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Abstract—Power distribution networks, especially in North
America, are often unbalanced but are designed to keep un-
balance levels within the limits specified by IEEE, IEC, and
NEMA standards. However, rapid integration of unbalanced
devices, such as electric vehicle (EV) chargers and single-phase
solar plants, can exacerbate these imbalances. This increase
can trigger protection devices, increase losses, and potentially
damage devices. To address this issue, phase swapping (or phase
allocation) has been proposed. Existing approaches predomi-
nantly rely on heuristic methods. In this work, we develop a
mixed integer linear programming (MILP) approach for phase
allocation. Our approach uses linearized DistFlow equations to
represent the distribution network and incorporates a phase
consistency constraint, enforced with binary variables, to en-
sure that downstream phase configurations align with upstream
configurations. We validate the proposed approach on multiple
benchmark test cases and demonstrate that it effectively improves
network balance, as quantified by various metrics.

Index Terms—Phase balancing, Voltage unbalance, Linearised
DistFlow, Power distribution systems, Phase consistency.

I. INTRODUCTION

The nature of power injections into power distribution
networks is progressively changing due to the rapid growth
of single-phase solar plants and residential electric vehicle
chargers. This shift may lead to a higher level of unbalance
across phases, which could result in triggered protection
devices, increased network losses, and damage to certain
devices, such as distribution transformers. Unbalanced phases
lead to inefficient network utilization, as one phase in a three-
phase network may be more stressed than the other two. To
address these issues, organizations such as IEEE [1], IEC [2],
and NEMA [3] have defined different unbalance metrics for
distribution network operations [4]. Unbalance limits based
on these metrics are essential to ensure the safe and reliable
operation of household appliances and power equipments.

In the existing literature, several methods are proposed
to address the issue of voltage imbalance, which can be
broadly categorized into three types. The first method involves
investing in new devices, such as static or dynamic VAR
compensators [5], which can be costly. The second method
uses active and reactive power control from existing or newly
installed solar inverters and energy storage systems [6]–[10].
Many studies suggest regulating the active and reactive powers
from solar PV inverters [10], [11]. This strategy may require
investments in the communication and situational awareness
infrastructure for real-time control [12].

The third approach is the phase switching or swapping
strategy [13]–[15], which involves reassigning certain loads to
different phases at a bus to balance loads and reduce voltage
unbalance. There are also hybrid approaches that combine
phase switching with the use of static VAR compensators [16].
Utilities often employ these methods manually, where main-
tenance crews travel to sites and physically switch loads. This
process is costly, requiring extensive planning and potentially
costing tens of thousands of dollars per phase swap [17]. These
balancing maneuvers are typically performed periodically, as
load characteristics vary with seasonal changes.

Given the high cost of manual phase balancing, it is essential
to optimize the phase configuration selected for implementa-
tion. Recently, several studies have proposed phase-swapping
algorithms, although this remains an under-researched area.
For example, [17] developed and compared various heuristic
schemes for phase swapping, and [18] suggested using a
genetic algorithm. Other works proposed using an immune
algorithm [19] and simulated annealing [20] for phase balanc-
ing. However, these methods are computationally intensive,
making it challenging to obtain solutions for large networks,
and they may converge only to locally optimal solutions. The
work in [13] proposed a mixed integer linear programming
(MILP), but does not model the grid constraints explicitly.

This paper proposes a new approach to solving the phase
allocation/swapping/balancing problem using a MILP for-
mulation. We employ a linearized grid model, specifically
an unbalanced adaptation of the Linearized DistFlow model
(Lin3DistFlow) [21], which enables a linear formulation of
the problem. Binary variables are associated with each phase,
determining which phase is active or inactive based on the
nodal injections at each bus. Additionally, we introduce a
specific constraint to ensure phase consistency, which means
that downstream lines or nodes cannot have a phase if it
is absent in the upstream system. This is achieved by pre-
computing the child nodes of each bus and applying a hard
constraint through the binary variables. The proposed MILP
formulation offers distinct advantages over heuristic methods:
it guarantees global optimality, obtains reproducible solutions,
and benefits from robust support by commercial solvers such
as Gurobi.

