic efficiency of its operations. On the one hand,
due to the increasing penetration rate of DG and its uneven distribution across different
DSAs, certain DSAs with high DG penetration rates often operate with underutilized capac-
ity, resulting in low-efficiency operation of their distribution transformers and economic
inefficiencies [7]. On the other hand, some DSAs experience seasonal load fluctuations
due to electrical projects and tourism development. During peak demand seasons, these
DSA transformers may experience short-term heavy loads or even overloads, causing high
stress to transformers and requiring the deployment of mobile energy storage devices
or emergency diesel generators to cope with short-term peak electricity demand [1]. If
the surplus capacity of transformers among adjacent DSAs can be shared, transferring
part of the load from heavy-loaded DSAs to low-loaded DSAs, the utilization rate of
transformer capacity in low-loaded DSAs can be improved, and the supply pressure on
heavy-loaded DSAs can be alleviated, effectively enhancing the economic efficiency of
DSAs [8].

The soft open point (SOP) is a new type of multi-port power electronic equipment used
to achieve flexible interconnection among feeders. It can facilitate fast and precise active
power transfer among feeders and provide reactive power compensation [9]. As the issues
of voltage violation and unbalanced load rate faced by the DSAs are fundamentally caused
by the uneven spatial distribution of source–load, using SOP for flexible interconnection
among DSAs can achieve power transfer in space, thus simultaneously addressing the
issues. This effectively improves the consumption capacity of DGs, enables dynamic
expansion of DSA supply capacity, improves operational economic efficiency, and possesses
advantages over traditional solutions that focus on a single issue. Traditional solutions
for voltage violation mainly include on-load voltage regulation strategies [10], reactive
power regulation strategies [11], and active power regulation strategies [12]. Although
the on-load voltage regulation strategy based on adjusting the transformer tap gear is
low in cost, the regulation quantity is discontinuous and cannot be adjusted frequently,
which makes it difficult to deal with the problem of voltage violation at the end of feeders
in DSAs caused by frequent fluctuation of DG output. The reactive power regulation
strategy based on reactive power compensation can achieve continuous and rapid voltage
regulation using devices like static var generators (SVG). However, due to the higher
resistance-to-reactance ratio (r/x) of low-voltage distribution feeders, utilizing SOP based
on the active–reactive coordinated voltage regulation has higher efficiency than an SVG
with equivalent capacity. What is more, it can further achieve the goal of load rate balancing
among DSAs in addition to voltage regulation. As for the active power regulation strategies,
there are two methods available. One is to reduce the output of DGs, which will directly
reduce the economic benefits of DGs. The other is to configure an energy storage system
(ESS) to prevent voltage violation by absorbing DG output that cannot be consumed
locally. Unfortunately, the investment in ESS is high, and it is not economical to configure
it only for a single station area. However, the use of SOP for flexible interconnection
among DSAs allows the transfer of DG output that cannot be locally consumed to adjacent
DSAs for joint consumption, which achieves voltage regulation while also achieving load
rate balancing.

Currently, there are many research studies on the application of SOP in medium-
voltage distribution networks. Literature [13] shows studies conducted on the working



Sensors 2024, 24, 1976 3 of 20

principles of SOP in distribution networks. Ref. [14] establishes an optimized scheduling
model including SOP for active distribution networks, to coordinate and control controllable
resources within the system to achieve optimal power flow and suppress voltage violations.
Ref. [15], based on [14], further considers real-time voltage control and establishes an
optimization model considering the Q-V droop curve of SOP, but does not consider the
goal of load rate balancing. Ref. [16] suggests that adopting a centralized control approach
will impose significant communication pressure. It considers using a distributed approach
to address the optimization scheduling problem and establishes a distributed optimization
scheduling model. Ref. [17], based on [16], considers local voltage control issues and
establishes an optimization scheduling model that combines distributed and local control
with SOP. Ref. [18] proposes combining ESS with SOP, enabling SOP to have flexible control
capabilities in both time and space dimensions. Ref. [19], aiming to increase the penetration
rate of renewable energy while ensuring voltage within limits, integrates SOP, PV, and
thermal ESS into the distribution network. It proposes a double-layer optimization model
to coordinate the operation of various controllable devices. Ref. [20], with the goal of
increasing the penetration rate of renewable energy, comprehensively considers various
flexible and controllable resources in a mixed AC/DC distribution network. It establishes a
two-stage optimization model for the day-ahead and intra-day periods, maintaining the
optimal operation of the distribution network under high renewable energy penetration.
Ref. [21] comprehensively considers multiple controllable devices, including SOP, PV
inverters, and reactive power devices, to coordinate and cooperate in solving the voltage
violation issue in medium-voltage distribution networks.

