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Abstract

With the continuous increase in the penetration of single-phase microgrids in low-voltage
distribution networks (LVDNs), the phase asymmetry of source–load distribution has made
the problem of three-phase imbalance increasingly prominent. To address this issue, this
paper proposes an active–reactive power coordinated optimization model for distribution
network–microgrid clusters considering three-phase imbalance mitigation. The model is
formulated within a master–slave game framework: in the upper level, the distribution
network acts as the leader, formulating time-of-use prices for active and reactive power
based on day-ahead forecast data with the objective of minimizing operating costs. These
price signals guide the flexible loads and photovoltaic (PV) inverters of the lower-level
microgrids to participate in mitigating three-phase imbalance. In the lower level, each mi-
crogrid responds as the follower, minimizing its own operating cost by determining internal
scheduling strategies and power exchange schemes with the distribution network. Finally,
the resulting leader–follower game problem is transformed into a unified constrained
model through strong duality theory and formulated as a mixed-integer second-order
cone programming (MISOCP) problem, which is efficiently solved using the commercial
solver Gurobi. Simulation results demonstrate that the proposed model fully exploits the
reactive power compensation potential of PV inverters, significantly reducing the degree of
three-phase imbalance. The maximum three-phase voltage unbalance factor decreases from
3.98% to 1.43%, corresponding to an overall reduction of 25.87%. The proposed coordinated
optimization model achieves three-phase imbalance mitigation by leveraging existing
resources without the need for additional control equipment, thereby enhancing power
quality in the distribution network while ensuring economic efficiency of system operation.

Keywords: low-voltage distribution network; photovoltaic inverter; three-phase imbalance;
distributed photovoltaics; multi-microgrid; flexible load

1. Introduction
With the rapid development of renewable energy and the large-scale integration of

distributed generation, the traditional operation paradigm of distribution networks is un-
dergoing profound transformation. As an emerging distribution network architecture, the
hybrid integration of single- and three-phase microgrids has attracted significant attention
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in recent years owing to its flexibility and efficiency [1–3]. By embedding single-phase
microgrids into three-phase distribution networks, diverse distributed resources can be
coordinated and optimally scheduled, thereby improving resource utilization efficiency and
alleviating operational pressure on distribution networks. However, this transformation
also poses a series of technical challenges related to the operational characteristics of hybrid
single–three-phase distribution networks, including three-phase imbalance mitigation, un-
certainty management of distributed energy, and optimal scheduling of flexible loads [4–6].
In this context, the coordinated operation between transmission and distribution systems is
particularly important. The traditional ‘passive’ distribution network is gradually evolving
to ‘active’, and the transmission system needs to share flexible resources to jointly deal
with systemic problems such as voltage instability and line congestion. For example, the
F-channel platform developed by Greece under the framework of ‘OneNet’ project in Refer-
ence [7] realizes the collaborative optimization of transmission and distribution networks
in congestion management, frequency and voltage control through artificial intelligence
and high-resolution weather forecast, and shows the great potential of cross-voltage level
collaborative management in improving system flexibility and power quality.

At present, domestic and foreign scholars have formed a variety of technical routes
in the treatment of three-phase imbalance in the distribution network, and have made
remarkable progress. The existing achievements can be roughly divided into two cat-
egories: one is based on the scheme of external governance equipment. Literature [8]
proposes two modes of commutation switch photovoltaic regulation and flexible load
demand response to solve the problem of three-phase imbalance caused by distributed
photovoltaic access, and optimize new energy consumption and reduce governance costs.
Reference [9] proposed a multi-objective optimization model of active distribution network
with commutation soft switching based on three-phase four-wire back-to-back voltage
source converter topology. Reference [10] proposed an optimization model combining
reactive power compensation devices such as on-load voltage regulating transformers and
packet switching capacitors. Reference [11] proposed a three-phase four-wire DSTATCOM
reference current calculation method based on PR controller and particle swarm optimiza-
tion to achieve zero-sequence, harmonic and reactive power compensation, and optimize
active power fluctuation control. These methods can effectively improve the three-phase
balance by directly injecting compensation current or adjusting the network structure, but
they usually require additional investment, and the economy needs to be improved. The
second is to tap the potential of existing distributed resources, which provides a new way
of thinking for the governance model. For example, reference [12] proposed a three-phase
unbalance optimization method for distribution network based on iterative linearization,
which uses photovoltaic inverter regulation to adjust voltage by optimizing active and
reactive power output to reduce the three-phase unbalance degree of distribution network.
Reference [13] proposed a voltage-reactive power coordinated control method based on
low-voltage distributed photovoltaic inverters to flexibly compensate the reactive power
demand of the distribution network. Reference [14] constructed a two-stage optimization
model through photovoltaic phase selection switching, inverter reactive power regulation
and energy storage active power regulation, which effectively reduced the three-phase
unbalance and network loss of the distribution network. These studies achieve unbalanced
governance by optimizing control, indicating that existing distributed resources themselves
have the potential to participate in system regulation.

Although the above research has made important progress, there are still obvious
limitations and room for expansion. First of all, most studies focus on centralized optimal
control at the technical level, and lack effective market mechanisms and economic incentives
to guide the active participation of the lower microgrid. Secondly, in terms of methodology
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and research perspective, existing work, such as reference [15], focuses on data-driven
black-box optimization, which is good at dealing with uncertainty but difficult to provide
verifiable optimal benchmarks in deterministic scenarios. Reference [16] focused on passive
safety assessment after failure, rather than pre-prevention through market mechanisms.
In addition, in the study of three-phase imbalance control, the existing schemes mostly
consider the regulation of active or reactive power in isolation, and fail to form a complete
solution to synergistically utilize the potential of the two under the market mechanism.

