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ABSTRACT: This paper presents an optimal operation method for embedded DC interconnections based on low-
voltage AC/DC distribution areas (EDC-LVDA) under three-phase unbalanced compensation conditions. It can
optimally determine the transmission power of the DC and AC paths to simultaneously improve voltage quality and
reduce losses. First, considering the embedded interconnected, unbalanced power structure of the distribution area, a
power flow calculation method for EDC-LVDA that accounts for three-phase unbalanced compensation is introduced.
This method accurately describes the power flow distribution characteristics under both AC and DC power allocation
scenarios. Second, an optimization scheduling model for EDC-LVDA under three-phase unbalanced conditions is
developed, incorporating network losses, voltage quality, DC link losses, and unbalance levels. The proposed model
employs an improved particle swarm optimization (IPSO) two-layer algorithm to autonomously select different power
allocation coefficients for the DC link and AC section under various operating conditions. This enables embedded
economic optimization scheduling while maintaining compensation for unbalanced conditions. Finally, a case study
based on the IEEE 13-node system for EDC-LVDA is conducted and tested. The results show that the proposed optimal
operation method achieves a 100% voltage compliance rate and reduces network losses by 13.8%, while ensuring
three-phase power balance compensation. This provides a practical solution for the modernization and upgrading of
low-voltage power grids.
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1 Introduction
With the promotion of low-carbon power systems, a significant number of distributed photovoltaic

systems are being integrated into rural distribution networks. The output of photovoltaic systems is character-
ized by strong randomness and intermittency, and a high level of integration on the low-voltage side worsens
the imbalance of the three-phase distribution network, leading to issues such as unbalanced feeder loads,
frequent voltage fluctuations that exceed limits, and reverse power flows [1–4]. Embedded direct current
interconnections (EDC) use flexible power electronics technology to create direct current links within
traditional AC distribution areas, effectively addressing challenges related to dynamic capacity expansion
and power quality in distribution networks, making it a promising direction for future flexible distribution
networks [5,6].
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The EDC-based low-voltage distribution areas (EDC-LVDA) consist of two types: interconnections
between multiple areas and interconnections within a single area. These use AC-DC voltage source convert-
ers (VSC) to enhance power supply capabilities and improve power quality in distribution areas [7]. The
interconnection between areas focuses on solving load balancing issues among different area transformers,
while the interconnection within an area aims to manage low voltage at the end of the area, enable dynamic
capacity expansion, and address three-phase imbalance issues [8,9]. However, commonly used three-phase
three-leg (3P3L) VSCs have limited ability to handle asymmetric and non-linear loads, which prevents
effective compensation of three-phase unbalanced power. Conversely, the three-phase four-leg (3P4L) VSC-
based EDC-LVDC includes a separately controllable fourth leg that allows for independent control of
each phase’s power, providing an effective solution for three-phase unbalance compensation in low-voltage
distribution areas [10,11].

The EDC-LVDC provides a DC path for power transmission, and the transmission power of the DC
path will have a significant impact on the system’s voltage distribution, loss characteristics, etc. Reasonable
optimal regulation of the power in this DC path is crucial to ensuring the high power quality and highly
reliable operation of EDC-LVDA. References [12,13] present a multi-time-scale optimization scheduling
scheme for a flexible interconnected distribution network that integrates SOP and VSC technologies.
Reference [14] proposes an optimization scheduling model for AC-DC low-voltage distribution networks
based on multi-mode flexible interconnection, using convex optimization theory for model convexification
and linearization. Reference [15] addresses the issue of source-load uncertainty in flexible interconnected
distribution networks by proposing an optimization scheduling method based on improved model predictive
control. Reference [16] introduces a comprehensive regulation strategy for three-phase imbalance and
heavy-light load operation issues in flexible interconnected distribution areas, based on a four-bridge-arm
intelligent soft switch, to meet the demands for comprehensive governance of these problems. However, pre-
vious research primarily focuses on load balancing power scheduling for interconnection between multiple
distribution areas, with little attention given to interconnection scheduling within a single distribution area.
Particularly under three-phase imbalance conditions, the imbalance scheduling commands for VSCs within
the distribution area can significantly affect the distribution characteristics of the power flow, necessitating
the establishment of a power flow calculation model and an optimization scheduling method that takes into
account the management of three-phase imbalance conditions within the distribution area.