The paper is organized as follows. Section II reviews the
linearized grid model used for phase voltage modeling and
introduces the phase consistency model. Section III presents



Fig. 1. Branch flow model in radial grids.

the proposed phase allocation problem using the linearized
grid model. Section IV provides the test cases and validation
results, and finally, Section V concludes the work.

II. DISTRIBUTION GRID MODELING

This section introduces the linearized grid model and the
phase consistency constraint that will be used in the next
section for the proposed optimal phase allocation problem.

A. Linearized DistFlow Model (Lin3DistFlow)

We model grid constraints using the Linearized DistFlow
(Lin3DistFlow) model, derived from the branch-flow model
known as the “DistFlow” equations, originally proposed in
[22]. A schematic representation of the branch-flow model
in radial grids is shown in Fig. 1. Let the symbol vk =
[vk,a vk,b vk,c]

⊤ be the squared voltage magnitudes at bus k.
Let s̄lk = plk + jqlk denote the complex1 power flow on
the line from bus l to k, where plk = [plk,a plk,b plk,c]

⊤

and qlk = [qlk,a qlk,b qlk,c]
⊤ are the corresponding active and

reactive power flows. Let īlk denote the current flow on the
line from bus l to k and Z̄kl be the line impedance matrix.
Let s̄inj

l = pinj
l + jqinj

l be the complex power injection at bus
l, where pinj

l = [pinj
l,a pinj

l,b pinj
l,c]

⊤ and qinj
l = [qinj

l,a qinj
l,b qinj

l,c]
⊤.

With the above notation, the DistFlow equations are:

vk = vl − 2ℜ(s̄lkZ̄∗
kl) + Z̄kl īkl ī

∗
klZ̄

∗
kl, (1a)∑

k:(l,k)∈L

(s̄kl + Z̄kl īkl ī
∗
kl)− s̄lk + s̄inj

l = 0, (1b)

where (·)∗ is the complex conjugate of a complex quantity.
LinDist3Flow, the linearized approximation of the DistFlow
model, neglects the loss term (̄ikl ī∗kl) to obtain:

vk ≈ vl − 2ℜ(s̄lkZ̄∗
kl), (2a)∑

k:(l,k)∈L

s̄kl − s̄lk + s̄inj
l ≈ 0. (2b)

As illustrated in [21], the expression (2a) is simplified as:

vk ≈ vl + MP
lkplk + MQ

lkqlk, (2c)

where MP
lk,M

Q
lk are defined using per-phase resistances rϕ,ϕ

′

lk

and reactances xϕ,ϕ′

lk and ϕ, ϕ′ ∈ {a, b, c} denote the phase
indices. The matrices MP

lk,M
Q
lk are

MP
lk =

 −2raalk rablk −
√
3xab

lk raclk +
√
3xac

lk

rbalk +
√
3xba

lk −2rbblk rbclk −
√
3xbc

lk

rcalk −
√
3xca

lk rcblk −
√
3xcb

lk −2rcclk

 , (2d)

1Symbols with .̄ denote a complex quantity.

MQ
lk =

 −2xaa
lk xab

lk +
√
3rablk xac

lk −
√
3raclk

xba
lk −

√
3rbalk −2xbb

lk xbc
lk +

√
3rbclk

xca
lk +

√
3rcalk xcb

lk +
√
3rcblk −2xcc

lk

 . (2e)