The above studies on the application of SOP in the distribution network are mostly
aimed at the medium-voltage distribution network. Global information is needed to control
SOP to achieve voltage regulation and improve DG penetration by establishing an optimal
scheduling model. These studies provide valuable insights for the application of SOP in
low-voltage DSAs. However, there are certain limitations. On the one hand, the sensor
devices and communication networks in low-voltage DSAs are not as complete and robust
as those in medium-voltage distribution networks [22]. Applying the optimal scheduling
models developed for medium-voltage distribution networks may face challenges related
to information collection and transmission in low-voltage DSAs. On the other hand, even in
some demonstration projects with interconnected multiple DSAs having a globally reliable
communication network for optimal scheduling, the widely proposed framework for multi-
timescale optimization scheduling models typically follows a day-ahead scheduling and
intraday rolling optimization. Constrained by the collection, transmission, and processing
of network-wide information, the time interval between two optimization scheduling
instances is generally around 15 min. The voltage violations caused by fluctuating source–
load power within this time interval need to wait for the next scheduling to issue corrective
instructions, resulting in a less responsive solution.

Considering these limitations, this paper proposes a novel control strategy for SOP
that relies only on SOP local information and transformer load rate to address voltage
violations at the end of feeders and load rate imbalance among adjacent DSAs. On the
one hand, in DSAs where global reliable communication conditions are not available, the
proposed strategy does not require the collection of information from all nodes in the
network and can focus on addressing the problem of terminal voltage violations at the end
of feeders among adjacent DSAs, achieving the goal of substantially load rate balancing of
DSAs. On the other hand, in DSAs with globally reliable communication, this strategy can
serve as a complementary measure to global optimal scheduling. It addresses issues related
to voltage violations at the end of DSAs or unbalanced load rates at a sub-second timescale,
responding rapidly to fluctuations in source–load power. Based on the proposed strategy,
the capacity of low-voltage DSAs to accommodate DGs can be effectively enhanced, and
the operational economy of distribution transformers can be improved.

The main contributions of this research work are as follows:
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1. A novel control strategy for SOP is proposed which relies solely on SOP local infor-
mation and the load rate of transformers. This strategy can effectively address issues
of voltage violations at the end of feeders and load rate imbalance among adjacent
DSAs. It does not require reliance on a global sensor network and communication
network, making it highly applicable in low-voltage distribution networks.

2. Due to its independence from gathering global information for centralized decision-
making, this strategy can respond on shorter time scales. As a result, it can serve as a
complementary approach to hourly optimization scheduling strategies.

The remainder of this paper is organized as follows. Section 2 introduces the topology,
sensor network, and voltage regulation principles of flexible interconnected low-voltage
DSAs; Section 3 gives the proposed control strategy; Section 4 presents a case study to demon-
strate the effectiveness of the proposed strategy; Section 5 summarizes the whole paper.

2. Topology, Sensor Network, and Voltage Regulation Principles of Flexible Interconnected
Low-Voltage DSAs

First, this section introduces the basic topology of the flexible interconnection DSAs,
the sensor network, and the communication architecture required for the proposed strategy.
Then, the principle of voltage regulation is analyzed as the basis for the strategy proposed
in the following text.

2.1. Topology and Sensor Network of Flexible Interconnected Low-Voltage DSAs

The topology and sensor network of flexible interconnected low-voltage DSAs are
shown in Figure 1. The SOP consists of multiple back-to-back voltage source converters
(VSCs), with each VSC AC side connected to the feeder end of a low-voltage DSA. The
DC sides of all VSCs are interconnected. Due to the fact that low-voltage distribution
networks often do not have sensor devices installed at all nodes, it is not possible to
collect information from all nodes. However, in order to ensure the normal operation of
the equipment, sensors are usually installed at the transformer and each port of the SOP.
Therefore, we propose to construct a simple sensor network based on the existing sensors
at the transformer and SOP ports to obtain the load rate information of the transformer
and local information of SOP, namely, the voltage value at the point of common connection
(PCC) between SOP and the feeder, and the initial power output of SOP. The proposed
strategy relies solely on this information to adjust the output power of each VSC, addressing
the issues of terminal voltage violations and load rate imbalance. When all voltages at PCCs
are within limits, and the load rate among DSAs is balanced, the strategy does not change
the current output power of VSCs. When it is detected that voltages at PCCs exceed limits
or the load rate among DSAs is highly unbalanced, the strategy responds immediately,
adjusts the output power of VSCs to ensure voltages at the PCCs do not exceed the limits,
and balances the load rate among DSAs.
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2.2. Voltage Regulation Principles at the End of Feeders Based on SOP

Voltage regulation at the end of DSAs through SOP is achieved by changing the
injected power to the connected node. When transferring active power between DSAs to
balance the load rates, it is also necessary to prevent voltage violations caused by power
transfer. So, it is necessary to clarify the sensitivity relationship between node injected
power and node voltage. For a distribution feeder as illustrated in Figure 2, assuming its
rated voltage is UN, the net injected power at node i is Pi + jQi, the voltage at node i is Ui,
and the impedance between node i − 1 and node i is Zi = Ri + jXi.
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Figure 2. Schematic diagram of a distribution feeder.

For the distribution feeder shown in Figure 2, the deviation ∆Uim between the voltage
of node i and the rated voltage due to the injection power at node m can be represented by
Equation (1) [23]:

∆Uim =
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UN represents the rated voltage of DSAs, Pm, and Qm are the active and reactive power
injected by node m, and Zk represents the impedance between node k and node (k + 1),
where Zk = Rk + Xk.