To address these issues, this paper proposes an optimum operation of EDC-LVDA under three-phase
unbalanced compensation conditions, which can optimally determine the transmission power of the DC
and AC path to simultaneously achieve optimization of voltage quality and losses. Firstly, a power flow
calculation method for EDC-LVDA under three-phase imbalance compensation conditions is proposed,
which considers the power flow distribution characteristics. Secondly, under three-phase unbalanced
conditions, an optimization scheduling model for flexible low-voltage distribution areas is constructed,
incorporating network losses, voltage quality, DC circuit losses, and imbalance levels. The Improved particle
swarm optimization (IPSO) algorithm is employed to adaptively select the power distribution coefficients
for DC and AC paths under different operating conditions, achieving embedded economic optimization
scheduling while ensuring compensation for imbalance conditions. The potential applications of this method
focus on urban and rural low-voltage distribution networks, renovation of aging power grids, and AC/DC
hybrid microgrids. It can solve three-phase unbalance issues, improve voltage stability, reduce network
losses, adapt to the integration of distributed energy resources, and is suitable for scenarios with large load
fluctuations or in need of upgrading.

The paper is organized as follows: the second part of this paper introduces the operation of 3P4L-
based EDC-LVDA under unbalanced compensation conditions. The third part introduces the power flow
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calculation method for EDC-LVDA under unbalanced compensation conditions. The fourth part introduces
a scheduling optimization strategy for EDC-LVDA. The fifth part presents the case study analysis, and the
sixth part is the conclusion of this paper.

2 Operation of EDC-LVDA under Unbalanced Compensation Conditions
Fig. 1 shows the basic structure of EDC-LVDA. At both the beginning and the end of the distribution

area, VSC converters are used to construct embedded DC links, enabling dynamic capacity expansion
of the original AC distribution area and compensating for the three-phase imbalance of the distribution
transformers in the area. The connections of different PVs and loads are unordered, and not all of them
are three-phase symmetric connections, which is also the reason for the three-phase imbalance in the
distribution network. To achieve the three-phase compensation of the AC area, the VSC uses the 3P4L-based
VSC, its topology is plotted in Fig. 1. The typical operation of the EDC-LVDA can be described as follows:

1. The VSC1 at the beginning is responsible for controlling the DC bus voltage of the embedded DC link,
allowing for flexible routing of power between the source and the load.

2. The VSC2 at the tail end outputs a precise phase-shifted signal based on the power signal received from
the head end, which uses a split-phase active and reactive power control to achieve compensation for
three-phase power imbalances. The details operation of active and reactive power control can be found
in reference to [17].

AC
Distribution Area

VSC1

DG

batte
ry

battery

VSC2

EDC

DC

AC

AC

DC

PTa

A

B

C

N

A

B

C

N

PTb

PTc

PLa

PLb

PLc

Goal: three-phase
power balance in

transformer DC Bus
Control

P1a P1b P1c P2a P2b P2c

Split-phase power
Compensation

Three-phase Unbalanced
Compensation

Three-phase power
Equalization

Opertion

Pdc

PTa=PTb= PTc

eA

eB

eC

iLA LA RA

iLB LB RB

iLC LC RC

S1

VD1 VD3

S5

VD5 VD7

S3 S7

S2

VD2 VD4

S6

VD6 VD8

S4 S8

Cdc Udc

iN

RL

Three-phase Four-leges VSC

DC path

Single phase line

Two phase lines

Three phase four wire lines

Figure 1: The basic structure and operation of EDC-LVDA

The embedded DC link not only compensates for unbalanced power but also enables dynamic capacity
expansion of the AC area, providing a new energy routing channel for the power loads in the area. The power
processed by the DC-links will affect the voltage quality and power loss of the whole distribution area, thus
the power analysis is presented.
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The goal of the EDC-LVDA is to achieve three-phase power balance in transformers, thus can be
obtained as

PTa = PTb = PTc =
1
3
(PLa + PLb + PLc + Pl oss) (1)

where PTi (i = a, b, c) is each phase power at the input transformer, PLi (i = a, b, c) is each phase load, which
is unbalanced due to the strong randomness and intermittency of the load and PVs. Ploss is the power loss of
the whole EDC-LVDA system.