B. Phase Consistency

North American distribution grids typically consist of a
mix of single-phase, two-phase, and three-phase systems.
Consequently, when designing phase configurations, modelers
need to ensure phase consistency across the network. In this
context, phase consistency means that if a downstream line
connects to an upstream line, the downstream line’s phases
cannot include a phase that is not included in the upstream
line. This concept is illustrated schematically in Fig. 2. In
this example, the line between nodes 0 and 1 carries all
three phases, while the lines between nodes 1-2, 1-3, 2-4, 3-
5 and 3-6 each carry two phases, and other connections use
single-phase lines. The status of the phases is indicated by the
symbols ξn,a, ξn,b, ξn,c for node n. In the existing literature,
such constraints are often addressed with heuristic or iterative
methods. Phase consistency is typically checked after the
initial optimization (e.g., [23], [24]), and, if inconsistencies are
found, additional constraints are added and the optimization is
rerun, repeating until a phase-consistent network is obtained.
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Fig. 2. Example of a phase-consistent assignment problem.

In this paper, we introduce a formulation that models phase
consistency without the need for an iterative process. The
symbols ξn,a, ξn,b, ξn,c denote binary variables associated with
each phase for a particular node n; these variables take the
phase values available in the upstream line. The following con-
straints enforce phase consistency for this particular network:

ξ4 ≥ ξ7, ξ4 ≥ ξ8, ξ2 ≥ ξ4, ξ1 ≥ ξ2, ξ1 ≥ ξ3, (3a)
ξ0 ≥ ξ1, ξ6 ≥ ξ9, ξ6 ≥ ξ10, ξ3 ≥ ξ5, ξ3 ≥ ξ6. (3b)

In a general way, the constraint can be imposed as follows:

ξm ≥ ξn, n ∈ mchildren, (4)

where mchildren denotes the immediate children nodes (down-
stream nodes) of node m.

III. PHASE ALLOCATION PROBLEM

This section introduces the proposed phase allocation prob-
lem, which aims to optimize phase configurations throughout
the network to achieve balanced voltages.



The objective of the phase allocation problem is to deter-
mine an optimal phase configuration by minimizing the differ-
ence between the voltage magnitudes among different phases
at a node (i.e., the phase unbalance) and the number of phases
per node, with the former weighted by a parameter α ≤ 1.
The objective function minimizes the difference between each
phase’s voltage magnitudes from the mean of the voltage
magnitudes at that node. Defining the mean of the squared
voltage magnitude for a node n as vn = 1

3 (
∑

ϕ,∈{a,b,c} vn,ϕ),
the phase balancing problem is formulated as

minimize
∑
n∈N

∑
ϕ,∈{a,b,c}

(α|vn − vn,ϕ|+ ξn,ϕ) (5a)

subject to:vk,avk,b
vk,c

 =

vl,avl,b
vl,c

+ MP
lk

plk,aplk,b
plk,c

+ MQ
lk

qlk,aqlk,b
qlk,c

 , (5b)

0 ≤ pinj
n,ϕ ≤ p̄n,ϕ ξn,ϕ, ∀n ∈ N , ϕ ∈ {a, b, c}, (5c)

0 ≤ qinj
n,ϕ ≤ q̄n,ϕ ξn,ϕ, ∀n ∈ N , ϕ ∈ {a, b, c}, (5d)

0 ≤ qinj
n,ϕ ≤ pinj

n,ϕ, ∀n ∈ N , ϕ ∈ {a, b, c}, (5e)∑
ϕ

pn,ϕ =
∑
ϕ

p̂n,ϕ, ∀n ∈ N , (5f)∑
ϕ

qn,ϕ =
∑
ϕ

q̂n,ϕ, ∀n ∈ N , (5g)∑
ϕ

ξn,ϕ ≤ |Pn|, ∀n ∈ N , (5h)

ξm,ϕ ≥ ξn,ϕ, n ∈ mchild, ξm,ϕ ∈ {0, 1}, (5i)∑
k:(l,k)∈L

plk,ϕ + pinj
l,ϕ = 0, ∀l ∈ N , ϕ ∈ {a, b, c} (5j)

∑
k:(l,k)∈L

qlk,ϕ + qinj
l,ϕ = 0, ∀l ∈ N , ϕ ∈ {a, b, c} (5k)

vmin ≤ vn,ϕ ≤ vmax, ∀n ∈ N , ϕ ∈ {a, b, c}. (5l)

