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Load Balancing with EV chargers and PV inverters

in Unbalanced Distribution Grids
Sam Weckx, Student Member, IEEE, Johan Driesen, Senior Member, IEEE

Abstract—Balanced three-phase four-wire distribution grids
can host significantly more distributed generation and electric
vehicles. Three-phase PV inverters and EV chargers can be
adapted to transfer power from highly loaded to less loaded
phases, without overloading the inverter or charger. Grid condi-
tions will be improved due to a more balanced operation of the
network and more PV panels and EVs can be connected before
the limits of the network are reached.

A classic coordinated charging strategy for EVs is adapted
in this paper. It is shown that the charging of EVs can be
improved when power can be transferred from one phase to
another. By using PV inverters with a balancing inverter the
power injected in each phase will become a controllable variable,
as the total amount of produced power does not necessarily need
to be equally divided across the three phases. The improvements
made by using EV chargers and PV inverters that can balance
the network are investigated. Several load flow simulations with
realistic data show a positive effect on the system losses, the
grid voltage and voltage unbalance. Finally a local controller is
proposed to control the balancing between the phases when a
real-time communication channel is not available.

Index Terms—Coordinated charging, distributed generation,
electric vehicles, load balancing, power quality, valley-filling,
voltage control

I. INTRODUCTION

A high penetration of distributed photovoltaic generators

(PV) and electric vehicles (EVs) may lead to power quality

problems in low-voltage (LV) distribution networks. European

LV distribution networks are often of the three-phase four-

wire type. Both PVs and EVs are often not equally spread

across the three phases of the distribution network which will

increase the load unbalance [1]–[5]. An unbalanced operation

of the network will result in a serious increase in the system

losses, voltage problems and voltage unbalance. Furthermore

an unbalanced network can host less PV generation before

the critical voltage limit is reached. PVs can extend the

transformer life [6], but a high amount of EVs will decrease

it.

Different approaches are proposed to balance the load in

the three phases. A first solution for the Distribution System

Operator (DSO) is manually switching the phase to improve

the distribution of the load across the three phases [7]. This

can become very costly and the more switching actions, the

higher the cost for the DSO. An alternative is dynamically
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switching residential load from one phase to another [8], [9].

This requires the use of static transfer switches. In [10] a

droop control for negative sequence currents is proposed. [11]

develops a control scheme for a three-phase four-wire inverter

to deliver negative sequence currents based on measurements

of the negative sequence voltage. Another approach is applied

in [12], where the inverter has a resistive behaviour towards the

zero-sequence and negative-sequence component of the node

voltage. Most of the work described in literature is focused

on the control schemes of inverters capable of providing

negative- and zero-sequence currents [13]–[15]. This work

is focussed on the effect that optimally controlling these

balancing inverters has on the network.

Many central and local control strategies have been de-

scribed in literature where EVs [16]–[23] or PVs [24]–[28]

are controlled to improve the power quality in distribution

grids. Types of control are reactive power compensation,

active power curtailment, disconnecting PV, and coordinated

charging of EVs. Reactive power compensation can require

additional inverter capacity [29] and might increase grid losses.

Active power curtailment of PV panels will result in a lower

amount of energy produced and a lower revenue for their

owners. EV charging power curtailment can reduce the voltage

drop caused by the charging of EVs, but can lead to an

unwanted extension of the charging time [30]. Disconnecting

PV units in case of a voltage violation can lead to a cascade

of disconnections [31]. In [32], [33] a battery energy storage

system is controlled to limit the voltage deviations caused

by PV production. Some of these methods are applied to

unbalanced three-phase four-wire grids, but none of these

control strategies consider the possibility to transfer power

from one phase to another by means of an EV charger or

PV inverter.

By replacing classical single-phase or three-phase PV units

by three-phase balancing PV units that are able to inject

more power in one phase than in the other phases, the total

power can be more equally spread across the three phases.