Defining the power distribution ratio k (0 < k < 1) to stand for the ratio of the power processed by the
EDC path that accounts for the total power, i.e.,

P1a = P1b = P1c = kPTa = kPTb = kPTb (2)

where P1i (i = a, b, c) is each phase power for VSC1. Thus, the power of the EDC Pdc can be obtained as

Pd c = kPtotal = k (PLa + PLb + PLc) (3)

where ptotal is the total power of the loads in EDC-LVDA.
VSC2 is using the split-phase active and reactive power control to compensate for the load unbalance

for each phase, thus the following stages can be obtained as

⎧⎪⎪⎪⎨⎪⎪⎪⎩

P2a = PLa − (1 − k)PTa
P2b = PLb − (1 − k)PTb
P2c = PLb − (1 − k)PTc

(4)

where P2i (i = a, b, c) is each phase power for VSC2, which is unequal under the unbalanced compensa-
tion conditions.

Based on the above analysis, the power distribution ratio k directly determines the power processed by
the DC path. If k = 0, which means the power is fully transferred by the AC path, and k = 1 means that the
power is fully transferred by the EDC part. Meanwhile, due to the different characteristics of the AC and
DC parts, a different power distribution ratio k will affect the voltage quality of each port and the power
losses of the whole area. Therefore, how to allocate the power between the AC and DC routing paths, while
ensuring three-phase balance in the embedded distribution transformer and optimizing the voltage quality
of the AC/DC area and the overall network loss, is a critical issue that needs to be addressed urgently.

3 Power Flow Calculation Method for EDC-LVDA under Unbalanced Compensation Conditions
The foundation for optimizing the power distribution ratio k, which affects the losses and power

quality in EDC-LVDA, is the accurate calculation of the power flow under imbalance conditions. This paper
proposes a power flow calculation method for EDC-LVDA under three-phase imbalance compensation
conditions, which considers the power flow distribution characteristics under AC-DC power distribution.
The details are as follows.

Fig. 2 shows the detailed calculation diagram of the power flow, which consists of five steps as follows.
Step 1: Initialize and calculate the AC power flow to get the total power and load conditions.
Step 2: Calculate Pdc with Eq. (3) and recalculate the AC power flow with the updated AC power [18].
Step 3: Calculate each phase power of the VSC1 and VSC2 with Eqs. (2) and (4).
Step 4: Iterative calculation of AC power flow.
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Step 5: If the calculations do not converge, re-run the iterative calculations.

Figure 2: The calculation diagram for EDC-LVDA under unbalanced compensation conditions

Based on the above calculation diagram, the iterative AC/DC compensation process in the EDC-LVDA
can be plotted in Fig. 3, and the detailed descriptions can be obtained as follows.

(1) Set the initial values for each substation area and input the raw data.
(2) First iteration: Determine the power transfer coefficient k and the parameters at the EDC. Set the

control mode of the upstream VSC to dc-bus, while the downstream VSC is set to split-phase active and
reactive power control. Use the following equation to balance the loads within the distribution area.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pac_d

(1 − λV SC_ l oss)
− Pd1 = 0

Pd c_ l oss

ZDCBranch
× V 2

DCbus − P2
d2 = 0

Pd1 − Pd c_ l oss + Pd2 = 0

(5)

where Pd1 and Pd2 are the input and output power of the EDC, and λVSCLoss is the loss parameter of the VSC
converter, ZDCBranch is the resistance of the DC path, VDCBus is the DC bus voltage, Pdcloss is the power loss
of the DC distribution lines.

(3) Second iteration: During the first calculation of the AC-DC power flow, balance the loads within the
substation area using three-phase averages.

(4) Perform the second AC-DC iteration. If the three phases within the substation area are still unbalanced,
introduce new active and reactive power balancing measures and inject power from the tail end to
achieve balance.

