
IEEE POWER & ENERGY SOCIETY SECTION

Received 30 April 2023, accepted 28 May 2023, date of publication 23 June 2023, date of current version 7 July 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3289160

Loss Minimization for Bipolar DC Distribution
Grid Considering Probabilistic EV Charging
Load Using Load Balancing Method
GUNTINAN SAKULPHAISAN , (Graduate Student Member, IEEE),
AND KEERATI CHAYAKULKHEEREE , (Senior Member, IEEE)
School of Electrical Engineering, Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

Corresponding author: Keerati Chayakulkheeree (keerati.ch@sut.ac.th)

This work was supported by the Suranaree University of Technology.

ABSTRACT This paper proposes a novel method for power loss minimization and voltage unbalance
mitigation in bipolar DC distribution grid (DCDG) considering probabilistic electric vehicle (EV) charging
load. In the proposed method, a power flow analysis for the bipolar DCDG is performed by G-matrix and
Gauss’s iteration methods. TheMonte Carlo Simulation (MCS) is used to evaluate the impact of EV charging
load demand in probabilistic manner. To reduce the impact of the voltage unbalance problem and minimize
power loss of the system, particle swarm optimization (PSO) is employed to search for an optimal load
connection type that can minimize voltage unbalance factor (VUF) and total power loss. The proposed
method was tested with 21-bus DC bipolar system with several cases to verify the potential of the method.
The results shown that the proposed method can successfully minimize total power loss and reduce the VUF
of the system with probabilistic EV charging load consideration. Therefore, the proposed methodology can
be useful for enhancing DCDG operation and mitigating the impact of EV charging.

INDEX TERMS EV charging load, load balancing method, dc power flow, bipolar DC distribution grid.

I. INTRODUCTION
In 1883, a DC distribution systemwas proposed by Edison for
lighting system [1]. Nowadays, the increment of distribution
energy resource (DERs) penetration stimulates the interest of
DC distribution grid (DCDG). Examples of DCDG are data
center and telecommunication systems, which use 48 Vdc [2].
As widely known, DCDG has many advantages over AC
distribution system. Meanwhile, DCDG has many limitations
such as difficulties on high-range voltage levels changing
and large DC power generation. A load level increasing in
DCDG will cause of voltage drop and high-power loss so the
system with high voltage level usually provides better system
efficiency and reliability. A voltage level step up or step down
of DC voltage need DC – DC converter that have low voltage
changing ratio when compare with AC distribution sys-
tem. The AC distribution system uses transformer to change
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voltage level which have high voltage changing ratio. For the
reason, the AC distribution system technology development
becomes popular than DC distribution technology from the
past to the present. Three key benefits of home DC power
systems over AC systems are as follow: 1. high efficiency,
2. high power quality and 3. not require a synchronization.

Most of present households’ appliance use DC power for
their internal circuit. Therefore, the household appliances in
DC distribution are not require AC – DC converter. In case of
electric vehicles (EVs) charging pile, the power loss of power
converter stage can be reduced.

In DC systems, the majority of the power quality concerns,
that are prevalent in the AC power system, can be easier pre-
vented. Home equipment powered by DC are not experience
frequency variation and rarely facing for voltage swell and
voltage sag. Additionally, compared to AC microgrids, the
cooperative control of PV, wind turbines, and ESS in the DC
system is simpler due to the DC power system does not need
synchronization feature for distributed generation [3].
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Moreover, a distribution system is facing an emerging high
penetration of electric vehicles (EVs) that can extremely
increase in load demand leading to effects on stability and
security of distribution system [4]. Aforementioned, a load
management strategy such as load leveling, load filling or
load shifting can reduce an impact of load charging demand
by transfer load demand from peak-hours to off-peak hours.
On the other hands, a battery of EV can be acted as moveable
energy storage device that can charge electricity from grid
during off-peak hours and then discharge to grid during peak-
hours [5]. Generally, a peak charging time of EV is in the
evening and lessen charging load in the morning. A charg-
ing load demand evaluation was present in [6] based on
Monte Carlo to model a large scale of EV charging demand.
The load demand evaluation can be used to limit charging
power at charging station via operator or used to manage
charging power level of smart charging station for manage
load charging demand based on charger connecting time and
disconnection time [7], [8], [9].