When node m injects a disturbance power with a magnitude of ∆Pm + j∆Qm, the
perturbation of ∆Uim is given by Equation (2):
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The voltage level is 380 V in the low-voltage DSAs, so the imaginary part of ∆
∼
Uim

can be neglected [24]. Defining SPim and SQim as the sensitivity coefficients of the voltage
fluctuation at node i to changes in active and reactive power injection at node m, the
expressions for SPim and SQim can be obtained from Equation (3):
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The physical meaning of SPim and SQim is that, near the rated voltage value, a unit
change in the injected active and reactive power at node m will, respectively, cause a change
of SPim and SQim in the voltage at node i. Therefore, when voltage violations occur at
the end of DSAs, it can adjust the injected power at the terminal node by transferring
active power through SOP and providing reactive compensation, thereby achieving voltage
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regulation at the terminal node. For example, when the terminal node voltage U falls below
the lower limit allowed U, adjusting the injected power of SOP based on Equation (4) can
eliminate the voltage violation:

U − U = SPnn · ∆PVSC + SQnn · ∆QVSC (4)

where SPnn and SQnn are the sensitivity coefficients of the injected active and reactive power
at node n to the voltage value at node n. ∆PVSC and ∆QVSC represent the adjustments in
active and reactive power injected by the VSC connected to node n. The specific values of
∆PVSC and ∆QVSC are provided by the proposed strategy.

3. Proposed Strategy for Addressing Terminal Voltage Violations and Load Rate Imbalance

As discussed earlier, when the sensitivity relationship between the adjustment of the
voltage at the terminal node and the adjustment of the injected power of the VSC connected
to the terminal node is known, regulating terminal voltage violations can be achieved by
adjusting the injected power of the VSC. At the same time, balancing the load rates is also
achieved by directly changing the injected active power of each VSC into each DSA. This
chapter primarily discusses how to adjust the power injected by the VSC to address the
voltage violations at the end of DSAs and the unbalanced load rates among DSAs.

3.1. The Range of Adjustable Active Power Output of Each VSC

Due to the energy conservation requirement of the SOP, adjusting the active power
output of one VSC will affect the active power output of the other VSCs. Therefore, it is
necessary to ensure that the adjustment of the active power output for each VSC remains
within an acceptable range during the adjustment process. The range of adjustable active
power output of the VSC ΩP is defined as shown in Equation (5):

ΩP = {∆PVSC|∆PVSC,min ≤ ∆PVSC ≤ ∆PVSC,max} (5)

∆PVSC,min and ∆PVSC,mx are the maximum and minimum values of the VSC acceptable
output range.

Consider a DSA as shown in Figure 3, where the injection of power by the VSC toward
the feeder is defined as the positive direction. Suppose the voltage at the terminal node
before adjusting the VSC injection power is denoted as U0, then the initial power output of
the VSC is PVSC,0 + jQVSC,0.
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The ΩP constrained by the upper and lower limits of the terminal node voltage can be
described by Equation (6):{

U0 + SVSC
P · ∆PVSC + SVSC

Q · ∆QVSC ≥ U

U0 + SVSC
P · ∆PVSC + SVSC

Q · ∆QVSC ≤ U
(6)

where SVSC
P and SVSC

Q are the sensitivity coefficients of the active and reactive power of the
terminal node voltage, respectively; ∆PVSC and ∆QVSC are the adjustments of the active
and reactive power injected by VSC, respectively; U and U are the upper and lower limits
of the voltage, respectively.
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The ΩP constrained by the capacity of VSC can be described by Equation (7) [25]:

(P0 + ∆PVSC)
2 + (Q0 + ∆QVSC)

2 ≤ (SVSC)
2 (7)

where SVSC is the capacity of VSC.
The intersection of ΩP described by Equations (6) and (7) represents the range of

adjustable active power output values for the VSC. As shown in Figure 4a, with ∆PVSC
as the horizontal axis and ∆QVSC as the vertical axis, the region described by Equation (6)
is between two parallel lines with slopes of −SVSC

P /SVSC
Q , and the region described by

Equation (7) is a circular region with SVSC as the radius and (−P0,−Q0) as the center. The
intersection of these two regions forms the feasible range of adjustable VSC output power.
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Figure 4. (a) Schematic diagram of the adjustable range of VSC output power; (b) schematic diagram
of the adjustable range of VSC output active power.

According to Figure 4a, Equations (6) and (7), the minimum and maximum value
of the adjustable range of VSC output active power can be obtained, as described in
Equations (8) and (9):

∆PVSC
min = min

{
Ak − P0 + C

k2 + 1
,

Ak − P0 + C
k2 + 1

,
Bk − P0 + D

k2 + 1
,

Bk − P0 + D
k2 + 1

}
(8)

∆PVSC
max = max

{
Ak − P0 + C

k2 + 1
,

Ak − P0 + C
k2 + 1

,
Bk − P0 + D

k2 + 1
,

Bk − P0 + D
k2 + 1

}
(9)

where A = Q0 − U−U0
SVSC

Q
, B = Q0 + U−U0

SVSC
Q

, C =
√
−A2 − 2AP0k − P2

0 k2 + S2k2 + S2,

D =
√
−B2 − 2BP0k − P2

0 k2 + S2k2 + S2, k =
SVSC

P
SVSC

Q
. Moreover, as indicated by Figure 4a,

the points corresponding to ∆PVSC
min and ∆PVSC

max are unique for each VSC. For the sake of
later discussions, set ∆QVSC

Pmin and ∆QVSC
Pmax, respectively, to represent the adjustments of

reactive power output when the VSC output active power adjustment is ∆PVSC
min and ∆PVSC

max .
Figure 4 shows that the VSC capacity is sufficient to maintain the terminal node voltage

within the permissible range. However, in certain extreme situations, such as when the PV
output power in a DSA is excessively high, it results in a significant voltage violation at
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the terminal node, as illustrated in Figure 5a. Due to the capacity limitations of the VSC,
solely adjusting the power injected by the VSC to the terminal node is no longer effective
in bringing the voltage back to within the allowable range.