(5) Record the iterative values of the AC-DC power flow and compare the differences with the previous
iteration to determine whether convergence has occurred.
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Figure 3: The iterative compensation power process for AC-DC in an EDC-LVDA system

4 Optimization Operation for EDC-LVDA under Unbalanced Compensation Conditions
Due to the different PV and load conditions at different times, the optimal k for the minimal power loss

and voltage qualities is different. And the main point of the proposed optimum operation is to dynamically
regulate the k under different load and PV conditions to achieve the minimum power loss and high-quality
voltages. The optimal operation consists of two parts: the optimization model and the optimization solving
algorithm. Among them, the optimization model includes two components: the objective function and the
constraints. The details of each part are introduced as follows.

4.1 Objective Function
The objective of optimization is to achieve a comprehensive optimization of voltage quality and system

losses while ensuring full compensation of three-phase imbalances. Thus, the objective function can be
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represented as a weighted sum of the distribution network losses and voltage quality as follows.

min F = α1
f1

s1
+ α2

f2

s2
(6)

where f 1 and f 2 represent the objective function values for the distribution network loss and voltage quality,
respectively. S1 and S2 are the reference values for f 1 and f 2, which are based on the values of f 1 and f 2 when the
distribution area has not inserted an EDC part. α1 and α1 are the weights assigned to f 1 and f 2, respectively.

4.1.1 Objective Function of Power Loss f1 in EDC-LVDA
The power loss f 1 in the EDC-LVDA system consists of the VSC converter loss f V SC

l oss , AC path loss f AC
l oss ,

and DC path loss f d c
l oss , which can be obtained as

f1 = f vsc
l oss + f d c

l oss + f ac
l oss (7)

The loss of each part can be obtained as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f vsc
l oss = ∑

t∈T
∑

z∈Lvsc
∑

ϕ;=a ,b ,c ,n
∣Ivsc

z ,ϕ ,t ∣2 Rvsc
z ,ϕΔt

f d c
l oss = ∑

t∈T
∑

z∈Ldc
2(Id c

z ,t)2Rd c
z Δt

f ac
l oss = ∑

t∈T
∑
z∈L

∑
ϕ=a ,b ,c ,n

∣ Iz ,ϕ ,t ∣
2 Rz ,ϕΔt

(8)

where the symbol Z denotes the branch number connecting nodes i and j. Iz,ϕ,t and Ivsc
z ,ϕ ,t represent the current

flowing through a single line in the AC branch and the VSC equivalent loss branch at time t. Rvsc
z ,ϕ is the

resistance of the VSC equivalent loss branch. ϕ indicates the phases a, b, c, and the neutral line n. Id c
z ,t is the

current flowing through the DC branch at time t. Rz,φ and Rd c
z are the line resistances of a single line in the

AC and DC branches, respectively.

4.1.2 Objective Function of Power Quality f2 in EDC-LVDA
The power quality for each node can be indicated by the voltage deviation. Thus, f 2 is specified by the

voltage ui of phase i at the first end of the station and can be expressed as:

f2 =
ui − ue

ue
× 100% (9)

where ue is the rated voltage.

4.2 Constraint Functions
4.2.1 Operation Power Constraint of VSC

The processed power of VSC must satisfy the following equations as

(PV SC)2 + (QV SC)2 ⩽ (SV SC)2
(10)

where QVSC and PVSC are the processed active and reactive power of the VSC, respectively. And the SVSC is
the power capacity of the VSC.
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4.2.2 Power Balance Constraint of the Nodes
The balance constraints of active power and reactive power at node i must satisfy the following

equation as

{
Pin , i ,t + PLoad

i ,t + PV SC
i ,t = PDT

i ,t + PPV
i ,t

Qin , i ,t + QLoad
i ,t + QV SC

i ,t = QDT
i ,t + QPV

i ,t
(11)

where Pin,i,t and Qin,int are the injected active and reactive power of the node i at time t, respectively. Pl oad
i ,t

and Q l oad
i ,t denote the active and reactive power of conventional loads at time t, respectively. PDT

i ,t and QDT
i ,t

represent the active and reactive power injected into the node i by the distribution transformer at time t. PV SC
i ,t

and QV SC
i ,t are the active and reactive power of the voltage source converter (VSC) at time t, respectively; PPV

i ,t
and QPV

i ,t indicate the active and reactive power generated by PV systems at time t.