This paper, therefore, proposes the load balancing method
for power loss minimization in bipolar DCDG, considering
probabilistic EV charging load. In the proposed method, the
particle swarm optimization (PSO) is used to determine the
optimal connection for the load at each bus. Meanwhile,
the Monte Carlo Simulation (MCS) is used to represent the
probabilistic EV charging load in the system.

Aforementioned, the paper was separated into six sections
as follow: Section I is the introduction on a DCDG and
the influence of EV on distribution system. Next, Section II
addresses the overview of voltage level in DCDG including
characteristics of unipolar and bipolar DC distribution sys-
tem. The bus topology of DCDG is illustrated in Section III.
Section IV presents bipolar DC power flow calculation. After
that, Section V presents a load balancing method which is
used to obtain the optimal connection type of load in bipolar
DCDG with EV charging station to minimize the power loss
of the system. The probabilistic EV charging load model
is addressed in Section VI. Section VII presents a simula-
tion result on 21-bus bipolar DC distribution system which
comprises of five study cases. Lastly, conclusion is given in
section VIII

II. OVERVIEW OF DCDG
TheDCDG voltage level is one of main challenges for DCDG
voltage standardization. The difference voltage level offer
opportunity for a group of users to choose suitable voltage for
loads such as residential, commercial and industrial load [10].
Fortunately, the power electronic technology development
can bring a new opportunity for DC power distribution.

In case of residential nano grid, A 48 VDC is preferred to
interface renewable energy resource to load. However a limi-
tation of 48 VDC is a transmission radius limit in distribution
system with multiple households [11].

The primary problem of DC power distribution is voltage
level selection of the distribution system. Many standards
such as IEC 60038 or IEEE Standard 1709-2010 design to

cover field of automotive, marine, computer electronic and
aerospace power system that have a specific DC low voltage
range, but do not cover a field of distribution system. The
medium voltage and low voltage DC (LVDC) distribution
voltage guidelines are being developed by China which the
desired value of DC voltage level for low voltage distribution
1000V,600V, 440V, 400V, 336V, 240V and 220V [12].

Meanwhile, the voltage level of the LVDC distribution
system testbed used by the CIRED workshop is ±750V.
Therefore, 750V is a one of popular choices for the residential
DC power systems [13]. A highest LVDC is 1.5 kV for
distribution system that is a 750 V bipolar distribution grid
that offer two voltage level options for residential load that
comprise of ± 750 V and ± 1.5 kV with DC converter
as an interface to match the voltage levels for households’
loads [14].

III. BUS TOPOLOGY OF DCDG
A DCDG comprises of 1.) DC bus 2.) AC/DC converter,
and 3.) load. Normally, a DC bus is used to connect to
main grid via AC/DC converter to convert AC voltage to
DC voltage and serve power to the load. To compare a loss
characteristic of AC distribution system with DCDG, DCDG
is a good solution to reduce power loss by reduce amount of
power conversion. The system efficiency, cost, and system
size are the advantage of DCDG. Additionally, DCDG has
high stability owing to the absence of reactive power and
is more suitable for distributed energy resources (DERs)
integration [15]. Moreover, DCDG can transmit power with
two configurations which are unipolar and bipolar systems,
that offer difference system abilities such as available voltage
level, reliability and power quality.

A. DC UNIPOLAR BUS TOPOLOGY
A DC unipolar system bus topology like a single-phase AC
power system that has only two wires for distribute power
to load. In case of DC unipolar bus, the wires are called
positive wire and negative wire which a source and loads are
connected between the wires, as shown in FIGURE 1. The
energy is transferred through the DC bus with single voltage
level. So, the DC bus voltage level choosing is important in
this system. The system capability depends on voltage level
which the high voltage level can increase power transmission
system capability, but the DC-DC converter is needed reduce
the user voltage level for safety uses. The suitable voltage
level selection can avoid large number of DC – DC converter
deployment. This topology is practical for off-grid homes
in isolated rural locations without utility grid infrastructure.
DC unipolar system is simple to implement with symmetry
between the pole. On the other hand, a single fault can be led
to shut down the system and does not offer different voltage
levels option to the users [16], [17].