In view of the above shortcomings, this paper proposes a framework for active and re-
active power collaborative optimization of distribution network-microgrid group based on
master-slave game and price incentive. The contribution of this paper lies in methodology,
the unified MISOCP solution strategy strictly guarantees the existence and feasibility of the
equilibrium solution of the game. From the perspective of research, based on ‘active pre-
vention‘, we guide the pre-optimization of resources by constructing a day-ahead market
mechanism. On the technical mechanism, based on the master-slave relationship between
the distribution network and each microgrid in the electricity market, this paper uses eco-
nomic incentives to guide the power generation side of each microgrid in the lower layer
to use existing resources and load side control for three-phase imbalance management. The
distribution network guides the flexible load demand response of each microgrid through
the active time-of-use electricity price, and guides the photovoltaic inverters of each micro-
grid through the reactive power price incentive to actively participate in the three-phase
imbalance management. The active and reactive power collaborative optimization model
of distribution network-microgrid group considering three-phase imbalance management
is established. As the leader of the upper distribution network, based on the day-ahead
forecast data, the active and reactive time-of-use electricity prices for the lower microgrids
are formulated to minimize the operating costs. Each microgrid in the lower layer acts as a
respondent, and formulates a power interaction plan and an internal scheduling scheme
designed to minimize its own operating costs based on the electricity price information
provided by the upper layer. Through the unified solution of the master-slave game of
distribution network-multi-microgrid, the formulation and implementation of the optimal
operation strategy are finally realized. Finally, the effectiveness of the proposed model is
verified by simulation examples.

The structure of this paper is as follows: In the second section, the collaborative
optimization framework of distribution network-microgrid group is constructed, and the
master-slave game mechanism based on electricity price incentive is clarified. In the third
section, a refined model of distributed resources is established, including reactive power
regulation of photovoltaic inverters, flexible load demand response and multi-energy
coupling constraints. In the fourth section, a unified solution method of two-level model
based on strong duality theory and KKT condition is proposed, which transforms the
master-slave game into a mixed integer second-order cone programming problem that can
be solved efficiently. In the fifth section, the effectiveness of the model is verified by multi-
scenario simulation, and the performance differences in SVG governance, flexible load
response and comprehensive coordination are compared, and the influence of photovoltaic
uncertainty processing is analyzed. The sixth section discusses the advantages of the
proposed method in engineering applications; the seventh section summarizes the core
conclusions and proposes future research directions.

2. Construction of Coordinated Optimization Framework
The distribution network employs time-of-use electricity prices for active and reactive

power to guide flexible load demand response in downstream microgrids, while using in-
verter reactive power output to mitigate three-phase imbalance and improve power quality.
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The basic structure of the system is shown in Figure 1. A, B and C are three single-phase
microgrids respectively.
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Figure 1. Basic Structure of the Distribution Network–Microgrid Cluster.

This paper proposes a coordinated active and reactive power optimization model
for distribution networks with microgrid clusters, considering three-phase imbalance
mitigation. First, the distribution network determines the active and reactive power prices
and issues them to the downstream microgrids. Each microgrid then develops a power
interaction plan with the distribution network and an internal scheduling scheme based
on the information provided, and feeds the optimized power curves back to the upstream
network. Next, the distribution network updates the issued active power prices and
reactive power compensation prices according to the feedback from the microgrids. Finally,
the entire model is optimized using a unified solution method, resulting in the formulation
and implementation of the optimal operation strategy. The detailed procedure is illustrated
in Figure 2.
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3. Modeling of Distributed Resources Considering Three-Phase
Imbalance Mitigation
3.1. Modeling of Photovoltaic Inverters

The idle capacity of inverters in single-phase microgrid photovoltaic systems is fully
utilized to provide reactive power compensation for the distribution network, enabling flex-
ible adjustment of reactive power output and mitigation of three-phase imbalance [17–20].
The maximum reactive power output of a photovoltaic inverter is calculated as follows: Qmax

PV =
√

S2
N − P2

PV

P2
p,PV(t) + Q2

p,PV(t) ≤ S2
p,N

(1)

where p denotes the phase identifier, taking values from the set {A, B, C}, representing
phases A, B, and C, respectively; Pp,PV(t) represents the active power output of the PV in-
verter on phase pat time t; Qp,PV(t) represents the reactive power output of the PV inverter
on phase pat time t; Sp,N denotes the rated capacity of the inverter on phase p; PPV is the
rated active power of the grid-connected PV system; Qmax

PV signifies the maximum reactive
power output capability of the inverter.

3.2. Modeling of Flexible Loads

Flexible loads, as key controllable resources, can respond to price signals through load
shifting and power curtailment. By guiding their operation with appropriately designed
time-of-use electricity prices, flexible loads can not only reduce the system load peak-to-
valley difference but also enhance the distribution network’s capacity to accommodate
distributed photovoltaic generation, thereby mitigating voltage fluctuations and three-
phase imbalance to a certain extent.