The majority of houses have a single-phase power supply but

larger houses may have three-phase connections [8], [34]. In

the houses with a three-phase connection a balancing charger

or inverter can be installed. Solar cells rarely produce maximal

power and therefore it is often possible to inject the majority

of the generated power into the phase with the highest power

consumption, without overloading of the inverter. Similarly,

EVs are only charged for a limited time during the day, so an

off board charger capable of balancing the network can be used

extensively for this purpose. In this work a charger or inverter

with six inverter legs is used as an alternative to standard three-

phase units for the connection of three-phase PV or EV units
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to the distribution network. This inverter can be interpreted as

three single-phase inverters with a common DC-bus. Special

care is required for the DC-bus voltage control [11]. The

use of three separate single-phase inverters is often already

more interesting for PV units than the use of one three-phase

inverter, due to disconnection regulations [35]. If the voltage

rises above a certain threshold, typically +10%, the inverter has

to disconnect. If three separate single-phase inverters are used,

only the inverter connected to the overloaded phase has to

disconnect. This results in lower amounts of curtailed energy.

The higher possible charging power can make the three-phase

charger interesting for an EV owner.

The inverters and chargers will be controlled to balance

the load in the three phases. By transferring power from

highly loaded to less loaded phases, system conditions will

be improved. A simplified representation of the working of a

balancing inverter during the day and the night is presented

in Fig. 1. The width of the arrows represents the amount of

active power flowing through the connection. In previous work

we introduced this concept for three-phase PV inverters [36].

PV inverters will mainly improve the grid conditions in

the evening. In the evening, when no PV power is generated

and high peak loads occur, full inverter capacity can be used

to balance the grid. Power extracted from a phase with a

low consumption can be injected into a phase with a high

consumption. On the other hand, balancing off board EV

chargers will improve the grid conditions mainly during the

day, as the EV will often be absent during this time. Therefore

both types of balancing are complementary.

Our first contribution is the adaptation of a coordinated

charging formulation for EVs that includes the possibility

to balance the grid with EV chargers. Secondly balancing

PV inverters are added in this formulation. Several load flow

simulations with realistic data show a significant improvement

of the network conditions. Finally a local control approach is

proposed. This avoids the need to have a real-time communi-

cation channel.

This paper is structured as follows: the distribution grid used

in the simulation results is described in Section II. In Section

III, a coordinated charging problem of EVs with grid balancers

is presented. Finally, the local control rule is described in

Section IV.

B

C

A

N N

C

B

A

Fig. 1: Simplified representation of the working of the balanc-

ing inverter during the day and the night. At night power is

extracted from phase A and B and is injected into the highly

loaded phase C.

TABLE I: Properties of the simulated network

Properties Value Unit

Total feeder length 1657 [m]

Impedance of EAXVB 1 kV 4 × 95 mm
2 0.352+0.078j [Ω/km]

Impedance of EAXVB 1 kV 4 × 150 mm
2 0.227+0.078j [Ω/km]

II. SIMULATED NETWORK

The network used in the simulations is a typical Belgian

low-voltage network provided by the DSO and is presented in

Fig 2. The network is a three-phase, four-wire, radial system.

Cable properties are defined in table I. The impedance values

are calculated according to design specifications in the Belgian

standard for underground distribution cables NBN C33-322

[37] with an assumed operating temperature of 45 ◦C. 62 sta-

tistically representative residential load profiles were available

to perform load flow simulations. A constant power load model

was assumed. Generation of these load profiles is described in

[38]. In [38] the privacy problem of data provided by electrical

companies is bypassed by transforming a large dataset of

residential load profiles into a model that is able to create a

set of synthetic nonaggregated load profiles. This model was

trained based on a large database of measured residential load

profiles provided by the DSOs in Flanders. Reactive power

consumption data was not available and therefore all loads are

assumed to have a cos(φ) equal to 0.95. Load profiles were

assigned randomly to households. Every house is equipped

with a PV generator. The average power rating of PV units

connected to phase A and B equals 2.2 kW, while PV units

connected to phase C have an average rating of 3.3 kW. The

PV profile was measured at a fixed rooftop PV installation

at KU Leuven. The PV profile was scaled to the inverter

size. All PV panels are assumed to have equal orientation.