B. DC BIPOLAR BUS TOPOLOGY
A DC bipolar bus topology has some advantage over DC
unipolar bus topology. Its structure is similar to a three-phase
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FIGURE 1. Typical DC unipolar bus topology.

FIGURE 2. Typical DC bipolar bus topology.

AC power system with three wires for transferring energy
to load. The wires are called positive line, negative line and
neutral line, as shown in FIGURE 2. The topology offers
three voltage levels option which consisted of +VDC, -VDC
and 2VDC. Under a fault condition, the load at fault bus in
bipolar DC bus topology can be transfer to other pole at same
bus. Therefore, the reliability, power quality and availability
of the system during fault condition are better than unipolar
DC bus topology. A difference voltage levels option offers a
flexibility to consumer, but can result in the system unbalance
condition. The unbalance condition can increase neutral cur-
rent flow and lead to increase in overall system power loss.
So, the system requires a voltage balancer or load balance
strategy to prevent unbalance condition [18].

IV. BIPOLAR DC POWERFLOW CALCULATION
FIGURE 3 represents the components of bipolar DC power
system which comprises of DC substation, transmission line
and load (positive load, negative load and bipolar load). This
paper uses the method called G-Matrix Method (GMM) for
DC load flow analysis [19]. To calculate a power flowmodel,
the network component comprises of two type of bus which
are source and load buses. The source bus is replaced by slack
bus which represent by index ‘1’ and load bus starts at index
‘2’ to index ‘n’. The conductance of every transmission line
between bus is donated by Gij which index ‘i’ to index ‘j’ are
starting bus and ending bus of conductance in [G]. A bipolar
DC network have three cables. So, in [G] have to consists of
G+/0/- that represents cable conductance of positive neutral
and negative cable from bus i to bus j. V+/0/- is a positive,
neutral and negative voltage at bus i while Ip/n/b represent
load current at each pole. Ip and In are called unipolar load
that draw load current from positive pole or negative pole and
return to substation via neutral pole. Ib represent a bipolar

FIGURE 3. Component of DC power system.

FIGURE 4. Unipolar connection in bipolar DC bus topology.

FIGURE 5. Current flow in Bipolar connection of bipolar DC bus topology.

load that draws load current from positive pole and return
to substation via negative pole. So, the single line diagram
is modeled by nodal analysis that represent the relationship
of unipolar and bipolar load current. The direction of loads
currents is shown in FIGURE 4 and FIGURE 5.

A load voltage drop can be calculated by consider the
difference of voltage between connection pole as,

Vp,i = V+,i − V0,i and (1)

Vn,i = V0,i − V−,i. (2)

where Vp,i represents voltage drop of unipolar load at bus i
when refer positive pole and neutral pole. V+,i , V−,i and V0,i
represent voltage at positive pole, voltage at negative pole and
neutral pole at bus i, respectively. Therfore, V+,i and V−,i
represent voltage drop of unipolar load at bus i when refer
to the neutral pole and negative pole. The sign of V−,i must
be negative to present a direction of current flow from neutral
pole to negative pole that represent a current must flow from
high voltage to low voltage.

The voltage drops at each bus from Equations (1)-(2)
are used to calculate currents at each bus by using
Equations (3)-(4) as,

Ip,i =
Pp,i
Vp,i

and (3)

In,i =
Pn,i
Vn,i

. (4)
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where Ip,i and In,i represent a positive pole load and negative
pole load at bus i and Pp,i and Pn,i represent unipolar con-
nection load at bus i that refer to positive and negative load
connections.

In case of bipolar load connection, the load connects
between positive pole and negative pole, as shown in
FIGURE 5. The load nominal voltage is therefore, 2VDC. The
bipolar load voltage drop can be calculated by Equation (5),

Vb,i = V+,i − V−,i. (5)

where Vb,i, V+,i and V−,i are bipolar load voltage drop, pos-
itive voltage pole and negative voltage pole. So, the bipolar
load current can be calculated by Equation (6),

Ib,i =
Pb,i
Vb,i

. (6)

where Ib,i is the bipolar load current at bus i. Pb,i and Vb,i
are bipolar load capacity at bus i and bipolar load voltage
drop at bus i, respectively. The substation can be replaced
as a slack bus which can be assumed the nominal voltages
at 1 p.u., 0 p.u., and – 1 p.u., for positive bus, neutral bus
and negative bus, respectively. The transmission lines are
modeled by conductance between buses. So, the power flow
equation of system can be calculated by.