(1) Price Response Characteristics of Shiftable Loads
Pt

tr = Pt
tr0[1 + εt

tr(αt − α0
t )/α0

t ]
T
∑

t=1
Pt

tr0 =
T
∑

t=1
Pt

tr

τtPmin
tr ≤ Pt

tr ≤ τtPmax
tr

(2)

where Pt
tr and Pt

tr0 represent the shiftable load at node i under the dynamic electric-
ity price and the benchmark electricity price at time t, respectively; εt

tr is the price
elasticity coefficient of the shiftable load at node i; αt and α0

t denote the electricity
purchase price and the benchmark electricity price at time t, respectively; τt is a binary
variable (0–1), where τt = 1 indicates that the shiftable load transfer occurs at time t;
Pmax

tr and Pmin
tr represent the upper and lower limits of the node power after load

transfer, respectively.
(2) Price Response Characteristics of Curtailable Loads

Pt
cut = υtPt

cut0[1 + εt
cut(αt − α0

t )/α0
t ]

t+tmax
cut

∑
t

(1 − υt) ≥ 1

t+tmin
cut −1
∑
t

υt ≥ tmin
cut (υt − υt−1)

(3)

where Pt
cut and Pt

cut0 represent the curtailable load at node i under the dynamic electricity
price and the benchmark electricity price at time i, respectively; υt is a binary variable
(0–1), where υt = 1 indicates that the curtailable load curtailment occurs at time t;
εt

cut is the price elasticity coefficient of the curtailable load at node i; and tmin
cut denote the

maximum and minimum allowable duration for load curtailment, respectively.
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3.3. Load and Distributed Generation Models

The injection current direction is adopted as the reference direction, and both loads
and distributed generation are modeled using constant power models. The models, along
with the three-phase and four-wire low-voltage distribution network (LVDN) power flow
equations, are described in [14].

4. Bi-Level Optimal Scheduling Model
4.1. Distribution Network Model
4.1.1. Objective Function of the Distribution Network

The distribution network aims to minimize its own operating cost and determines the
time-of-use active power prices and reactive power compensation prices for each microgrid.
Its objective function is formulated as follows:

minC1 =
T

∑
t=1

[
3

∑
p=1

Ct
Grid,i,p +

3

∑
p=1

Ct
Loss,i,p + Ct

g

]
∆t + α fc (4)

where p = 1, 2, 3 correspond to phases A, B, and C, respectively; Ct
Grid,i,p represents

the transaction cost between the distribution network and the microgrid at node i on
phase p during time period t; Ct

Loss,i,p denotes the network loss cost associated with the
microgrid at node i on phase p during time period t; Ct

g signifies the cost incurred by
the distribution network for purchasing active power from the superior grid during time
period t; fc is the total investment cost of static var generator (SVG); α is a coefficient (value
is 0 or 1), 1 is taken when SVG is installed, and 0 is taken when SVG is not installed.

(1) Cost of Purchasing Electricity from Microgrids

Ct
Grid,i,p = (δt

buy,i,pPt
buy,i,p − δt

sell,i,pPt
sell,i,p + δt

Q,i,pQt
i,p) (5)

where δt
buy,i,p, δt

sell,i,p, and δt
Q,i,p represent the electricity prices at which the distribution

network purchases active power from, sells active power to, and purchases reactive
power from the microgrid at node i on phase p during time period t, respectively;
Pt

buy,i,p, Pt
sell,i,p, and Qt

i,p denote the active power purchased by the distribution net-
work from, active power sold by the distribution network to, and reactive power
purchased by the distribution network from the microgrid at node i on phase p during
time period t, respectively.

(2) Network Loss Cost

Ct
Loss,p =

n−1

∑
l=1

3

∑
p=1

PLossl,pδt
sell,p (6)

where n represents the total number of nodes in the system network; l = 1, 2, · · · , n− 1
indexes the branches; PLossl,p represents the power loss on phase p of branch l during
time period t.

(3) Cost of Purchasing Electricity from the Superior Grid

Ct
g = δt

pPt
g (7)

where δt
p denotes the price at which the distribution network purchases active power

from the superior grid during time period t; Pt
g represents the active power purchased

by the distribution network from the superior grid during time period t.
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(4) Cost of SVG

The total investment cost fc of SVG includes the investment construction cost Cin and
the operation and maintenance cost Com of SVG. The specific calculation formula is:

fc = Cin + Com (8)

Cin = cSVG

n

∑
i=1

SSVG,i (9)

Com = kSVGCin,SVG (10)

where cSVG represents the investment and construction cost per unit capacity of SVG;
SSVG,i represents the installation capacity of SVG on the i th node; kSVG represents the
annual operation and maintenance cost coefficient of SVG.

4.1.2. Constraints

(1) Electricity Purchase and Sale Constraints

0 ≤ Pt
buy,i,p ≤ Pt

buy,i,p,max (11)

0 ≤ Qt
buy,i,p ≤ Qt

buy,i,p,max (12)

where Pt
buy,i,p,max is the maximum value of the active power sold to the distribution

network by the node i microgrid p in the period t; Qt
buy,i,p,max is the maximum value

of reactive power sold by node i microgrid to distribution network in t period.
(2) Electricity Price Constraints

(1 − β)δt
f ≤ δt

buy,i,p ≤ (1 + β)δt
f , ∀t, ∀p, ∀i (13)

(1 − β)δt
f ≤ δt

sell,i,p ≤ (1 + β)δt
f , ∀t, ∀p, ∀i (14)

where β represents the electricity price adjustment coefficient, and its numerical
range is set between 0 and 1. Based on the time-of-use electricity price of the main
network, the distribution network can flexibly set the time-of-use purchase and sale
electricity price for each micro-network within a certain range, so as to give full
play to the incentive role of the time-of-use electricity price in guiding electricity
consumption behavior.

(3) Node Voltage Constraints

Umin,i ≤
∣∣Ui,p,t

∣∣ ≤ Umax,i (15)

where Umin,i and Umax,i are the minimum and maximum allowable values of node
voltage, respectively. According to relevant regulations, the allowable range of voltage
offset is −10%~7%.