4.2.3 Current Constraints of the Branches
At time t, the current Iz,t flowing through branch z needs to satisfy.

∣ Iz ,t ∣ ⩽ Iz ,max (12)

where Iz,max is the maximum value of the current in branch z.

4.2.4 Operation Constraints of the DC System
The power balance of the DC nodes can be expressed as

Pd c
in , i ,t + PLoad

i ,t = PV SC ,d c
i ,t + PPV

i ,t (13)

where Pd c
in , i ,t is the injected power of node i at time t, and the Pvsc .d c

i ,t is the injected power by the VSC of node
i at time t.

The DC voltage at all the time and nodes must be between the allowable range, which can be expressed as

U d c
min ⩽ U dc

i ,t ⩽ U d c
max (14)

where U d c
i ,t is the dc voltage of the node i at time t. U d c

min and U d c
max are the allowable minimum and maximum

values of the dc voltage.
Similarly, the current limitation of each branch can be expressed as

−Idc
z ,max ⩽ Idc

z ,t ⩽ Idc
z ,max (15)

where Id c
z ,t is the dc current of the branch z at time t. Id c

z ,max and U d c
max are the allowable maximum value of

the dc current.

4.2.5 Power Constraints of the PV Nodes
The output power of the PV system must satisfy the following equations as

(PPV
i ,t )

2 + (QPV
i ,t )

2 ⩽ (SPV
N )

2
(16)
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where PPV
i ,t and QPV

i ,t are the active and reactive power of the PV in node i at time t, respectively. SPV
N is the

power capacity of the PV inverters.

4.3 Solving Algorithm
In this paper, a two-layer solving algorithm based on the improved Particle Swarm Optimization (IPSO)

algorithm is used for model solving. The upper layer is the power flow model, and the lower layer is the IPSO
optimization model. IPSO gradually approaches the optimal solution based on the flying experience of the
swarm and the learning process of individuals, achieving optimization of the problem, and is widely applied
in the field of power system optimization scheduling [19–21]. The detailed steps of IPSO are shown in Fig. 4,
the details operation steps can be obtained as follows:

Step 1: Solve the upper model. Define decision variables, such as the power factor transferred between
substations and the transfer relationships within the substations.

Step 2: Input data such as photovoltaic output and load to calculate the initial values for power flow.
Step 3: Solve the lower-level optimization. Initialize the particle swarm, where each particle repre-

sents a potential solution. The initial positions are random but constrained by the feasible region of the
decision variables.

Step 4: Set the IPSO parameters, such as inertia weight and individual learning factors.
Step 5: Update using velocity and position updating formulas and calculate the fitness function value.
Step 6: Perform iterative searching, evaluate the objective function value at the new position, and update

individual and global best positions.
Step 7: Determine whether the power flow has converged. If not, repeat the cycle. If converged, output

the optimization results.

Figure 4: Two-layer solving algorithm process based on the PSO method
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5 Case Study Analysis
To verify the effectiveness of the proposed optimization scheduling method, an IEEE 13-node network-

based EDC-LVDA case study is built and tested. The topology of the EDC-LVDA is shown in Fig. 5, in
which a DC is embedded between the first and last nodes of the AC system, and the capacity of the DC
interconnection converter is 500 kVA. The resistance of the embedded DC line is 0.015 (per unit value, same
below), and the converter parameters are R = 0.001 and X = 0.002. The maximum absolute value of the
iterative convergence error is set to be less than ε (1 × 10−9). VSC1 uses DC-bus voltage control, while VSC2
employs split-phase active and reactive power control. The photovoltaic inverter has a capacity of 20 kVA,
and the maximum output of the single-phase photovoltaic system is 10 kW. The output power curves of the
photovoltaic nodes at different times are shown in Fig. 6. Table 1 summarizes the connected rated power
under different nodes, and the load utilization factor of each node at various times is shown in Fig. 7.