As the geographical area was small, the power output of all

PV installations relative to their rated capacity was considered

to be equal. Nodes 40 and 62 are equipped with a three-phase

balancing inverter. The rated capacity of the three-phase PV

installations is 6 kW.

Each household with an odd number has an EV. The

maximum charging power equals 3.3 kW. Households 51 and

57 have an off board three-phase charger with a maximum

charging power of 6.6 kW. The EV driving behavior is

based on a statistical availability model [39]. This model uses

statistical data on Flemish transportation behavior, to create a

realistic driving pattern for each vehicle. The voltage at the

primary side of the transformer was assumed to be constant

and equal to 1 pu. The nominal line-to-neutral voltage is 230 V.

Distribution grid conditions are calculated with a backward-

forward sweep algorithm [40] and a time resolution of 15

minutes.

III. COORDINATED CHARGING OF EVS WITH LOAD

BALANCING BY PV INVERTERS AND EV CHARGERS

A popular coordinated charging scheme for EVs is the min-

imization of load variance, also called valley filling [41]–[44].

The minimization of the load variance leads to low system

losses and generally avoids the violation of the lower voltage
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Fig. 2: The network used in the simulations. All lengths are drawn to scale.

limitations [41]. It is an easy to solve convex optimization

problem [45].

This work is focussed on three-phase four-wire networks.

These networks require special care when minimizing the load

variance. If the variance of the sum of all phases would

be minimized, load peaks might still exist on each phase

separately. This can result in severe voltage drops in the

phase with the highest loading and will increase the system

losses. It is therefore recommended to minimize the sum of

the load variances of each phase, which will result in a more

equal loading of the three phases. The following three-phase

formulation is preferred:

min.
P EV

T
∑

t=1

∑

i∈{A,B,C}

(

N
∑

n=1

(

P load
n,i,t + P PV

n,i,t + P EV
n,i,t

)

)2

subject to Cn,t+1 = Cn,t + ηn
∑

i∈{A,B,C}

P EV
n,i,t∆t

0 ≤ Cn,t ≤ Cmax
n

Cn,tdeparture = Cmax
n

(1)

Where

• P load
n,i,t is the consumed power, excluding the EV, by the

household connected at node n to phase i at time step t;

• P PV
n,i,t is the generated power of the PV unit connected at

node n to phase i at time step t;

• P EV
n,i,t is the charging power of the EV connected at node

n to phase i at time step t;

• Cn,t is the stored energy in the EV connected at node n

at time step t;

• Cmax
n is the maximal stored energy of the EV connected

at node n ;

• ηn is the charging efficiency of the EV connected at node

n ;

For single-phase EV chargers energy can only be extracted

from the phase of connection k:

if i = k

0 ≤ P EV
n,i,t ≤ P EV,max

n

else

P EV
n,i,t = 0

(2)

where P EV,max
n is the maximal charging power of the EV

connected at node n. In case of a three-phase EV charger

capable of balancing the network, the energy can be extracted

from each phase. The net energy exchange is constrained to

be positive, but the power exchanged with one of the phases

can be negative:

0 ≤
∑

i∈{A,B,C}

P EV
n,i,t ≤ P EV,max

n (3)

Besides that, the limits of the three single-phase inverters, out

of which the balancing off board charger consists, need to be

respected:

−
P EV,max
n

3
≤ P EV

n,i,t ≤
P EV,max
n

3
(4)

It is assumed that the three single-phase inverters all have an

identical rating of
1

3
of the total charger rating P EV,max

n .