(4) Branch Current Constraints ∣∣Iij,t
∣∣ ≤ Imax,ij (16)

where Iij,t represents the actual current carried by the branch ij at time t; Imax,ij repre-
sents the maximum allowable current that branch ij can withstand at time t.

(5) Three-Phase Imbalance Constraints

The three-phase imbalance index fv is defined as the sum of three-phase imbalances at
the critical buses of the LVDN. It is calculated as follows:

fv =
T

∑
t=1

n

∑
i=1

UVUFi,t (17)
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where i is the bus (node) number, and UVUF,i,t is the three-phase unbalance degree of the
bus (node) i.

The formula of UVUF,i,t is:

UVUF,i,t =

∣∣∣∣∣Vneg,i,t

Vpos,i,t

∣∣∣∣∣ =
∣∣∣∣∣Va,i,t + α2Vb,i,t + αVc,i,t

Va,i,t + αVb,i,t + α2Vc,i,t

∣∣∣∣∣ (18)

where Vneg,i,t and Vpos,i,t refer to negative sequence voltage and positive sequence voltage,
respectively. Va, Vb, Vc are three-phase voltages of a, b and c, respectively. Parameter
α = 1∠120◦.

The three-phase imbalance of the distribution network must remain within the allow-
able range specified by power system operation standards, that is:

UVUF,i,t ≤ UVUF,max (19)

where UVUF,max is the maximum allowable value of the three-phase voltage unbalance
degree of the common connection point of the distribution network system, and 2% is taken
according to the relevant regulations.

4.2. Microgrid Model
4.2.1. Objective Function of the Microgrid

Each microgrid, based on the active power purchase and sale prices and reactive
power compensation prices set by the distribution network, aims to minimize its own
operating cost and develops both the active power interaction plan with the distribution
network and its internal scheduling scheme. Its objective function is formulated as follows:

min C2 =
n

∑
t=1

[
Ct

w,i,p+Ct
fl,i,p+

Ct
ESS,i,p + Ct

PV,i,p

]
∆t (20)

where Ct
w,i,p is the cost of purchasing electricity from the microgrid to the distribution

network during the period; Ct
fl,i,p is the flexible load scheduling cost of the microgrid during

the period; the Ct
ESS,i,p and Ct

PV,i,p are the energy storage and photovoltaic operating costs
of the microgrid during the period, respectively.

(1) Electricity Purchase Cost

Cw,i,p = δt
sell,i,pPt

sell,i,p − δt
buy,i,pPt

buy,i,p − δt
Q,i,pQt

i,p (21)

(2) Flexible Load Scheduling Cost

Cfl,i,p =
T

∑
t=1

3

∑
p=1

δt
f l,i,p(Pt

i,p,cut + Pt
i,p,tr) (22)

where Cfl,i,p represents the unit cost of the flexible load in the i-node phase microgrid;
Pt

i,p,cut and Pt
i,p,tr represent the reducible and transferable load of i-node p-phase

microgrid in t period, respectively.
(3) Energy Storage Operating Cost

Ct
ESS,i,p = wes

(
Pt

in,i,p + Pt
out,i,p

)
(23)

where wes is the operating cost coefficient of energy storage; Pt
in,i,p and Pt

out,i,p respec-
tively represent the charging and discharging power of the energy storage of the
i-node p-phase microgrid in the t-period.



Energies 2025, 18, 5514 9 of 23

(4) Photovoltaic Operating Cost

Ct
PV,i,p = wpvPt

pv,i,p (24)

where wpv is the operating cost coefficient of photovoltaic; Pt
pv,i,p is the photovoltaic

output power of the i-node p-phase microgrid during the period.

4.2.2. Constraints

(1) Power Balance Constraints

Pt
pv + Pt

out + Pt
buy = Pt

in + Pt
sell + Pt

ld + Pt
f l , ∀t (25)

where Pt
pv is the photovoltaic power generation in the period; Pt

out is the discharge
power of energy storage in t period; Pt

buy is the power value transmitted from the
distribution network to the microgrid during the t period; Pt

in is the charging power of
energy storage in t period; Pt

sell is the power transmitted from microgrid to distribution
network in t period; Pt

ld is the rigid load power in t period; Pt
f l is the flexible load

power in t period.
(2) Energy Storage Constraints

SOCt+1 = SOCt(1 − σ) +
ηPt

in∆t
Scap

− Pt
out∆t

ηScap
(26)

SOC1 = SOCn+1 = SOCs (27)

SOCmin ≤ SOCt ≤ SOCmax, ∀t (28)

0 ≤ Pt
in ≤ Pin,max, ∀t (29)

0 ≤ Pt
out ≤ Pout,max, ∀t (30)

where SOCt represents the state of charge of the energy storage system at time t;
Scap represents the rated capacity of the energy storage device; SOCmin and SOCmax

are the minimum and maximum charges allowed by the energy storage device, re-
spectively. SOCs is the amount of charge stored in the initial moment; Pin,max and
Pout,max represent the maximum charging power and the maximum discharging
power of the energy storage system, respectively. σ denotes the self-discharge rate of
energy storage; η denotes the charge–discharge efficiency of energy storage.