[I] = [G] [V] , (7)

or  Ip
I0
In

 =

 Gp 0 0
0 G0 0
0 0 Gn

Vp
V0
Vn

 , (8)

where

Vp =
[
Vp,1 Vp,2 · · · Vp,N

]T
, (9)

V0 =
[
V0,1 V0,2 · · · V0,N

]T
, (10)

Vn =
[
Vn,1 Vn,2 · · · Vn,N

]T
, (11)

Ip =
[
Ip,1+Ib,1 Ip,2+Ib,2 · · · Ip,N+Ib,N

]T
, (12)

I0 =
[
I0,1 I0,2 · · · I0,N

]T
, (13)

In =
[
In,1+Ib,1 In,2+Ib,2 · · · In,N+Ib,N

]T
, (14)

Gp =



∑
i↔1

Gp,1i −Gp,12 · · · −Gp,1N

−Gp,21
∑
i↔1

Gp,2i −Gp,23 −Gp,2N

...
...

. . .
...

−Gp,N1 −Gp,N2 · · ·
∑
i↔1

Gp,NN

 , (15)

G0 =



∑
i↔1

G0,1i −G0,12 · · · −G0,1N

−G0,21
∑
i↔1

G0,2i −G0,23 −G0,2N

...
...

. . .
...

−G0,N1 −G0,N2 · · ·
∑
i↔1

G0,NN

 , (16)

FIGURE 6. Bipolar DC power flow procedure.

Gne =



∑
i↔1

Gne,,1i −Gne,12 · · · −Gne,1N

−Gne,21
∑
i↔1

Gne,2i −Gne,23 −Gne,2N

...
...

. . .
...

−Gne,N1 −Gne,N2 · · ·
∑
i↔1

Gne,NN

 .

(17)

where [G], [I] and [V] represent conductance matrix,
current matrix and voltage matrix of network, respec-
tively. The symbol ‘‘i↔j’’ donates ‘‘i connected to j’’. So,
the power flow calculation can be calculated by replace
Equation (9)-Equation (17) in Equation (8) to calculate volt-
age profile, current flow between buses. The computational
procedure is shown in FIGURE 6.

V. PARTICLE SWARM OPTIMIZATION BASED LOAD
BALANCING METHOD
In DCDG, the voltage drop between two nodes is depended
on the current flow through their interconnecting cables.
In the other word, voltage at each bus in DCDG is depended
on the distributed load in the grid [20]. So, the main problem
of bipolar DCDG is the load unbalance condition, due to
the load can be connected to both positive or negative pole,
as shown in FIGURE 3. Generally, load unbalance problem
is caused by unplanned households’ and EV charging loads
[21]. This problem increases current flow in neutral wire,
leading to increase in overall system power loss. There are
several ways to reduce voltage imbalance in LVDC, For
example, the voltage balancer. that controls the voltage of
the DC/DC converter at point of common coupling (PCC)
to compensate voltage drop at each bus. A demand response
or load balancing with electrical price is one of alternative
methods to reduce load unbalance by using an energy price to
control load demand characteristic of DC bipolar distribution
grid and reduce power difference between poles [22].
In this paper, particle swarm optimization (PSO) in [23] is

used to search an optimal load connection and EV charging
load. The objective function (OF) is to minimize total energy
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FIGURE 7. PSO based load balancing method procedure.

loss as,

Minimize EL =

48∑
t=1

[
PL,p(t) + PL,0(t) + PL,n(t)

]
, (18)

where

PL,p =

n−1∑
i=1

I2p,(i,j+1)Gp(i,i+1), (19)

PL,0 =

n−1∑
i=1

I20,(i,i+1)G0(i,i+1), (20)

PL,n =

n−1∑
i=1

I2n,(i,i+1)Gn(i,i+1), (21)

subject to the constraints

Vpmin,i ≤ Vp,i ≤ Vpmax,i, (22)

V0min,i ≤ V0,i ≤ V0max,i, (23)

Vpmin,i ≤ Vp,i ≤ Vnmax,i, and (24)

%VUF < %VUFmax (25)

where subscript p, 0 and n represent positive pole, negative
pole, and neutral pole, respectively. The computational pro-
cedure is shown in FIGURE 7.