These constraints enforce both the grid’s operational re-
quirements and phase consistency. Eq. (5b) expresses the nodal
voltage using the Lin3DistFlow model. Eqs. (5c) and (5d) are
the per-phase limits for the active (p̄n,ϕ) and reactive (q̄n,ϕ)
power injections. The binary variable ξn,ϕ ensures that these
constraints are only active when the phase is present at a bus.
Eq. 5e ensures that the reactive power injection per phase is
less than the active power injection. Eqs. (5f) and (5g) are the
limits on the total injection per node, where p̂n,a, p̂n,b, p̂n,c
and q̂n,a, q̂n,b, q̂n,c refer to the active and reactive power
demands. Eq. (5h) formalizes the phase constraint, ensuring
that a single-phase line remains single-phase, as no new phases
are added. Here, |Pn| denotes the number of phases at a given
bus. This constraint is essential to prevent inadvertent phase
expansion and to maintain phase consistency throughout the
network. Eq. (5i) expresses the phase consistency constraint,
i.e., downstream buses cannot have a new phase assigned,
where mchild is defined as in Section II-B. Eqs. (5j) and (5k)

refer to the power balance constraint for active and reactive
powers. Eq. (5l) ensures that voltage magnitudes are within
operational bounds [vmin, vmax].

IV. NUMERICAL SIMULATIONS

We numerically validate the proposed algorithm on the
IEEE-13, IEEE-37, and IEEE-123 benchmark systems. First,
we present a detailed analysis using the IEEE-13 system,
followed by results for the IEEE-37 and IEEE-123 networks.

The IEEE-13 base network is shown in Fig. 3a and its
equivalent phase type representation is shown in Fig. 3b, where
the network parameters are obtained from [25]. The additional
nodes ’670’ and ’rg60’ in Fig. 3b are introduced as per the
OpenDSS file. The active and reactive spot load per phase,
denoted as p̂n,a, p̂n,b, p̂n,c for a particular node n, is listed in
Table I. For validation, we simulate the following three cases:

• Case 1: We run the phase balancing algorithm with the
nodal power injection limits in accordance with spot load
data, i.e., p̄n,ϕ = p̂n,ϕ and q̄n,ϕ = q̂n,ϕ.

• Case 2: In this case, we assume that nodes can host
double the amount of spot load data, i.e., p̄n,ϕ = 2× p̂n,ϕ
and q̄n,ϕ = 2× q̂n,ϕ.

• Case 3: In this case, we assume that nodes can host three
times the amount of spot load data, i.e., p̄n,ϕ = 3× p̂n,ϕ
and q̄n,ϕ = 3× q̂n,ϕ.

Cases 2 and 3 are relevant because networks are often over-
sized during the design stage, allowing this extra capacity to
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Fig. 3. IEEE 13-bus benchmark network (base case). For the equivalent
representation, the nodes are color-coded as follows: Red, Green, and Blue
represent phases A, B, and C, respectively. Combinations of two or more
colors indicate multiple phases; for example, Red + Blue = Purple means the
presence of phases A and C, Blue + Green = Cyan means phases B and C,
and Red + Green + Blue = White indicates the presence of all phases.

TABLE I
SPOT LOAD DATA.

Node Phase – A (p̂n,a) Phase – B (p̂n,b) Phase – C (p̂n,c)
[kW / kVAr] [kW / kVAr] [kW / kVAr]

670 17 / 10 66 / 38 117 / 68
634 160 / 110 120 / 90 120 / 90
645 0 / 0 170 / 125 0 / 0
646 0 / 0 230 / 132 0 / 0
652 128 / 86 0 / 0 0 / 0
671 385 / 220 385 / 220 385 / 220
675 485 / 190 68 / 60 290 / 212
692 0 / 0 0 / 0 170 / 151
611 0 / 0 0 / 0 170 / 80

Total 1175 / 616 1039 / 665 1252 / 821
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Fig. 4. Optimized phase allocation is evaluated across three cases: Case 1, Case 2, and Case 3 correspond to the per-phase capacity to be equal to, double,
and triple the per-phase spot load, respectively.
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(a) Case 1 (Per phase capacity equal to per phase spot load).
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(b) Case 2 (Per phase capacity is double the per phase spot load).
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(c) Case 3 (Per phase capacity is triple the per phase spot load).