(3) Photovoltaic constraints

Considering that the PV output scheduling value is affected by its predicted output,
the following constraints are imposed:

0 ≤ Pt
pv = [PPV1dn,t, PPV1up,t] (31)

The confidence level ξ is introduced to characterize the satisfaction degree of the
interval number constraint. The value range of ξ is [0, 1], then Pt

pv can be expressed as:

Pt
pv = ξPPV1dn,t + (1 − ξ)PPV1up,t (32)

Specifically, the confidence level ξ characterizes the satisfaction degree of interval num-
ber constraints more from the possibility of interval number constraints. If the confidence
level ξ is larger, the more it is necessary to ensure that the scheduling value Pt

pv is within
its constraint range. It is considered that ξPPV1dn,t + (1 − ξ)PPV1up,t tends to take a small
value; if the smaller the confidence level A is, the less likely the interval number constraint
is satisfied, and it is considered that ξPPV1dn,t + (1 − ξ)PPV1up,t tends to take a large value.
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5. Model Solution
The distribution network’s master model and the microgrids’ follower models are

formulated as a leader–follower game. Due to the introduction of time-of-use pricing, the
strategies and responses between the leader and followers are highly coupled. Using an
iterative method may result in difficulties in ensuring convergence and global optimality.
Therefore, a unified solution approach is adopted in this study. By applying strong duality
theory and the Karush–Kuhn–Tucker (KKT) conditions, the lower-level responses are
equivalently transformed into a set of mixed-integer linear constraints and incorporated
into the master model, forming a unified modeling framework. This method effectively
preserves the optimality conditions of the lower level, reconstructing the leader–follower
game as a mixed-integer second-order cone programming (MISOCP) model. A commercial
solver can then be used to achieve integrated solution, ensuring the existence and feasibility
of the game-theoretic solution.

Unified Reformulation of the Leader–Follower Model

By applying strong duality theory, the lower-level microgrid models are transformed
into mixed-integer linear constraints, which are then incorporated into the master model.
Consequently, the distribution network’s master model and the microgrids’ leader–follower
models can be unified and reformulated as a mixed-integer second-order cone program-
ming (MISOCP) problem expressed in compact matrix form, facilitating integrated solu-
tion [21], as follows:

obj.C = min
y,z

αTy (33)

s.t. Cy = g (34)

Dy + Ez ≤ f (35)

∥Qiy + qi∥2 ≤ cT
i y + di (36)

where α is the cost coefficient vector of continuous variables in the objective function; y and
z represent continuous optimization variables and discrete optimization variables, respec-
tively. Formula (29), Formula (30) and Formula (31) represent their equality constraints,
inequality constraints and second-order cone constraints, respectively.

6. Example Analysis
6.1. Example Setting

The simulation in this study is conducted on a three-phase four-wire low-voltage dis-
tribution network (LVDN) whose system topology is shown in Figure 3. The length,
impedance, transformer and other parameters of the distribution line are shown in
Tables 1 and 2, which are taken from Reference [22], with both loads and distributed pho-
tovoltaic generation modeled as constant power. Each single-phase microgrid node is
equipped with flexible loads capable of responding to control signals. The rated powers
of these flexible loads are 5 kW, 4.2 kW, and 4.6 kW, respectively, with adjustable ranges
up to half of their rated power. Single-phase photovoltaic (PV) units and energy storage
systems are connected at buses 3, 5, and 7. The rated generation power of the single-phase
PV units is 15 kW, and the inverter capacity is 1.1 times the rated active power of the PV
units. The inverter cost coefficients are 3.6 × 10−6, 0.0102, and 29.522, respectively. The en-
ergy storage systems have rated capacities of [value], with charge/discharge power limits
equal to one-fourth of their rated capacity and an efficiency of 90%. The price elasticity
coefficient ε is taken from the reference [23]. cSVG is 200 yuan/kvar, kSVG is 0.05, SSVG,i is
4 kvar. The maximum allowable three-phase voltage imbalance in the distribution network
is set to 2%. The aforementioned MISOCP model is implemented in MATLAB R2014b
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using the YALMIP toolbox and solved with the Gurobi 9.5.2 solver, with the optimization
convergence gap set to 1%.

10kV

0.4k V

B1

B2

B3

B4 B6

CB1 CB2 CB3 CB4 CB5 CB6 CB7 CB8

B7

CB9 CB1 0 CB1 1 CB1 2

B5

A-phase  Sub-microgrid B-phase  Sub-microgrid C-phase  Sub-microgrid

LVDN

 
Figure 3. Low-Voltage Distribution Network Topology.

Table 1. Cable and line impedance parameters.

Type R (Ω/km) X (Ω/km) B (µS/km)

N1XE-150 0.206 0.0723 40.8395
AKKJ-150 0.206 0.0628 0
EKKJ-10 1.83 0.091 100.53

AKKJ-240 0.125 0.0565 0

Table 2. Transformer parameters.

Power 500 kVA

Voltage 10/0.4 kV
Connection method Dyn11

Positive sequence impedance 4.9%
Frequency 50 Hz

The initial electricity price information of the distribution network is presented in
Table 3.

Table 3. Initial Electricity Price Information of the Distribution Network.

Scenario Time Active Energy Price
(Yuan/(kW·h))

Peak Period 8:00–12:00, 18:00–22:00 0.83
Shoulder Period 7:00–8:00, 12:00–18:00 0.5
Off-Peak Period 0:00–7:00, 22:00–24:00 0.17

The baseline load consumption and photovoltaic generation profiles of each microgrid
in the three-phase four-wire LVDN are shown in Figure 4. The load demand exhibits a clear
“peak–valley–flat” pattern, which, when coordinated with the peak–valley electricity prices
in Table 3, can more effectively guide users’ demand response behaviors and thereby help
balance the loads across the ABC phases of the distribution network.
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Figure 4. Load and Photovoltaic Generation Profiles of Each Microgrid.