VI. PROBABILISTIC EV CHARGING LOAD BASED ON
MONTE CARLO SIMULATION
In this paper, the MCS method is used to simulate various
factor that affect to EV charging load characteristic, such as

charging plug-in time and plug-out time, initial state of charge
(SOC), daily travel distance, charging duration and charging
type. In the home-charging pattern, the EV owners will plug
their car when arrive home after work and remove the plug
for travel to work. A probabilistic distribution function (PDF)
that represent the charging behavior of EV owner can be
expressed as,

fc (tc) =



1
√
2πσc

exp

(
−

(tc + 24 − µc)
2

2σ 2
c

)
,

0 < tc ≤ µc − 12

1
√
2πσc

exp

(
−

(tc − µc)
2

2σ 2
c

)
,

µc − 12 < tc ≤ 24

, (26)

where tc, σc and µc are EV plug-in time, plug-in stan-
dard deviation and mean of plug-in time, respectively. The
standard deviation and mean of plug-in time are used to
generate the sampling probabilistic plug-in time behavior of
EV owners.

The PDF that represents the daily travel distance of EV in
each day be calculated by,

fd (d) =
1

√
2πσd

exp

(
−

(d − µd )
2

2σ 2
d

)
, 0 ≤ d ≤ D (27)

where d is the daily travel distance of the EV. D is the
maximum travel distance at the EV. σc, and µc are the
standard deviation and mean of the EV travel distance,
respectively.

After calculate the daily travel distance, the result is used
to calculate the remaining SOC of EV before charging which
can be calculated by,

SOCi = 1 −
di

Di × ηi
. (28)

where subscript i denotes the parameters of the ith EV.
Whereas, ηi, represents efficiency of the ith EV.

In the daily scheduling process, the scheduling time is
divided into 96 time slot which the length of time slot is
15 minutes. So, the arrival time and departure time of each
EV can be calculated by,

Tc,i =
tc,i
1T

, (29)

Td,i =
td,i

1T
, and (30)

Tr,i = Tc,i − Td,i. (31)

When tc,i, td,i, and 1T are plug-in time, plug-off time and
duration of time slot, respectively. Tc,i, Td,i and Tr,i are plug-
in time, plug-off time and remaining time based on time slot,
respectively.

To calculate charging level index or charging urgency indi-
cator, the arrival time slot and departure time slot are used to
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FIGURE 8. MCS based probabilistic EV charging.

FIGURE 9. Simulation category overview.

FIGURE 10. IEEE 21 bus case study system.

calculate indicator tomanage the charging power level. In this
study, the charging urgency indicator is referred to [36] as

CUIi =
(
Tr,i × 1T

)
× PslowEV ,i × ηEV

−

(
SOCmin

i − SOCcon
i

)
× CapbattEV ,i. (32)

When CUIi is charging urgency indicator which is used
to choose the charging level of each EV. PslowEV ,i, SOC

min
i ,

SOCcon
i , andCapbattEV ,i are the slow charging power of EVs, the

FIGURE 11. 48 hrs. load profile.

TABLE 1. IEEE 21 bus system data.

minimumSOC required for the ith EV after charging, the SOC
level of the ith EV when connected to charger, and the battery
capacity of the ith EV, respectively. If CUIi is higher than 0,
the charging level is slow charging level. In the other hand, the
CUIi is less than 0, the charging level is fast charging level.
The procedure of probabilistic EV load model based on MCS
is shown in FIGURE 8.

In FIGURE 8, the EV owner behavior comprises of daily
travel distance, charging time and unplugging time are pre-
sented. The EV owners data is used to calculate mean,
standard deviation and PDF to present the likelihood of EV
owners’ activities.