In a classic coordinated charging algorithm, the off board

three-phase charger is unable to balance the network and the

charging power in each phase needs to be equal:

P EV
n,A,t = P EV

n,B,t = P EV
n,C,t (5)

Typically the PV production is an uncontrollable variable. The

power injected in the network for a single-phase PV panel is

therefore fixed. In case of a three-phase inverter capable of

balancing, the power injected in each phase becomes a variable

that can be controlled in optimization problem (1). The sum

of the power injected in each phase should then equal the total

power production and the limitations of the three single-phase

inverters, out of which the balancing three-phase inverter is

composed, need to be respected:
∑

i∈{A,B,C}

P PV
n,i,t = P PV

n,t

−
P PV,max
n

3
≤ P PV

n,i,t ≤
P PV,max
n

3

(6)

where P PV
n,t is the total produced power by the PV panel at time

step t and P PV,max
n is the rating of the balancing three-phase

inverter connected at node n. Note that at night, when P PV
n

equals zero, the full inverter rating can be used to balance the

grid.

The strict majority of the time, the off board EV charger

will be able to balance the grid, as the maximum charging

capacity will rarely be used to meet the required amount of

energy by the time of departure of the EV owner. This depends

on the driving pattern of the EV owner.

The full capacity of each of the single-phase inverters of

a balancing PV inverter will only be used when the solar
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irradiation is optimal. This occurs for only a fraction of the

year, so the majority of the time the PV inverter can balance

the grid.

Optimization problem (1) with additional constraints (2-6)

is an easy to solve quadratic program [45]. By solving this

problem the charging profiles for all EVs are defined, as well

as the setpoints of the balancing chargers and inverters. In this

work CPLEX [46] is applied to solve this problem.

An equal loading of the three phases is beneficial for the

voltages in the network. When power is transferred from the

highest loaded phase, to the one with the lowest loading, the

voltage drop in this phase will reduce. A special effect, called

neutral point shifting [47], [48], occurs in three-phase four-

wire distribution grids. When power is consumed in one phase,

it will result in a voltage drop in this phase, but in a voltage

increase in the two other phases. Therefore, the increased

power consumption in the phase with the lowest loading will

lead to a further improvement of the voltage of the phase with

the highest loading. Balanced networks are therefore able to

host significantly more PV and EVs.

In this work reactive power compensation is not considered.

It can require additional inverter capacity [29] and might

increase grid losses. Therefore, the proposed control will try

to use the full inverter and charger capacity for balancing the

active power consumption in each of the phases of the three-

phase four-wire distribution network.

The coordinated charging problem is tested on the network

discussed in Section II. Fig. 3 shows the total active power

in each of the three phases

(

N
∑

n=1

(

P
load
n,i,t + P

PV
n,i,t + P

EV
n,i,t

)

)

for

a period of two days during the summer. A negative value

indicates a reverse power flow, which occurs when there is a

higher PV production than consumption in this phase. When

there is more consumption than production, the total active

power in a phase will be positive. Compared to the case

of uncoordinated charging, the load peaks are diminished.

However due to the typical mismatch between PV production

and the energy required by the EVs, the classic coordinated

charging can only slightly reduce the maximum reverse power

flow in phase C in case of a high PV production. When the

extra flexibility is added by the two three-phase balancing EV

chargers and the two three-phase balancing PV inverters, the

reverse power flow in phase C can be diminished by balancing

the three phases. This will result in a higher reverse power flow

in phase A and B. The more equal division of the load will

reduce the system losses and the voltage rise in phase C. This

figure also shows that a manual redistribution across the three

phases would not be a suitable solution. The highest reverse

power flow occurs in phase C, however reconnecting some

of these customers to phase A or B would increase the load

peaks in the evening in these phases. The consumption in the

evening is already higher in phase A and B than in phase C.

In a second simulation, one summer month is evaluated.

Fig. 4 presents the voltages in each node for the simulated

period. In this figure a modified box plot [49] is applied.