Sensors 2024, 24, x FOR PEER REVIEW 8 of 22 
 

 

0 0 0 0
max 2 2 2 2max , , ,

1 1 1 1
− + − + − + − + Δ =  + + + + 

VSC Ak P C Ak P C Bk P D Bk P DP
k k k k

 (9)

where 0
0

−
= − VSC

Q

U UA Q
S

 , 0
0

−
= + VSC

Q

U UB Q
S

 , 2 2 2 2 2 2
0 02= − − − + +C A AP k P k S k S  , 

2 2 2 2 2 2
0 02= − − − + +D B BP k P k S k S , 

S
k
S

=
VSC
P
VSC
Q

. Moreover, as indicated by Figure 4a, the 

points corresponding to minΔ VSCP  and maxΔ VSCP  are unique for each VSC. For the sake of later 
discussions, set Δ VSC

PminQ  and Δ VSC
PmaxQ , respectively, to represent the adjustments of reactive 

power output when the VSC output active power adjustment is minΔ VSCP  and maxΔ VSCP . 
Figure 4 shows that the VSC capacity is sufficient to maintain the terminal node volt-

age within the permissible range. However, in certain extreme situations, such as when 
the PV output power in a DSA is excessively high, it results in a significant voltage viola-
tion at the terminal node, as illustrated in Figure 5a. Due to the capacity limitations of the 
VSC, solely adjusting the power injected by the VSC to the terminal node is no longer 
effective in bringing the voltage back to within the allowable range. 

  
(a) (b) 

Figure 5. (a) Voltage exceeding upper limit and VSC capacity is insufficient to regulate; (b) VSC 
capacity is sufficient to regulate terminal node voltage after curtailing PV power. 

In this extreme scenario depicted in Figure 5a, even if the VSC operates at its maxi-
mum capacity, it cannot bring the voltage back to within the allowable range. To prevent 
voltage violations in this case, it is necessary to actively curtail a portion of the PV output 
power. To minimize curtailment, the two parallel lines representing the upper and lower 
voltage limits should be shifted to the position shown in Figure 5b after curtailment. At 
this point, the circle representing the VSC capacity is just tangent to the line representing 
the upper voltage limit. This means that using the entire capacity of the VSC for compen-
sating the terminal node voltage will precisely control the voltage so as not to exceed the 
upper limit. The following derivation outlines the minimum curtailment in this extreme 
situation. 

In Figure 5b, the VSC operating point ( ),Δ ΔVSC VSCP Q  where the line representing 
the upper voltage limit is tangent to the circle representing the VSC capacity satisfies 
Equation (10): 

Figure 5. (a) Voltage exceeding upper limit and VSC capacity is insufficient to regulate; (b) VSC
capacity is sufficient to regulate terminal node voltage after curtailing PV power.

In this extreme scenario depicted in Figure 5a, even if the VSC operates at its maximum
capacity, it cannot bring the voltage back to within the allowable range. To prevent voltage
violations in this case, it is necessary to actively curtail a portion of the PV output power.
To minimize curtailment, the two parallel lines representing the upper and lower voltage
limits should be shifted to the position shown in Figure 5b after curtailment. At this point,
the circle representing the VSC capacity is just tangent to the line representing the upper
voltage limit. This means that using the entire capacity of the VSC for compensating the
terminal node voltage will precisely control the voltage so as not to exceed the upper limit.
The following derivation outlines the minimum curtailment in this extreme situation.

In Figure 5b, the VSC operating point (∆PVSC, ∆QVSC) where the line representing
the upper voltage limit is tangent to the circle representing the VSC capacity satisfies
Equation (10):

∆QVSC =
SVSC

Q

SVSC
P

· ∆PVSC (10)

After adjusting the VSC output power to make it operate at the tangent point, the
terminal node voltage Ũ is given by Equation (11):

Ũ = U0 +

(
SVSC

P
)2

+
(

SVSC
Q

)2

SVSC
P

∆PVSC (11)

It needs to curtail PV power to compensate for the voltage deviation between the
voltage upper limit U and the voltage value Ũ. The minimum curtailing portion of PV
power Pcur can be derived as shown in Equation (12):

Pcur =
U − Ũ

SPV
P

=
U − U0

SPV
P

−

(
SVSC

P
)2

+
(

SVSC
Q

)2

SVSC
P · SPV

P
· ∆PVSC (12)
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where SPV
P represents the sensitivity coefficient between the change in injected active power

of the nodes connected to PV and the change in terminal node voltage.
The adjustment of active power output corresponding to the tangent point in Figure 5b

can be represented by Equation (13):