Fig. 5. Voltage magnitudes for Cases 1, 2 and 3.

help mitigate phase unbalance through phase swapping. The
optimized phases for all three cases are shown in Fig. 4.

The optimized phases for the three cases are shown in Fig. 4,
with nodes color-coded as described in the caption. Notably,
there are significant differences in phase assignments between
Cases 1, 2, and 3. The optimized phase of Case 1 is the same
as in the base case (Fig. 3b). Many three-phase nodes in case
1 were converted to two-phase nodes in Case 2 and to single-
phase nodes in Case 3. This shift is due to an increase in node
capacity by factors of 2 and 3, respectively.

The corresponding voltage magnitudes for each case are
shown in Fig. 5. The base case maintains the same voltage
profile as the original network, while Cases 2 and 3 exhibit

improved voltage balance. This improvement is evident from
the narrower spread of voltage magnitudes per node, which
is smaller compared to the base case. These improvements in
voltage unbalance are achieved through phase adjustments at
certain nodes, as shown in Figs. 4b and 4c. Table II lists the
changes in demand per phase (shown in bold). The demand
adjustments at specific nodes improve the overall network
balance.

We also applied the proposed phase allocation problem
on the IEEE-37 and IEEE-123 systems. As summarized in
Table III, the results are evaluated using a voltage unbalance
metric that is defined as the sum of the difference between the
magnitudes of the phase voltage and the mean voltage at each
node, that is, (

∑
n∈N

∑
ϕ,∈{a,b,c} |vn−vn,ϕ|). From the table,

it is evident that the optimized cases (Cases 2 and 3) achieve a
better voltage balance compared to the base case. Compared to
Case 1, Case 2 improves the unbalance metric by 67%, 5% and
34% for IEEE-13, IEEE-37 and IEEE-123, respectively, and
Case 3 improves the unbalance metric by 56%, 9% and 38%,
respectively. Case 3 for IEEE-13 performs worse than Case
2, highlighting that minimizing the number of phases is not
always advantageous. The effectiveness of this minimization
depends on the weight parameter α in (5a).

Furthermore, Table IV compares the solving time for the
phase balancing problem that is run on an Apple Macbook
M2 Pro, 16 GB memory. As seen, the proposed scheme is
quite fast and scaled very well with an increasing number of
nodes.

V. CONCLUSIONS

This work proposes an approach for the phase allocation
problem in power distribution networks. The algorithm is
formulated as a mixed integer linear program (MILP), where
phase decisions for each node are represented by binary
variables. The formulation leverages the linearized DistFlow
approximation to enable a linear representation. A phase
consistency constraint is introduced to ensure that downstream
phase configurations align with upstream configurations.

The proposed approach was validated on several IEEE
benchmark networks. First, the approach was applied to the
IEEE-13 base case, where the per-phase capacity at each node
remained unchanged. In this case, the phase configuration



TABLE II
SPOT LOAD REASSIGNMENT UNDER CASES 1, 2 AND 3.