An additional box, spanning the 5th to 95th percentiles, is

added to the standard box plot. As expected, the classic

coordinated charging avoids a violation of the lower voltage
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Fig. 3: Total active power in each phase in case of classic

coordinated charging and coordinated charging with balancers
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Fig. 4: Modified boxplot of the node voltages for centralized

charging strategies

limit. However, it fails to avoid excessive high voltages that

occur during time periods of high PV production due to the

mismatch between PV production and the energy required

by the EVs. When the two three-phase EV chargers and the

two three-phase PV inverters can balance the network, the

coordinated charging can avoid these excessive voltages.

There are many practical concerns when implementing a

coordinated charging strategy. For example, in many EV
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charging algorithms [23], [41], [42], [44], [50], the arrival

time and charging demand of each EV was assumed to be

known in advance, before the arrival of the EV. Besides that,

perfect predictions of the household load and PV production

are assumed to be available by most algorithms. However, in

reality estimates of these parameters will have to be used. In

[50] a coordinated charging strategy was extended to cope

with this problem. Another disadvantage of the coordinated

charging algorithm is the need for a real-time communi-

cation channel and the high computational power. Privacy

barriers and technical constraints can make this gathering of

information unrealistic. Privacy sensitive information, such

as the departure time, is preferably not communicated to a

central instance. Communicating privacy sensitive information

can be avoided by applying distributed algorithms [44], [51].

However, these methods still rely on real-time communication.

In this work it was assumed that the coordinated charging

algorithm had perfect predictions in the previous simulations

concerning EV behavior, load profiles and PV production.

Therefore the results of the simulations are a benchmark

solution that indicates what is maximally possible with the

balancing inverters.

IV. LOCAL CHARGING OF EVS WITH LOAD BALANCING

BY PV INVERTERS AND EV CHARGERS

The need for a communication infrastructure and the high

computational burden are serious disadvantages of the coordi-

nated charging strategy. Therefore a simple and purely local

control approach is implemented, which does not rely on any

form of communication or load predictions. The application

of the local control of the EVs and PV panels will however

lead to a suboptimal solution which will be compared with the

benchmark of the coordinated charging algorithm.

A. Local control of a balancing EV charger

For the local control of each off board balancing EV charger,

only the absolute values of the local voltage measurements

are used. No information about the grid is needed. Phases

with a lower voltage have a higher active power consumption

due to the voltage drop over the mainly resistive distribution

cables. Therefore it is interesting to absorb more power out of

the phases with the highest voltage. This is translated in the

following droop relationship:

(PA − PB) = γ (|VA| − |VB |)

(PA − PC) = γ (|VA| − |VC |) (7)

(PB − PC) = γ (|VB | − |VC |)

(PA + PB + PC) = P EV

Where

• |VA| is the absolute value of the voltage of phase A;

• |VB | is the absolute value of the voltage of phase B;

• |VC | is the absolute value of the voltage of phase C;

• γ is a parameter controlling the inter-phase power deliv-

ery

[

W

V

]

;

If the magnitude of the voltage in one phase is higher than

in another phase, the power difference between the phases is

equal to the voltage difference between the phases multiplied

by the constant γ. For example a constant γ of 100
W

V
will

result in a power difference between the two phases of 100W
per Volt. This makes inter-phase balancing possible. γ can

therefore be interpreted as a three-phase droop constant.

The charging power set point of an EV P EV is equal to the

minimum power that is needed to fully charge the EV battery

during the time before departure. It is defined by dividing

the required amount of energy by the available time period.

This type of charging will be called EV-based peak-shaving.

This simple method of charging improves grid conditions

significantly compared to uncoordinated charging [30].

Eq. (7) can be rewritten as:

PA =
P EV + γ (|VA| − |VB |) + γ (|VA| − |VC |)

3
PB = PA − γ (|VA| − |VB |) (8)

PC = PA − γ (|VA| − |VC |)

These formulations do not take into account the constraints of

the inverter. Each of the single-phase inverters has a maximum

power throughput of
P EV,max

n

3
, which defines a feasible set for

the powers of each inverter. To comply with these constraints,

the powers obtained by equation (8) are projected on the

feasible set:

min.
P∗

‖P ∗
A,B,C − PA,B,C‖

2
2 (9)

subject to

−
P EV,max
n

3
≤ P ∗

A,B,C ≤
P EV,max
n

3
(P ∗

A + P ∗
B + P ∗

C) = P EV

Where

• PA,B,C is a vector containing the solution obtained by

(8)

• P ∗
A,B,C is the projection on the feasible set. The three

obtained values are the setpoints for the power injec-

tion/absorption in each phase.