∆PVSC =

(
U − U0

)
· SVSC

P(
SVSC

P
)2

+
(

SVSC
Q

)2 (13)

For uniform representation, the minimum values ∆PVSC
min and maximum values ∆PVSC

max
of the adjustable active power output range of VSC for such extreme scenarios as shown in
Figure 5 are defined as in Equation (14):

∆PVSC
min = ∆PVSC

max =

(
U − U0

)
· SVSC

P(
SVSC

P
)2

+
(

SVSC
Q

)2 (14)

For the extreme scenario where the voltage at the terminal nodes of the DSA exceeds
the lower limit due to excessive load, and due to the limited capacity of the VSC, it is not
possible to rely solely on the VSC to adjust the terminal voltage back to the allowed range.
This scenario is similar to the voltage exceeding the upper limit due to excessive output
power from the PV. Therefore, the analysis of this extreme scenario is not further elaborated.

3.2. The Proposed Strategy for SOP

The adjustable range of VSC output power ΩP in each DSA has been derived above.
This section focuses on discussing how to specify the adjustment of the output power for
each VSC to achieve the goals of regulating terminal node voltages and balancing load rates
among interconnected DSAs. In addition, due to the different ΩP in different operating
states, it may not be possible to meet simultaneously the objectives of regulating terminal
node voltages and achieving load rate balancing in certain scenarios. Therefore, set the
priority order for the control goals as follows: No terminal voltage violations > minimize
curtailed PV power > load rate balancing among DSAs.

Since SOP itself does not generate or store active power, the adjustment amount of
active power output from each VSC needs to not only fall within the given range ΩP but
also satisfy the energy conservation constraint, as shown in Equation (15) [26]:

N

∑
n=1

∆PVSC,n = 0 (15)

where N represents the number of interconnected DSAs, and the subscript n denotes the
DSA n, etc.

Define the range of the sum of the ΩP for each DSA, as Ωsum
P , as shown in Equation (16).

Ωsum
P =

{
N

∑
n=1

∆PVSC,n

∣∣∣∣∣ N

∑
n=1

∆PVSC
min,n ≤

N

∑
n=1

∆PVSC,n ≤
N

∑
n=1

∆PVSC
max,n

}
(16)

For energy conservation, when Ωsum
P does not include 0, it indicates that adjusting

VSC output power alone cannot satisfy the voltage constraints at the terminals of each DSA.
In this case, measures such as curtailing PV power or shedding load need to be considered
to change Ωsum

P to include 0. When Ωsum
P includes 0, it indicates that, within the allowable

range of VSC capacity, adjusting the VSC output power can ensure that the voltages at the
end of all DSAs do not exceed the limits. Further consideration can be given to achieving
the control objective of load rate balance.

The proposed strategy involves real-time monitoring of the DSA operating state,
computing Ωsum

P , and then categorizing different operating states into four scenarios. For
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each scenario, a corresponding VSC output power adjustment scheme is designed to meet
the control objectives.

(1) Scenario 1: Ωsum
P does not include 0, i.e.,

N
∑

n=1
∆PVSC

max,n < 0 or
N
∑

n=1
∆PVSC

min,n > 0, as shown

in Figure 6.
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Scenario 1, as shown in Figure 6a, indicates that under the constraint of VSC capacity,
in order to prevent the voltage at the end of each DSA from exceeding the limit, the sum of
active power that needs to be transferred from some DSAs is more than the sum of active
power that the remaining DSAs can consume. This situation means that the SOP cannot
ensure that the voltage at the end of all DSAs does not exceed the limit by transferring
active power between DSAs and provide reactive power compensation. In Figure 6b, under
the constraints of VSC capacity and voltage limits, the sum of active power that some DSAs
need to inject is more than the sum of active power that the remaining DSAs can provide.

The two extreme cases depicted in Scenario 1 illustrate that, even if the entire capacity
of VSC is used to regulate the voltage, it is still impossible to control it within the permissible
range. As shown in Figure 4, curtailing PV power or shedding load changes the relative
position of the two parallel lines representing the voltage limits and the VSC capacity circle.
This change can alter the values of ΩP for each DSA, thereby modifying Ωsum

P to include 0.
Therefore, for the two extreme cases shown in Scenario 1, it is necessary to curtail PV power,
shed load, and cooperate with the SOP to regulate the terminal voltage. The amounts of
minimum PV output power curtailment, minimum load shedding, and VSC output power
adjustment can be determined by optimization model 1, as shown in Equation (17):

(Model 1) min
{∆PVSC,n ,∆QVSC,n ,Pcur,i ,Pshed,j}

N
∑

n=1

(
∑

i∈ΦPV,n

Pcur,i + M ∑
j∈Φload,n

Pshed,j

)
s.t. (P0,n + ∆PVSC,n)

2 + (Q0,n + ∆QVSC,n)
2 ≤ (SVSC,n)

2

U ≤ U0,n + ∆PVSC,n · SVSC
P + ∆QVSC,n · SVSC

Q − ∑
i∈ΦPV,n

Pcur,i · SP,i + ∑
j∈Φload,n

Pshed,j · SP,j ≤ U

∑
n

∆PVSC,n = 0

0 ≤ Pcur,i ≤ PPV,i

0 ≤ Pshed,j ≤ Pload,j

(17)

where ΦPV,n and Φload,n represent the set of nodes connected to PVs and load in the DSA
n, respectively. Pcur,i and Pshed,j represent the amount of PV output power curtailment at
node I and the load shedding at node j, respectively. SP,i and SP,j, respectively, represent
the sensitivity coefficients between the adjustment of injected active power and terminal
voltage at nodes I and j. PPV,i and Pload,j, respectively, represent the PV output power at
node I and the load at node j. M is a sufficiently large number used as a coefficient for
shedding load to achieve the goal of minimizing load shedding as much as possible.