In order to fully verify the comprehensive superiority of the collaborative optimiza-
tion model proposed in this paper compared with the existing conventional governance
methods, this paper sets up three typical scenarios for comparative analysis:

Three comparative scenarios are set in this study. Scenario 1: the distribution network
as the main investment in the bus B2, B4, B6 installed capacity of 4 kvar SVG, with the initial
load curve and fixed price (all time 0.5 yuan/(kW · h)) to optimize. Scenario 2 considers
flexible load demand response, while Scenario 3 considers both flexible load demand
response and the reactive power regulation capability of photovoltaic inverters. The
three-phase voltage imbalance of the distribution network under these three scenarios is
shown in Figure 5, and the simulation results are compared in Table 4.

Table 4. Comparison of Simulation Results.

Scenario Comprehensive
Three-Phase Imbalance/%

Maximum Three-Phase
Unbalance/%

Before governance 46.10 3.98
Scenario1 21% 1.6
Scenario2 35.57 3.35
Scenario3 20.23 1.43
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Figure 5. Three-Phase Voltage Imbalance.

6.2. Comparison of Three-Phase Voltage Imbalance

As shown in Figure 5 and Table 4, in Scenario 1, which does not consider flexible
load demand response or photovoltaic (PV) inverter reactive power regulation, the three-
phase voltage imbalance exhibits significant fluctuations, particularly during the morning
(07:00–09:00) and evening (17:00–21:00) peak periods. The imbalance rises rapidly, reaching
a maximum of 3.98%, which is well above the limit shown in the figure.

In the first scenario, that is, the distribution network as the main investment in the bus
B2, B4, B6 installed capacity of 4 kvar SVG, compared with before treatment, the three-phase
voltage imbalance in most of the time has been significantly improved, especially in the
morning and evening peak load fluctuations, the imbalance is significantly reduced. The
maximum unbalance degree decreases to about 1.6%, and the average value also decreases,
indicating that SVG plays an active role in adjusting the three-phase voltage unbalance.
In Scenario 2, where flexible loads participate in demand response, the distribution net-
work sets time-of-use electricity prices based on day-ahead load forecasts. These prices
guide the optimization of load profiles, prompting users to actively adjust their electric-
ity consumption and thereby balance the three-phase load of the network. Underprice
incentives, shiftable loads are transferred to off-peak periods, while curtailable loads are
reduced to alleviate peak demand and lower the load peak. Compared with Scenario 1, the
three-phase voltage imbalance is significantly improved in most periods, especially during
the highly fluctuating morning and evening peaks, with the maximum imbalance reduced
to approximately 3.35% and the average value also decreased. This indicates that flexible
loads play a positive role in adjusting inter-phase load distribution and mitigating imbal-
ance. However, although Scenario 2 partially balances load distribution across different
periods and alleviates some peak-induced imbalance, the adjustment only affects active
power, limiting its ability to maintain real-time dynamic voltage balance among the three
phases. During periods of high PV output or concentrated asymmetric loads, significant
fluctuations in voltage imbalance may still occur.

Scenario 3 further introduces the reactive power regulation capability of PV inverters.
PV inverters can flexibly absorb or inject reactive power according to the voltage level of
each phase, quickly adjusting node voltages and improving phase-to-phase imbalance. In
this scenario, the imbalance curve is not only lower in magnitude than in the previous
two scenarios but also smoother. In addition, PV inverters generate active power only
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during daytime, remaining idle at night. During low-load midnight hours (00:00–06:00),
the unused inverter capacity can be utilized to mitigate elevated node voltages caused by
low night-time loads, thereby reducing the voltage at each microgrid and decreasing the
three-phase voltage imbalance.

These results demonstrate that the proposed method does not require additional
power quality equipment; the reactive power compensation capability of PV inverters
alone is sufficient to manage three-phase voltage imbalance in the distribution network.

6.3. Power Output of Each Microgrid

Figures 6–8 show the active power output of single-phase sub-microgrids in each
scenario. Figures 9 and 10 show the reactive power output of SVG and photovoltaic
inverters in each microgrid in Scenario 1 and Scenario 2, respectively. In Scenario 1, the
change trend of reactive power output of SVG is similar to that in Scenario 3. Due to the
lack of effective price incentive signal, the microgrid only exchanges active power with the
distribution network according to its fixed electricity demand. The flexible resources such
as energy storage and reactive power capacity of photovoltaic inverters in each microgrid
have not been utilized. As a whole, the microgrid has not actively participated in the
three-phase unbalanced governance of the distribution network, and its output strategy is
relatively single, resulting in poor overall operation economy of the system.
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Figure 6. Active Power Purchase and Sale under Scenario 1.

In contrast, the time-of-use electricity price mechanism is introduced in Scenario 2,
which makes the output behavior of each microgrid flexible. They will actively respond to
the electricity price signal, reduce the load during the peak period of the electricity price
or transfer it to the trough period, optimize the electricity cost of the microgrid itself, and
smooth the total load curve of the distribution network by ‘peak load shifting‘. However,
the regulation method of this scenario is limited to active power and fails to tap the potential
of reactive power regulation of photovoltaic inverters, so the direct effect on improving the
voltage and reactive power balance of distribution network is limited.
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In Scenario 3, from 11:00 to 14:00, the light intensity of each sub-microgrid is sufficient
and there is surplus power. Part of the remaining power is stored in the battery, and
the other part is sold online to maximize profits. In the rest of the time, almost all the
active power is purchased from the distribution network. In the evening of the peak load
period, that is, 19:00 to 22:00, the photovoltaic output power is not enough to meet the
user‘s load demand. At this time, energy storage is used as a power supply to reduce the
purchase of electricity from the grid during the peak period of electricity price, thereby
improving the economy of users‘ electricity consumption and reducing the peak power
supply pressure of the grid. However, the energy storage capacity still cannot fully meet
the load demand, resulting in each sub-microgrid purchasing more active power from the
distribution network, which significantly reduces the voltage of the distribution network.
Since there is basically no light source to generate active power at this time, each sub-
microgrid uses the idle capacity of the photovoltaic inverter to issue more reactive power
to support the voltage and improve the three-phase voltage imbalance.
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Figure 8. Active Power Purchase and Sale under Scenario 3.
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Figure 9. Scenario 1 SVG reactive power output.
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Figure 10. Inverter Power Output under Scenario 3.