The first constraint guarantees that the nominal power of each

of the three single-phase chargers is not exceeded and the

second ensures that the total power exchanged with the grid

is equal to the power requested by the EV chargers. If the

operating point obtained by (8) was already part of the feasible

set, then (9) does not change the operating point.

Fig. 5 illustrates the operation of the local controller during

a partly cloudy day in spring. It depicts the power in each

of the three phases of the charger, in this case allocated in

node 57, as well as the voltage in node 57 for a γ equal to

250
W

V
.The sum of the powers in each phase is always equal to

the EV charging power. As previously discussed, the charging

power is defined as the minimum power that is needed to get

the EV battery fully charged during the time before departure.

When the EV is absent, the sum of the powers equals zero. The

charger tries to balance the grid. It is clear from this figure that

during the day, when there is a higher voltage in phase C due
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Fig. 5: Power of the balancing EV charger as a function of

the grid voltage in node 57.

to a higher PV production in this phase, power is consumed in

phase C by the charger, while it injects this power back into

the other phases. When the EV needs to charge, the majority

of the energy is extracted from the phase with the highest

voltage.

B. Local control of a balancing PV inverter

The local control of the balancing PV inverters resembles

the one of the EV chargers (7). The sum of the power

exchanges in each phase with the network equals the total

produced power P PV:

(PA − PB) = γ (|VA| − |VB |)

(PA − PC) = γ (|VA| − |VC |) (10)

(PB − PC) = γ (|VB | − |VC |)

(PA + PB + PC) = P PV

The local control rule of the PV is obtained as in (8). If there

are regulation limits for the difference in power levels injected

between the phases [35], then such requirements can be added

to optimization problem (9).

Fig. 6 illustrates the operation of the local controller for a

balancing PV inverter in node 62. As can be seen, the majority

of the produced power during the day will be injected in phases

A and B. The voltage in these phases indicates a smaller

reverse power flow in these phases. At night power is injected

into phase C, which has the lowest voltage. The lower voltage

in phase C indicates a higher consumption in this phase. Since

the power production by the PV panel is zero at night, the

power injected into phase C needs to be extracted from the

two other phases. These cases are numerical examples of the

working of the balancing inverter presented in Fig. 1.

The total active power in each of the three phases for the

same two days during summer of Fig. 3 are now shown for

the EV based peak shaving with and without the balancing

in Fig. 7. A negative value indicates a reverse power flow.
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Fig. 6: Power of the balancing PV inverter as a function of

the grid voltage in node 62.

12:00 24:00 12:00 24:00

−40

−30

−20

−10

0

10

20

30

40
T

o
ta

l 
ac

ti
v

e 
p

o
w

er
 [

k
W

]

Time

Phase A

12:00 24:00 12:00 24:00

−40

−30

−20

−10

0

10

20

30

40

T
o

ta
l 

ac
ti

v
e 

p
o

w
er

 [
k

W
]

Time

Phase B

12:00 24:00 12:00 24:00

−40

−30

−20

−10

0

10

20

30

40

T
o

ta
l 

ac
ti

v
e 

p
o

w
er

 [
k

W
]

Time

Phase C

Uncoordinated

EV based peak shaving

EV based peak shaving+balancing

Fig. 7: Total active power in each phase in case of EV based

peak shaving and EV based peak shaving with balancers.