By solving optimization model 1 the minimum shedding of load can be obtained while
minimizing the curtailing of PV as much as possible, along with the active and reactive
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power adjustment values for VSC outputs in all DSAs. The VSC output power reference
values for Scenario 1 are given by Equations (18) and (19):

Pref, I
VSC,n = PVSC,0,n + ∆PVSC,n (18)

Qref, I
VSC,n = QVSC,0,n + ∆QVSC,n (19)

where Pref, I
VSC,n and Qref, I

VSC,n respectively represent the reference values for active and reactive
power outputs of VSC in the DSA n in Scenario 1.

In addition, since the reference values for VSC output power obtained from optimiza-
tion model 1 have already reached the upper limit of VSC capacity, this precisely ensures
that all region voltages are within limits. That is, within the capacity range of VSCs in each
DSA, their operating points are unique. Thus, for Scenario 1, this extreme case does not
allow for further pursuit of the goal of balancing the load rate among DSAs while keeping
the voltages within limits; or it requires additional curtailing PV power or shedding load,
which is evidently not rational. Therefore, Scenario 1 only considers finding the operating
state with the minimum curtailing PV power or shedding the load that ensures all voltages
at the end of the DSAs remain within limits.

(2) Scenario 2: The upper limit of Ωsum
P is set to 0, i.e.,

N
∑

n=1
∆PVSC

max,n = 0, as shown in

Figure 7.
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where ,ΦPV n  and ,Φload n  represent the set of nodes connected to PVs and load in the DSA 
n, respectively. ,cur iP  and ,shed jP  represent the amount of PV output power curtailment 
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Scenario 2, as shown in Figure 7, under the constraints of VSC capacity and the upper
and lower limits of the voltage at the end of each DSA, depicts the minimum amount of the
sum of active power that some DSAs need to transfer to the others, which is equal to the
maximum amount of active power that the remaining DSAs can consume. Moreover, in
this scenario, the VSCs must adjust their output active power according to their maximum
value of ΩP. Because only this adjustment can satisfy the energy conservation constraint,
this means the operating point of the VSC is unique in this scenario. The reference values
for the active and reactive power output of the VSC in the DSA n in Scenario 2 are Pref, II

VSC,n

and Qref, II
VSC,n, as shown in Equations (20) and (21):

Pref, II
VSC,n = PVSC,0,n + ∆PVSC

max,n (20)

Qref, II
VSC,n = QVSC,0,n + ∆QVSC

Pmax,n (21)

(3) Scenario 3: The lower limit of Ωsum
P is equal to 0, i.e.,

N
∑

n=1
∆PVSC

min,n = 0, as shown in

Figure 8.
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Similar to Scenario 2, Scenario 3 as shown in Figure 8, under the constraints of VSC
capacity and the upper and lower limits of the voltage at the end of each DSA, depicts
the maximum amount of the sum of active power that some DSAs need to transfer to the
others, which is equal to the minimum amount of active power that the remaining DSAs
can consume. In this case, each VSC adjusts the injected active power according to their
minimum value of ΩP, and sets the injected reactive power based on the corresponding
adjustment value. The reference values for the active and reactive power output of the VSC
in the DSA n in Scenario 3 are Pref, III

VSC,n and Qref, III
VSC,n, as shown in Equations (22) and (23):

Pref, III
VSC,n = PVSC,0,n + ∆PVSC

min,n (22)

Qref, III
VSC,n = QVSC,0,n + ∆QVSC

Pmin,n (23)

(4) Scenario 4: Ωsum
P includes 0, i.e.,

N
∑

n=1
∆PVSC

min,n < 0 <
N
∑

n=1
∆PVSC

max,n, as shown in Figure 9.
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As shown in Figure 9, Scenario 4 indicates that the interconnected DSAs can not
only achieve the prevention of voltage violations at the end of each DSA by mutually
transferring active power, but the amount of transferred active power can also have mul-
tiple feasible values. This implies that, on the basis of maintaining voltage within the
allowed limits, an optimal power transfer scheme can be selected, balancing the load rates
among DSAs.