Case 1 Case 2 Case 3
Node Phase – A Phase – B Phase – C Phase – A Phase – B Phase – C Phase – A Phase – B Phase – C

[kW / kVAr] [kW/kVAr] [kW / kVAr] [kW / kVAr] [kW / kVAr] [kW / kVAr] [kW / kVAr] [kW / kVAr] [kW / kVAr]
670 17 / 10 66 / 38 117 / 68 0 / 0 24.7 / 24.7 175.3 / 91.3 15.6 / 15.6 184.4 / 100.4 109.1 / 109.1
634 160 / 110 120 / 90 120 / 90 0 / 0 160 / 160 240 / 130 400 / 290 0 / 0 0 / 0
645 0 / 0 170 / 125 0 / 0 0 / 0 170 / 125 0 / 0 0 / 0 170 / 125 0 / 0
646 0 / 0 230 / 132 0 / 0 0 / 0 230 / 132 0 / 0 0 / 0 230 / 132 0 / 0
652 128 / 86 0 / 0 0 / 0 128 / 86 0 / 0 0 / 0 128 / 86 0 / 0 0 / 0
671 385 / 220 385 / 220 385 / 220 0 / 0 770 / 440 385 / 220 1045.9 / 550.9 0 / 0 0 / 0
675 485 / 190 68 / 60 290 / 212 364.6 / 364.6 0 / 0 478.4 / 97.4 0 / 0 0 / 0 843 / 462
692 0 / 0 0 / 0 170 / 151 0 / 0 0 / 0 170 / 151 0 / 0 0 / 0 170 / 151
611 0 / 0 0 / 0 170 / 80 0 / 0 0 / 0 170 / 80 0 / 0 0 / 0 170 / 80

Total 1175 / 616 1039 / 665 1252 / 821 492.6 / 450.6 1354.7 / 881.7 1618.7 / 769.7 1589.5 / 942.5 584.4 / 357.4 1292.1 / 802.1

TABLE III
COMPARISON OF VOLTAGE UNBALANCES FOR IEEE BENCHMARK

NETWORKS.

Network Unbalance Metric
Base case Case 1 Case 2 Case 3

IEEE-13 0.66 0.66 0.22 0.29
IEEE-37 1.63 1.63 1.55 1.48
IEEE-123 2.92 2.92 1.93 1.81

TABLE IV
SOLVING TIME.

IEEE-13 IEEE-37 IEEE-123
0.1 sec. 3.7 sec. 5.0 sec.

remained the same as in the original test case. Additionally,
two scenarios were considered where the per-phase capacity
was doubled and tripled. In these cases, more balanced voltage
profiles were observed in comparison to the base case.

Finally, the algorithm was applied to the IEEE-37 and
IEEE-123 networks, where similar behavior was observed: our
approach achieved more balanced voltage magnitudes when
the per-phase node capacities were increased.

Future work will extend this scheme to the AC power flow
model, leading to a mixed-integer non-linear problem that
requires more sophisticated solution approaches.

REFERENCES

[1] C. Cooper, “IEEE recommended practice for electric power distribution
for industrial plants,” Electronics and Power, vol. 33, no. 10, p. 658,
1987.

[2] “Environment compatibility levels for low-frequency conducted distur-
bances and signaling in public low-voltage power supply systems,” IEC
Standard IEC, pp. 61 000–2, 2009.

[3] “Motors and generators,” ANSI/NEMA Standard, 1993.
[4] K. Girigoudar, D. K. Molzahn, and L. A. Roald, “Analytical and

empirical comparisons of voltage unbalance definitions,” in 51st North
American Power Symposium (NAPS), October 2019.

[5] Y. Xu, L. M. Tolbert, J. D. Kueck, and D. T. Rizy, “Voltage and current
unbalance compensation using a static var compensator,” IET Power
Electronics, vol. 3, no. 6, pp. 977–988, 2010.

[6] S. Weckx, C. Gonzalez, and J. Driesen, “Reducing grid losses and
voltage unbalance with PV inverters,” in IEEE PES General Meeting
(PESGM), 2014.

[7] S. Weckx and J. Driesen, “Load balancing with EV chargers and
PV inverters in unbalanced distribution grids,” IEEE Transactions on
Sustainable Energy, vol. 6, no. 2, pp. 635–643, 2015.