VII. SIMULATION RESULT
The simulation study can be separated into 4 cases including,

Case I : Base case,
Case II : Load balancing case,
Case III : Probabilistic EV charging load case, and
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TABLE 2. IEEE 21 load data for validation simulation.

TABLE 3. Load Connection type of base case.

Case IV : Probabilistic EV charging load with load balanc-
ing case.

The simulation study comprises of two categories as
follow: 1) single step simulation 2) 48-hours simulation.
A single step simulation is used to validate computational
result and illustrate the load affect to voltage profile via VUF
and evaluate power loss of the system. A 48-hours simulation

FIGURE 12. Voltage unbalance factor at each bus of base case result.

TABLE 4. Base case simulation result.

is used to simulate ability of load balancing method in cases
with and without EV charging load based on MCS. The
simulation study overview is shown in FIGURE 9.

The IEEE 21-bus system is used as test system. The system
topology is showed in FIGURE 10 and the parameters of
the system are shown in TABLE 1 to TABLE 3. In case of
48 hours simulation, the system load profile data are shown
in FIGURE 10 with load types in TABLE 3.

A. BASECASE
This subsection presents the result of power flow solving
of bipolar DCDG to validate a simulation result with refer-
ence [37] and used to compare with other cases for evaluate
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FIGURE 13. Load connection type of base case.

FIGURE 14. Positive voltage profile of base case.

the performance of the proposed method. The simulation
result is shown in TABLE 4. FIGURE 12 presents the VUFs
of the system at all buses.

In TABLE 4, the simulation results including the base case
voltage unbalance factor, voltage profile and total loss are
addressed. The positive VUF is due to load at negative pole
is higher than that of in positive pole in each bus. In the
other hand, the negative VUF is due to positive pole load
higher than that of in negative pole. The simulation resulted
in the highest VUF of -2.7% at bus 17, and total power loss is
95.42 kW with mismatch error less than 0.01 %. FIGURE 13

FIGURE 15. (a) Positive voltage profile of base case. (b) Negative voltage
profile of base case(cont).

FIGURE 16. Neutral voltage profile of base case.

presents connection type of load A and load B to positive load
and negative load, as referred to TABLE 3.

67002 VOLUME 11, 2023



G. Sakulphaisan, K. Chayakulkheeree: Loss Minimization for Bipolar DC Distribution Grid

FIGURE 17. 48 hours VUF of base case.

FIGURE 18. Total power loss of base case.

FIGURES 14-15 present the positive and negative volt-
age profile of base case scenario with the load profile in
FIGURE 12. The lowest voltage at bus 17 for positive voltage
and bus 18 for negative voltage at 15.30 p.m. (timeslot 61).
In this case, the load demand at bus 17 includes 6.34 kW
at negative pole and 9.26 kW with bipolar connection.
Bus 18was resulted in the lowest negative voltagemagnitude.
The cause of problem is due to total load demand on negative
pole that comprises of 2 load demand, as shown in TABLE 3.
The simulation results show that the negative voltage at this

FIGURE 19. Neutral current flow of base case.

FIGURE 20. PSO convergence characteristic.

bus is -0.950 p.u. and 0.983 p.u. for positive voltage, with
3.34 % of VUF.

FIGURE 17 presents the VUF of the system for 48 hours.
the neutral voltage profiles of base case are shown in
FIGURE 16. The magnitude of neutral voltage changes
in according to VUF at each bus. The neutral voltage in
FIGURE 17 is influenced by unbalance load demand at each
pole.

FIGURE 18 present the power loss of the system that is
varied by the load demand at each time interval. The highest
power loss take place at 15.30 p.m. (time slot 61).
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FIGURE 21. Load connection type comparisons of base case and load
balancing case.

FIGURE 22. Positive voltage profile of load balancing case.

At 15.30 p.m. the load demand at bus 18 connected at the
negative pole only, leading to unbalance voltage at the bus and
the total daily loss of entire system is equal to 958.100 kWh.
FIGURE 19 present a neutral power flow between buses. The
highest neutral current flow take place between bus 1 and
bus 3 at 15.30 p.m.