The adjustment values of VSC output power for each DSA in Scenario 4 are obtained
from the optimization model 2 as shown in Equation (24):

(Model 2) min
{∆PVSC,n ,∆QVSC,n}

N
∑

n=1
∆Φn

s.t. ∆Φn =
∣∣Φn − Φ

∣∣
Φn = Ptrans

n
Strans

n

Φ = 1
N

N
∑

n=1

Ptrans
n

Strans
n

(P0,n + ∆PVSC,n)
2 + (Q0,n + ∆QVSC,n)

2 ≤ (SVSC,n)
2

U ≤ Un,0 + ∆PVSC,n · SVSC
P + ∆QVSC,n · SVSC

Q ≤ U

∆PVSC
min,n ≤ ∆PVSC,n ≤ ∆PVSC

max,n

∑
n

∆PVSC,n = 0

Ptrans
n = Ptrans

0,n − ∆PVSC,n

(24)

where Strans
n , Ptrans

0,n , and Ptrans
n represent the transformer capacity, the active power flow

before and after adjusting the VSC output power through the transformer in the DSA n,
respectively. Φ, Φn, and ∆Φn represent the average load rate after adjusting VSC output
power, the load rate of the DSA n, and its load rate imbalance degree.

The reference values for the active and reactive power output of the VSC in the DSA n
in Scenario 4 are Pref, IV

VSC,n and Qref, IV
VSC,n , as shown in Equations (25) and (26):

Pref, IV
VSC,n = PVSC,0,n + ∆PVSC,n (25)
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Qref, IV
VSC,n = QVSC,0,n + ∆QVSC,n (26)

The complete process of the proposed strategy is illustrated in Figure 10. At time t,
it begins with monitoring the load rate imbalance degree ∆Φn and voltage values at the
end of feeders Un,0 in each DSA. Next, it checks whether the sum of load rate imbalance
degree in all DSAs exceeds the set range εΦ or if any DSA experiences a voltage violation.
If no exceedance is detected, the output power of the VSCs will not be adjusted. However,

in case of exceedance, it calculates
N
∑

n=1
∆PVSC

min,n and
N
∑

n=1
∆PVSC

max,n, and then determines the

scenario. Following the instructions provided earlier for different scenarios, it adjusts the
VSC output power, curtailing PV power or shedding load accordingly.
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4. Case Study
4.1. Settings of Cases

To validate the effectiveness of the proposed strategy, a flexible interconnected three-
DSAs model was established in MATLAB/Simulink, as shown in Figure 11. The rated
voltage on the AC side UN is 380 V, with voltage limits set at 1.07 UN and 0.93 UN. The
transformers in the three DSAs have rated capacities of 150 kVA, 200 kVA, and 100 kVA,
respectively. The capacities of the three VSCs are all set to 75 kVA.
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The following four simulation cases are designed, and in each case, the proposed
strategy was activated at 0.6 s. The simulation results are illustrated in Figures 12–15.

Case 1: Terminal node voltages of the three DSAs remain within limits, but there is a
significant difference in load rates.

Case 2: Terminal node voltage exceeds limits in a single DSA, and the VSC capacity is
sufficient to regulate.

Case 3: Terminal node voltages exceed limits in two DSAs, and the VSC capacity is
sufficient to regulate.

Case 4: Terminal node voltages exceed limits in all three DSAs, but the VSC capacity
is insufficient to regulate.
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4.2. Results and Discussion

The simulation results for Case 1 are shown in Figure 12 and Table 1. At the beginning,
the load rates among the three DSAs are severely imbalanced. At 0.6 s, the proposed
strategy is activated to adjust the VSC output power. Specifically, the strategy controls DSA
1 and 2, with lighter loads, to transfer 17.35 kW and 25.14 kW of active power to DSA 3,
achieving balanced load rates of around 25% for all three DSAs. As illustrated in Figure 12c,
the VSCs in DSA 1 and 2 increase the injected reactive power, ensuring that terminal node
voltages remain within the permissible range. As shown in Figure 12b, the slightly higher
load rate of DSA 3 compared to DSA 1 and DSA 2 after adjusting the VSC output power is
because VSC 3 increases the active power injection while, at the same time, to prevent the
end-node voltage from exceeding the upper limit, it increases the consumption of inductive
reactive power. This results in increased network losses in the feeder, leading to a slightly
higher load rate in DSA 3. However, it is not necessary for the load rates of the DSAs to be
exactly equal; it is sufficient to avoid severely imbalanced scenarios.

Table 1. Simulation results of Case 1.

DSAs
Terminal Node

Voltage (V)
Load Rate

(%)
SOP Output Active

Power (kW)

Before After Before After Before After

DSA 1 219.14 215.63 13.27 24.73 −0.058 −17.407
DSA 2 214.74 209.91 12.27 25.58 −6.000 −31.145
DSA 3 205.45 210.21 67.34 31.46 6.001 48.494
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The simulation results for Case 2 are shown in Figure 13 and Table 2. At the beginning,
the terminal node voltage of DSA 3 violates the lower limit, reaching 201.03 V. At 0.6 s,
the proposed strategy is activated, as shown in Figure 13c. DSA 1 and 2 transfer 24.04 kW
and 34.05 kW of active power to DSA 3, raising the terminal voltage to 214.35 V, within the
permissible range. Moreover, since the VSC capacity is sufficient, Case 2 falls into Scenario 4
described earlier, where adjusting the VSC output power ensures that all terminal node
voltages meet the constraints. Furthermore, it can further reduce the load rate deviation
among DSAs, as illustrated in Figure 13b, where the load rates of the three DSAs become
approximately equal after the adjustment.

Table 2. Simulation results of Case 2.