[8] F. Geth, J. Tant, R. Belmans, and J. Driesen, “Balanced and unbalanced
inverter strategies in battery storage systems for low-voltage grid sup-
port,” IET Generation, Transmission & Distribution, vol. 9, no. 10, pp.
929–936, 2015.

[9] S. Sun, B. Liang, M. Dong, and J. A. Taylor, “Phase balancing using
energy storage in power grids under uncertainty,” IEEE Transactions on
Power Systems, vol. 31, no. 5, pp. 3891–3903, 2015.

[10] K. Girigoudar, M. Yao, J. L. Mathieu, and L. A. Roald, “Integration of
centralized and distributed methods to mitigate voltage unbalance using
solar inverters,” IEEE Transactions on Smart Grid, vol. 14, no. 3, pp.
2034–2046, 2023.

[11] R. K. Gupta and D. K. Molzahn, “Improving fairness in photovoltaic
curtailments via daily topology reconfiguration for voltage control in
power distribution networks,” arXiv:2403.07853, 2024.

[12] R. Gupta, F. Sossan, and M. Paolone, “Grid-aware distributed model
predictive control of heterogeneous resources in a distribution network:
Theory and experimental validation,” IEEE Transactions on Energy
Conversion, vol. 36, no. 2, pp. 1392–1402, 2020.

[13] J. Zhu, M.-Y. Chow, and F. Zhang, “Phase balancing using mixed-integer
programming,” IEEE Transactions on Power Systems, vol. 13, no. 4, pp.
1487–1492, 1998.

[14] H. Khodr, I. Zerpa, P. De Oliveira-De Jesus, and M. A. Matos, “Optimal
phase balancing in distribution system using mixed-integer linear pro-
gramming,” in IEEE/PES Transmission & Distribution Conference and
Exposition: Latin America, 2006.

[15] Y. Zhang and X. Sun, “Phase reassignment strategy and load phase-
swapping device for three-phase unbalance in the power distribution
area,” Electric Power Systems Research, vol. 235, p. 110564, 2024.

[16] B. Liu, K. Meng, Z. Y. Dong, P. K. Wong, and T. Ting, “Unbalance
mitigation via phase-switching device and static var compensator in
low-voltage distribution network,” IEEE Transactions on Power Systems,
vol. 35, no. 6, pp. 4856–4869, 2020.

[17] K. Wang, S. Skiena, and T. G. Robertazzi, “Phase balancing algorithms,”
Electric Power Systems Research, vol. 96, pp. 218–224, 2013.

[18] M. Gandomkar, “Phase balancing using genetic algorithm,” in 39th In-
ternational Universities Power Engineering Conference (UPEC). IEEE,
2004, pp. 377–379.

[19] M.-Y. Huang, C.-S. Chen, C.-H. Lin, M.-S. Kang, H.-J. Chuang, and C.-
W. Huang, “Three-phase balancing of distribution feeders using immune
algorithm,” IET Generation, Transmission & Distribution, vol. 2, no. 3,
pp. 383–392, 2008.

[20] J. Zhu, G. Bilbro, and M.-Y. Chow, “Phase balancing using simulated
annealing,” IEEE Transactions on Power Systems, vol. 14, no. 4, pp.
1508–1513, 1999.

[21] D. B. Arnold, M. Sankur, R. Dobbe, K. Brady, D. S. Callaway, and
A. Von Meier, “Optimal dispatch of reactive power for voltage regulation
and balancing in unbalanced distribution systems,” in IEEE PES General
Meeting (PESGM), 2016.

[22] M. E. Baran and F. F. Wu, “Network reconfiguration in distribution
systems for loss reduction and load balancing,” IEEE Transactions on
Power Delivery, vol. 4, no. 2, pp. 1401–1407, 1989.

[23] S. S. Saha, E. Schweitzer, A. Scaglione, and N. G. Johnson, “A
framework for generating synthetic distribution feeders using Open-
StreetMap,” in 51st North American Power Symposium (NAPS), 2019.
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