B. LOAD BALANCING CASE (CASE II)
This subsection presents a simulation result of load balancing
method with the objective of minimizing power loss of the
system using PSO. The proposed concept is for planning
phase to find the best connection type of every load that

FIGURE 23. Negative voltage profile of load balancing case.

TABLE 5. Particle swarm optimization method parameter.

minimize system power loss and VUF. The PSO parameters
are shown in TABLE 5. The simulation results including
PSO convergence characteristic, load type, power loss and
voltage profile are shown in FIGURES 20-25. Note that, the
maximum VUF limit constraint used is 3%.

FIGURE 20 presents a convergence of optimization
method which the best fitness function value is 471,200 at
iteration 8. The result of optimal load connection types is
shown in FIGURE 21. The voltage profile and VUF are
shown in FIGURES 22 -25.
FIGURE 21 compares the load connection type of balanc-

ing case and base case. The objective of load balancing is to
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FIGURE 24. Voltage unbalance factor (VUF) of load balancing case.

TABLE 6. Monte carlo simulation condition.

reduce the power loss of entire system by change load connec-
tion types that reduce between difference of the positive load
demand and negative load demand. So, the neutral current of
each bus and the system power loss are decreased.

FIGURE 22-25 presents the voltage profile of positive and
negative poles. The simulation result shown that the optimal
load connection can reduce the voltage drop of positive and
negative pole of each bus. In positive pole, the lowest volt-
age magnitudes at bus 17 were improved to 0.967 p.u. for

FIGURE 25. Neutral voltage profile of load balancing case.

FIGURE 26. Plug-in time of home charger.

positive pole and -0.966 p.u. for negative pole and the VUF
was reduced by 0.124% with the neutral voltage reduction
to 1.27 × 10−3 p.u. In case of lowest voltage of negative
pole that located at bus 18, a magnitude of positive pole
and negative pole voltage were improved to 0.967 p.u. and
-0.968 p.u, respectively. The neutral voltage at bus is 18 equal
to -0.356 ×10−6 p.u. and the VUF of this bus is -0.006 %,
which is changed in according to the difference of positive
and negative voltage buses. So, the VUF improvement can
reduce the neutral current flow of entire system that can
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FIGURE 27. Total Plug-in time of home charger.

TABLE 7. MCS result on amount of EV at time interval.

FIGURE 28. Probabilistic daily distance travel of EV.

reduce the power loss of the system by 50.821 % (from
958.100 kWh to 471.175 kWh), for this case.

C. PROBABILISTIC EV CHARGING MODELING
This subsection presents the MCS procedure for EV charging
loadwhich include probability of plug-in time and daily travel
distance for random a sampling EV owner behavior. After
that, the sampling data is used to calculate charging time and
load demand. The condition of MCS simulation is given in
TABLE 6

FIGURE 26 represents an EV charging behavior of home
charger. Then, the total probabilistic plug-in time of EV
owners’ behavior can be obtained as shown in FIGURE 27
and TABLE 7.

FIGURE 29. Probabilistic of daily distance travel.

FIGURE 30. Remain SOC of each EV and daily distance travel.

TABLE 8. MCS result on total probabilistic daily distance of EVs.

FIGURE 27 presents the sampling data of EV charging at
the times interval based on charging probability in TABLE 7.
Consequently, the probability of daily distance travel that
present the behavior of EV owners, can be calculated by using
Equation 27. The result is shown in FIGURE 28.

FIGURE 28 present probability of daily distance travel of
EV owner which varies from 0 km to 283 km. This probability
function is used to obtain the daily travel distance for each EV.
The result of total probabilistic daily distance travel is shown
in FIGURE 29 and TABLE 8
The result in TABLE 8 presents a sampling data of daily

distance travel of each EV. The simulation result is used to
estimate remain SOC before charging. A number of EVs at
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FIGURE 31. (a)-(e) EV home charging load pattern at every bus.

each bus can be random by using information in TABLE 8 and
the result is shown in TABLE 9. Aforementioned, the result
of remain SOCs and EV charging load demand can be shown
in FIGURE 30.

FIGURE 30 presents the remaining of EV SOC sampling
data based on PDF that related to daily travel distance. The
simulation result is used to estimate the charging time of
each EV.
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FIGURE 32. Load connection type of bipolar DC distribution grid.