It can be observed that, for the distribution network, Scenario 3 not only effectively
improves power quality, but also allows each underlying microgrid to generate profit by
utilizing the idle reactive power capacity of inverters to supply the distribution network.

6.4. Distribution Network Electricity Price

The electricity prices issued by the distribution network to each microgrid are shown in
Figures 11 and 12, while the reactive power prices under Scenario 3 are shown in Figure 13.
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Figure 12. Active Power Electricity Price under Scenario 3.

During 01:00–05:00, the distribution network load is at its off-peak level, and the
active power purchased by each microgrid is relatively low, resulting in elevated node
voltages. At this time, the generation capacity of the microgrid inverters remains idle,
and the reactive power prices issued by the distribution network are relatively high,
incentivizing microgrids to provide reactive power to reduce voltages. During 19:00–22:00,
the distribution network load reaches its peak, and the microgrids purchase a large amount
of active power from the network, causing node voltages to drop and increasing the
network’s reactive power demand. Consequently, the reactive power prices issued to
microgrids rise significantly. Although PV output is low during this period, inverters can
utilize their idle capacity to provide local reactive power compensation, improving node
voltage levels and reducing line currents. This not only helps mitigate three-phase voltage
imbalance in the distribution network but also effectively reduces network loss costs.
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From 09:00 to 15:00, PV output in the microgrids is high while loads are near peak,
resulting in high inverter active power output and reduced reactive power output. There-
fore, appropriate adjustment of reactive power prices is necessary to incentivize microgrids
to provide reactive power compensation, balancing network losses, active and reactive
power costs, and achieving an overall equilibrium between the distribution network and
the underlying microgrids.
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Figure 13. Reactive Power Electricity Price under Scenario 3.

6.5. Economic Analysis
6.5.1. Distribution Network Operating Cost

In Scenarios 1 and 2, the distribution network operating cost consists of the active
power purchase cost from the upper-level grid and from each microgrid. In Scenario 3, the
cost includes active power purchases from the upper-level grid as well as both active and
reactive power purchase costs from the microgrids.

It can be seen from Table 5 that the network loss of the distribution network is reduced
in Scenario 1, Scenario 2 and Scenario 3. In Scenario 1, although the distribution network
can improve the power quality by installing SVG equipment, its high investment cost leads
to a sharp increase in the total operating cost and poor economy. Scenario 2 only uses
flexible load demand response. Although it reduces the operating cost of the distribution
network, its improvement effect on network loss and imbalance is limited. In Scenario 3,
in addition to introducing flexible load demand response, the reactive power regulation
capability of microgrid inverters is utilized. By price incentives, microgrids provide reactive
power compensation, further reducing three-phase voltage imbalance and network losses
in the distribution network. This ensures that the three-phase voltage imbalance of the
overall distribution network–microgrid system remains within allowable limits, thereby
guaranteeing normal system operation.
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Table 5. Distribution Network Operation Cost.

Scenario Equivalent Network
Loss/(kW·h)

Distribution Network
Operation Cost/Yuan

Before governance 82.58 45.62
Scenario1 70.34 2452.62
Scenario2 76.96 35.45
Scenario3 60.89 31.82

6.5.2. Operating Cost of Each Microgrid

Table 6 presents the operating costs of each microgrid. It can be observed that, in
Scenario 1, due to the absence of a sophisticated pricing mechanism, microgrid power
purchases during peak load periods exhibit rigidity, and the energy storage system and
inverter reactive power regulation capabilities are not effectively utilized, resulting in
significantly reduced system economic efficiency. In Scenario 2, the introduction of flexible
load demand response, guided by dynamic electricity pricing, optimizes the load profiles,
encourages flexible user-side responses, and facilitates the integration of distributed PV
generation, thereby reducing the operating costs of the underlying microgrids. In Scenario
3, the operating costs of the microgrids are noticeably lower than those in Scenarios 1 and 2.
This is because Scenario 3 not only incorporates flexible load demand response but also
employs reactive power compensation incentives to guide microgrids in fully exploiting the
reactive power regulation potential of inverters, allowing microgrids to generate additional
revenue and further reduce operating costs.

Table 6. Cost of Each Microgrid.