The γ is chosen to be 250
W

V
. When the two three-phase

EV chargers and two PV inverters balance the grid, load

peaks are diminished. This has positive effects on the grid

voltage. Fig. 8 presents the voltages in each node for the

same simulated period as Fig. 4. Due to the balancing, the

voltages become closer to the nominal voltage. Moreover,

when comparing Fig. 4 and Fig. 8, it is clear that a simple

local control approach with two balancing chargers and two

balancing inverters outperforms a classic central coordinated

charging strategy without the possibility to balance the grid.

Node 62 is an end node and is therefore more vulnerable

for voltage problems and severe voltage unbalance. Fig. 9

compares the Voltage Unbalance Factor (VUF) occurring in

this node for the different control strategies. According to

the European standard, the VUF is defined as the magnitude

of the ratio of the negative sequence voltage to the positive

sequence voltage [52]. The Cumulative Distribution Function
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Fig. 9: Cumulative distribution function of the voltage unbal-

ance factor in node 62.

(CDF) of the VUF is presented for a simulated period of one

summer month. The improvements with balancing are clear.

Also when there is no PV production or EV available, the

balancers further improve the grid conditions, which explains

the significant improvement. An increasing amount of EVs

and PVs typically worsens the voltage unbalance [1], but by

promoting the installation of balancing chargers and inverters

the voltage unbalance will be improved compared to the

situation without EVs or PVs.

A final constraint that can limit a further integration of EVs

and PV panels in the distribution grid are the transformer and
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Fig. 10: Cumulative distribution function of the maximum

apparent power through one of the phases of the transformer.

TABLE II: Reduction of grid losses compared to uncoordi-

nated charging.

Charging strategy Reduction [%]

Classic coordinated charging 16
Coordinated charging + balancing 28

EV based peak shaving 7
EV based peak shaving + balancing 19

line loading limits. The CDF of the maximum apparent power

through the three phases of the transformer is plotted in Fig.

10. It is clear that when the grid is equipped with balancers

the peak loading reduces. The installation of these balancers

is therefore beneficial for the lifetime of the transformer.

The balanced grid operation is also beneficial for the grid

losses, as these increase with the square of the line cur-

rents. Table II compares the possible reduction of grid losses

compared to uncoordinated charging. Again the simple local

EV based peak shaving with balancing chargers and inverters

outperforms the classic coordinated charging problem without

balancing.

The benefit of the proposed balancing strategy is therefore

that it has a positive effect on both component loading, voltage

unbalance, grid voltages and grid losses. Other control strate-

gies often fail to improve all of these indicators. I.e. reactive

power control by PV inverters can significantly improve the

grid voltages, but might increase the component loading and

the grid losses [25], [53].

The location of the inverters balancing the grid influences

the effectiveness of the proposed method. Grid unbalance is

always more severe at the end of the feeder [1], therefore

the further the balancing inverter is located from the substa-

tion, the higher the expected improvement. Further research

involves the optimal placement of balancing inverters and the

development of a prototype.

V. CONCLUSION

The grid impact of the increasing amount of EV charging

and PV production can be substantially reduced if they would

be able to balance the grid. Both off board three-phase EV

chargers and three-phase PV units can be adapted to bal-

ance a three-phase four-wire distribution grid. Grid conditions
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will be improved by absorbing power from a phase with a

lower loading and injecting this power into the phase with

the highest loading. A centralized coordinated EV charging

problem is adapted in this work to evaluate the effects of

the extra flexibility added by these balancers. Several load

flow simulations with realistic data are performed and show a

significant improvement of both component loading, voltage

unbalance, grid voltages and grid losses when some three-

phase chargers and PV-units are adapted to balance the grid.

Thanks to these units, more PVs and EVs could be connected

to the distribution network, before critical limits are reached.

Even with a simple local control rule, two off board EV

chargers and two PV inverters that are able to balance the

grid, will improve the grid conditions more than a computa-

tionally and communicationally intensive classic coordinated

EV charging strategy. An affordable implementation of these

types of balancers can therefore become a cost-effective option

for DSOs to cope with the increasing amount of EVs and PV

panels.
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