DSAs
Terminal Node Voltage

(V)
Load Rate

(%)
SOP Output Active

Power (kW)

Before After Before After Before After

DSA 1 219.14 213.21 13.27 29.38 −0.058 −24.093
DSA 2 214.74 212.92 12.27 33.37 −6.000 −40.047
DSA 3 201.04 214.35 87.38 38.00 6.001 64.081

The simulation results for Case 3 are shown in Figure 14 and Table 3. At the beginning,
the terminal voltages of DSA 1 and DSA 3 violate the upper and lower voltage limits,
reaching 241.85 V and 201.03 V. At 0.6 s, the proposed strategy is activated, as shown in
Figure 14c, and DSA 1 and 2 transfer 57.34 kW and 11.35 kW of active power to DSA 3.
As illustrated in Figure 14a,b, after adjusting the VSC output power, the terminal node
voltages in DSA 1 and 3 return to within the upper and lower limits. Additionally, the load
rates among the three DSAs become approximately balanced. The PV output power in
DSA 1, which is originally unable to be locally consumed, is transferred to DSA 3 for joint
consumption. It is effective in improving the PV consumption rate.

Table 3. Simulation results of Case 3.

DSAs
Terminal Node Voltage

(V)
Load Rate

(%)
SOP Output Active

Power (kW)

Before After Before After Before After

DSA 1 241.84 223.18 −16.11 12.64 −0.062 −53.464
DSA 2 214.74 213.80 12.27 20.06 −6.000 −20.468
DSA 3 201.04 227.84 87.38 29.66 6.000 73.868

Case 4 is an extreme case, and its simulation results are shown in Figure 15 and Table 4.
DSA 1 and 3 have the same initial conditions as in Case 3. In DSA 2, due to excessive PV
output power, the terminal node voltage violates the upper limit severely, reaching 242.87 V.
As shown in Figure 15c, before adjusting the output power of VSC 2, the VSC was already
in a full-capacity operation state and could not further reduce the terminal node voltage by
changing the output power. So, DSA 2 can only reduce the terminal voltage by curtailing
the PV output power. At 0.6 s, the proposed strategy is activated. DSA 1 transfers some of
the unconsumed PV output power to DSA 3 for joint consumption, and the reactive power
compensation of the VSCs is adjusted to ensure that the terminal node voltages of DSAs
1 and DSA 3 return to within the upper and lower limits. DSA 2, due to insufficient VSC
capacity to adjust the terminal voltage, reduces the voltage by curtailing the PV output
power. As shown in Figure 15a, at 0.6 s, the curtailing PV output power calculated based
on the proposed strategy cannot directly bring the terminal voltage of DSA 2 back within
the upper and lower limits, and there is a slight deviation from the upper limit. This is
because the voltage–reactive power sensitivity coefficient mentioned before, derived based
on some approximate assumptions, is an approximate value. In the extreme case with large
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voltage deviations, the power adjustment calculated based on the approximate sensitivity
coefficient cannot completely achieve the expected voltage adjustment, resulting in little
deviation. In this case, the proposed strategy can be repeated in the next control period to
correct this deviation, ultimately satisfying the voltage constraint. In Case 4, the strategy is
executed again at 1.0 s and 1.5 s, as shown in Figure 15a. After two adjustments to the PV
output power at 1.0 s and 1.5 s, the terminal node voltage of DSA 2 also returns to within
the upper and lower limits.

Table 4. Simulation results of Case 4.

DSAs Before
Adjustment

First
Adjustment

(0.6 s)

Second
Adjustment

(1.0 s)

Third
Adjustment

(1.5 s)

Terminal node
voltage (V)

DSA 1 242.87 215.20 215.19 215.19
DSA 2 240.42 236.56 235.59 235.26
DSA 3 200.11 204.76 204.76 204.76

Load Rate
(%)

DSA 1 −17.15 −8.53 −8.52 −8.52
DSA 2 −30.52 25.93 −24.78 −24.38
DSA 3 94.48 83.20 83.20 83.20

SOP output
active power

(kW)

DSA 1 2.271 −11.721 −11.724 −11.723
DSA 2 −63.338 −63.339 −63.338 −63.337
DSA 3 61.000 74.999 75.000 75.000

5. Conclusions

This paper proposes a novel control strategy for SOP to address the issues of the
voltage violations at the end of feeders and the unbalanced load rates among DSAs. This
strategy takes into account the current situation where sensor devices are not sufficiently
equipped in low-voltage DSAs. It achieves control objectives based solely on local infor-
mation from the SOP and the information regarding the transformer load rates, thereby
avoiding the need to establish a global sensor and communication network. Simulation
results demonstrate that the strategy effectively addresses voltage violations and unbal-
anced load rates caused by the inability to locally consume PV output power or handle
heavy loads in DSAs. It could play a significant role in improving RES penetration and the
operational economy of DSAs. What needs attention is when the proposed strategy applies
to real-time scenarios as it has certain limitation. In the extreme case with large voltage
deviations, since the voltage–active power sensitivity coefficient used in this strategy is an
approximate value, it may be difficult to achieve completely the expected voltage adjust-
ment in one cycle. It needs more control cycles to correct this deviation for this strategy.
Future research will explore how to expand this control strategy to make it applicable to
hybrid AC/DC distribution networks.
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