Microgrid Scenario 1 Operating
Cost/Yuan

Scenario 2 Operating
Cost/Yuan

Scenario 3 Operating
Cost/Yuan

A-phase sub-microgrid 64.45 65.43 40.12
B-phase sub-microgrid 56.55 56.30 32.16
C-phase sub-microgrid 59.74 68.65 45.66

6.6. The Influence of Photovoltaic Output Uncertainty Processing on the Optimization Results

The model built in this paper represents the uncertainty of photovoltaic output in the
form of interval numbers, introduces the confidence level ξ to characterize the credibility
of photovoltaic scheduling constraints, and converts the interval number constraints of
photovoltaic output into deterministic constraints. In order to reflect the influence of
confidence level change on the optimization results, combined with the above analysis, the
three-phase unbalance degree of distribution network under different confidence levels is
compared and simulated. The results are shown in Tables 7 and 8. It can be seen from the
table that with the increase in confidence level ξ, the comprehensive three-phase unbalance
degree and equivalent network loss have no obvious linear increase or decrease trend. In
the engineering sense, the confidence level ξ reflects the attitude of the regional dispatcher
to the photovoltaic prediction interval. The larger the ξ is, the greater the possibility of
interval number constraint is, and the more it is necessary to ensure that the photovoltaic
output is within the prediction range. From the perspective of mathematical theory, it
is considered that the photovoltaic output is too small. In general, the uncertainty of
photovoltaic output will cause uncertainty in power quality. However, combined with
the results in Tables 7 and 8, it can be found that under different confidence levels ξ, the
three-phase unbalance and equivalent network loss are further improved after considering
the photovoltaic commutation.
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Table 7. Comparison of three-phase unbalance under different confidence levels.

ξ Three-Phase Unbalance/%

0 20.23
0.2 20.03
0.4 19.2
0.6 18.3
0.8 18.6
1 18.9

Table 8. Equivalent network loss under different confidence levels.

ξ Equivalent Network Loss/(kW·h)

0 63.89
0.2 64.1
0.4 65.2
0.6 65.4
0.8 63.9
1 63.95

7. Discussion
In this paper, an active-reactive power collaborative optimization model of distribution

network-microgrid group based on master-slave game and price incentive is proposed.
The simulation results show that the model can not only effectively control the three-
phase voltage imbalance within the standard without relying on additional hardware
such as SVG, but also significantly improve the overall operation economy of the system,
revealing the great superiority of the marketization mechanism in activating the potential
of distributed resources.

Compared with the existing governance schemes, this method shows a stronger
comprehensive advantage. Compared with the high investment cost of scenario 1 relying
on SVG, and the limitation of scenario 2 only relying on flexible load demand response to
deal with reactive power problems, the active-reactive power collaborative incentive model
proposed in this paper breaks through the bottleneck of single regulation, realizes a more
comprehensive mining of distributed resources, and achieves a better balance between
governance effect and economy.

From the perspective of engineering application, this model provides a low-cost and
high-efficiency governance path for low-voltage distribution networks with high proportion
of distributed photovoltaic access. By establishing a reasonable reactive power compen-
sation price mechanism, the lower microgrid photovoltaic inverter can be encouraged to
participate in the system voltage support during the idle period, and the idle resources can
be converted into adjustment capabilities. This not only improves the power quality, but
also promotes the profound transformation of the distribution network operation mode
from ‘passive response’ to ‘active guidance’ and ‘collaborative governance’ which has
positive practical significance for building a new power system.

8. Conclusions and Future Work
8.1. Conclusions

This study proposes a coordinated active and reactive power optimization model
for a distribution network–microgrid system, aiming to mitigate three-phase voltage im-
balance in low-voltage distribution networks (LVDNs) by leveraging the reactive power
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compensation capability of PV inverters and demand response from flexible loads. The
main conclusions are as follows:

(1) In this method, the distribution network guides each microgrid to provide reactive
power compensation services through reactive power compensation incentives. This
strategy can encourage the microgrid to use its own reactive power resources and
actively participate in the management of the three-phase imbalance of the distri-
bution network, thereby improving power quality. Compared with the traditional
SVG investment scheme, it can achieve the same or even better governance effect,
significantly reduce the system operation cost, avoid expensive hardware investment,
and show great economic advantages and application potential.

(2) Considering both flexible load demand response and the reactive power regulation
capability of PV inverters, the distribution network can more precisely adjust load
distribution, reduce voltage imbalance during peak periods, and further balance volt-
ages through reactive power compensation from microgrid PV inverters, effectively
reducing three-phase voltage imbalance.

(3) By implementing time-of-use pricing for active and reactive power, the distribution
network can guide microgrids to participate in three-phase imbalance mitigation.
Without relying on additional power quality devices, the proposed model can reduce
the system’s maximum three-phase voltage imbalance to 1.43% and decrease the
overall imbalance by 25.87%. Through coordinated active and reactive power opti-
mization between the distribution network and microgrids, the total system operating
cost is reduced by 20.58%, significantly enhancing both power quality and economic
efficiency of the distribution network–microgrid system.

8.2. Future Work

Although the model proposed in this paper has shown good results in dealing with
the three-phase unbalance problem of distribution network, there are still some limitations
in this study. These points also point out the direction for future research work:

(1) This paper focuses on the uncertainty of photovoltaic output and uses the interval
number method to deal with it, but does not model the load fluctuation. The future
research work will focus on constructing a robust scheduling strategy considering
the joint uncertainty of load and renewable energy. Specifically, distributed robust
optimization or data-driven stochastic programming methods can be explored to
incorporate the prediction errors of load and photovoltaic into the current master-
slave game framework at the same time, so as to formulate a safe and economical
scheduling scheme in a more complex fluctuating environment.

(2) At present, the model in this paper is mainly oriented to the day-ahead optimization
stage. An important direction in the future is to apply the proposed model to the
real-time rolling optimization stage, using ultra-short-term prediction data to stabilize
real-time fluctuations and achieve closed-loop optimization of decision-making. In
addition, for the scenario of ultra-large-scale microgrid cluster access in the future,
the current centralized solution method may face challenges, so the development of
more scalable distributed algorithms will be a key research direction.
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