Figure 5: The topology of the IEEE 13-node network based EDC-LVDA case study

Figure 6: Output power of each PV node
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Table 1: The connected rated power loads under different nodes

Nodes Phase A (kW + jkvar) Phase B (kW + jkvar) Phase C (kW + jkvar)
2 10 + j2 15 + j2 5 + j2
3 10 + j4 16 + j6 16 + j5
4 10 + j4 12 + j4 12 + j5
5 / 17 + j6 20 + j7
6 / 23 + j10 /
7 10 + j5 20 + j10 15 + j10
8 5 + j2 / /
9 / 6 + j2 17 + j8
10 12 + j7 / /
11 20 + j11 10 + j6 15 + j8
12 10 + j4 5 + j3 15 + j7
13 20 + j8 15 + j5 10 + j6

Figure 7: The load utilization factor at different times

Fig. 8 shows the convergence curves of power flow and the optimization method. Fig. 8a shows the
convergence curves of maximum absolute difference (∣Vma_ i − Vma_ol d i ∣) in the power flow calculation
process. It can be seen that the power flow can converge quickly and meet the convergence requirements.
Based on the above parameters in the EDC-LVDA system, the conventional PSO, genetic algorithm (GA),
and the proposed IPSO-based algorithm are respectively used to solve the objective and optimized model
functions proposed in this paper, and the convergence curves are shown in Fig. 8b. The IPSO-based
algorithm can converge quickly and obtain the minimum optimal convergence value of 39.1932, showing a
better optimization effect.

The optimal power distribution ratio k during an entire day has been obtained using the proposed
optimization scheduling algorithm, as shown in Fig. 9. The corresponding total system loss is depicted
in Fig. 10. It can be observed that compared to a fixed power distribution ratio, the proposed method can
dynamically calculate the optimal power distribution ratio k, obtaining a significantly lower network loss,
with a total loss reduction of 13.8% in a day.
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Figure 8: Convergence curves of power flow and optimization method. (a) Power Plow Calculation process; (b)
optimization process under different algorithms

Figure 9: The optimized power distribution ratio

Figure 10: Power loss comparison

Fig. 11 shows the active and reactive power data of each phase at the transformer of the distribution area
under the optimal power distribution ratio k. With the proposed optimization scheduling method, the power
of each phase can maintain a three-phase power balance despite fluctuations in load and photovoltaic power.
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This sufficiently demonstrates that the proposed EDC-LVDA scheduling strategy can achieve balanced load
distribution in the distribution area even under unbalanced load conditions.

Figure 11: The active and reactive power data of each phase at the transformer and the times

Fig. 12 shows the voltage conditions of each node in the distribution area for each phase. The voltages at
all nodes remain within the acceptable standard range of [0.95, 1.05], indicating that the proposed method can
effectively address the low voltage issues in the distribution area and ensure the voltage quality of the system.

Figure 12: The voltage conditions of each node in the distribution area for each phase

6 Conclusions
Aiming to address the challenge of power optimization scheduling within an EDC-LVDA, this paper

proposes an optimization scheduling strategy for interlinked flexible distribution networks that takes into
account three-phase unbalance compensation. Firstly, a power flow calculation method for low-voltage
flexible distribution areas that considers three-phase unbalance compensation is proposed. This method
can effectively describe the power distribution characteristics under both AC and DC power allocation.
Secondly, an optimization scheduling model for flexible low-voltage distribution areas has been constructed,
which accounts for network losses, voltage quality, losses in the DC section, and three-phase imbalance.
This model can adaptively select the power distribution coefficients for the DC and AC sections under
different operating conditions, achieving embedded economic optimization while ensuring compensation
for unbalanced conditions. Finally, a case study based on the IEEE 13 bus system is established to validate
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the proposed method. The results indicate that the proposed method can achieve 100% voltage compliance
rate and a 13.8% reduction in network losses, which can support the integration of distributed energy, adapt
to new loads such as electric vehicles, strengthen grid resilience, and provide a practical solution for the
modernization of low-voltage power grids.

Besides, the proposed approach is designed for the optimal operation of EDC interconnections within
a single area. While its current version does not apply to EDC interconnections between different areas,
the extension of this approach to cross-area EDC interconnection scenarios will be elaborated in our
future publications.
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