FIGURE 33. Positive voltage profile of case III.

FIGURE 31(a)-(e) present the EV load demand of every
bus and amount of EV that charge at each bus in the system.
The simulation result is used to calculate voltage profile at
each bus and overall power loss in the next subsection.

D. PROBABILISTIC EV CHARGING LOAD CASE (CASE III)
This subsection presents the bipolar DCDG load flow with
EV charging load integration based on EV load demand
pattern from the previous section. The simulation result,

TABLE 9. MCS result on the number of EVs connected at every buses.

TABLE 10. The comparison of case II and case III.

FIGURE 34. Negative voltage profile of case III.

including a voltage profile, power loss and VUF of entire
system, are presented in FIGURES 32 –36.
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FIGURE 35. Neutral voltage profile of case III.

FIGURE 32 presents a load connection type of load based
on load balancing case (Case II) and the probability EV
charging load case (Case III).

In this case, the lowest positive and lowest negative voltage
magnitudes are at bus 17, in difference time interval. A lowest
positive voltage magnitude is 0.962 p.u. at 09.15 a.m. or time
slot 133 which caused by existing load and EV charging load.
At bus 17, one EV connected to grid via charger with the
power rated is 16 kW. The charging duration from 18.00 p.m.
to 10.45 a.m. in the next day. So, the voltage drops of
bus 17 are caused by the load demand of existing load and EV
charging load. In case of negative pole on bus 17, The lowest
voltage occurs at 00.15 a.m. or time slot 97, with negative
and bipolar loads, without EV charging load. However, the
negative voltage bus is reduced from 0.975 p.u. to 0.962 p.u.
Therefore, the EV load demand can increase the power loss of
entire system due to increasing current flow at each bus and
create unbalance condition. The comparison result of Case II
and Case III is shown in TABLE 10. From Table 10, it can be
seen that the EV charging load can significantly increase the
total power loss of the system by 68.76 %

E. PROBABILISTIC EV CHARGING LOAD WITH LOAD
BALANCING CASE (CASE IV)
This subsection presents a load balancing with probabilistic
EV load demand to mitigate the impact of EVs on DCDG

FIGURE 36. Voltage Unbalance Factor of case III.

FIGURE 37. Load connection type of bipolar DC distribution grid.

by the proposed method. the optimal load connection types,
solved by the proposed method is shown in FIGURE 37.
In the simulation results, the lowest voltage is at bus 17 for

both poles. The lowest positive voltage magnitude is
0.948 p.u at bus 17 in 00.15 a.m., or time slot 97 and the
lowest negative voltage magnitude is 0.957 p.u. in 09.15 a.m
at bus 17, or time slot 133. Therefore, proposed method can
reduce the VUF and total power loss of entire system by
minimizing the difference of load demand between poles, and
the neutral current flow between buses. A comparison of the
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FIGURE 38. Positive voltage profile of case IV.

FIGURE 39. Negative voltage profile of case IV.

simulation results between case III and case IV is shown in
TABLE 11. The optimal connection type of the case study

FIGURE 40. Neutral voltage profile of case IV.

FIGURE 41. Voltage Unbalance Factor of case IV.

can reduce total daily loss of entire system to 655.060 kWh
or by 17.61%
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TABLE 11. The comparison of Case III and Case IV For the highest VUF
and total daily loss.

VIII. CONCLUSION
This paper investigated an impact of EV charging load on
bipolar DCDG and proposed a method to improve the DCDG
efficiency including mitigate the problem of EV charging
load. The study includes the probabilistic model of EV charg-
ing load obtained by MCS to evaluate the charging demand
during each time interval along the day. A DC power flow
for bipolar DCDG, solved by GMM based Gauss’s iteration
method, is used to determine the voltage profile, VUF, and
power loss of entire system. To minimize the total daily
loss of DCDG by load balancing method, the optimal load
connection type at each bus is searched by using PSO. The
achievement of total daily loss minimization also leads to
the reduction in VUF. The simulation results showed that the
proposed load balancing method can significantly reduce the
total daily loss and improve VUF of bipolar DGDC consid-
ering probabilistic EV charging load.
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