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a b s t r a c t

This paper addresses issues concerning the integration of single-phase charging devices for electric vehi-
cles (EV) in low-voltage microgrids. Fast release energy storage is a key issue for microgrid islanding
operation. EV batteries provide an additional storage capacity, which can now be exploited in order to
improve MG islanding. Aiming to do so, different control strategies were developed and tested: (1) a
eywords:
istributed storage
lectric vehicles
requency control
icrogrid

local control approach where no communication link is required and (2) a centralized charging control
solution. The local control approach is based on the measuring of EV terminal voltage and frequency in
order to define the charging or discharging rates of the batteries. The centralized control strategy allows
balancing single-phase loads connected to the microgrid by adapting the charging rates of the EV stor-
age devices. Simulation results show that EV batteries can actively contribute for voltage balancing and

islan
ehicle-to-grid
oltage control

frequency control during

. Introduction

The electric power systems industry is about to face a major
ew challenge: future massive integration in the electric grid of
lug-in electric vehicles (EV). The stimulus for this change is that
lectricity is likely to become the preferred energy vector for a new
eneration of road vehicles. This new trend will be established in
scenario characterized by large penetration of renewable power

ources (RES), some of them with an intermittent nature like wind
eneration. The integration of these RES will involve also microgen-
ration solutions, being these small generation units connected to
he LV grid.

There are two ways of accommodating the connection of EV in
istribution grids. The first is to plan for new networks in such way
hat they can fully handle the new loads, regardless of the control
cheme, requiring heavy investments in network reinforcements to
o so. The second is to create a smart management system that fully

ntegrates EV in the power system, exploiting also the potential
f EV as energy storage devices and creating a large distributed
torage infrastructure that can be used to help the system in several

ituations. The latter is, of course, the way that needs to be pursued.

EV will be charged with electricity from the grid and they can
lso provide power to the grid when parked, as discussed in the
apers from Kempton and Tomić [1] and Brooks [2]. Assuming large
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ding operating conditions.
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penetration of EV in the transportation sector, a considerable vol-
ume of storage capacity will then be connected to the grid during
most of the time [1], such that it can be used to help managing
the electric power system, delivering namely ancillary compensa-
tion services, leading to the vehicle-to-grid (V2G) concept. Three
elements are required in order to develop further this concept: a
smart interface with the grid, communication with the grid opera-
tor to receive control signals and metering solutions to account for
EV energy exchanges with the grid.

Progressive replacement of conventional vehicles by EV will
require two types of interfacing structures: (a) charging stations
used to charge fleets of EV or to charge EV that require fast charging
or (b) domestic or public individual charging/grid interface points
for slow charging. In this paper only EV connected to LV grids are
addressed, considering the adoption of solution (b) in LV grids.

Implementing a smart EV management involves dealing with
the concepts of SmartGrid and Microgrid (MG) [3], namely if EV
are to be connected to LV networks. EV will interact with the elec-
trical systems of the future, where distributed intelligence will be
present, and are likely to reduce the need for conventional large
energy storage devices that are required to deal with large scale
intermittent renewable generation.

Storage capability has been identified as a key issue to allow

for successful MG islanding operation. Different technologies, such
as batteries, flywheels, or supercapacitors, can be used for this
implementation. In the previous developments of the MG con-
cept, storage units were considered to be interfaced with the grid
through Voltage Source Inverters, responding proportionally to

http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:cmoreira@inescporto.pt
dx.doi.org/10.1016/j.epsr.2009.12.013
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Nomenclature

EV Electric Vehicle
LC Load Controller
LV Low Voltage
MG MicroGrid
MGCC MicroGrid Central Controller
MC Microsource Controller
MMO Multi-Master Operation
RES Renewable Power Sources
SMO Single Master Operation
V2G Vehicle-to-Grid
VC Vehicle Interface Controller
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VSI Voltage Source Inverter
VUF Voltage Unbalance Factor

requency changes using a droop control mode approach as
escribed in Refs. [3–5]. In previous research these units were sup-
osed to be installed close to the MV node (as described in Fig. 1),
ince they may release considerable amounts of power during tran-
ient phenomena.

In this paper an innovative approach is described by integrat-
ng into MG the storage capability of EV, involving the adoption
f a specific control approach that contributes to balance load
nd generation in islanding conditions and to compensate volt-
ge unbalances in normal and islanding modes of operation. In this
ay the presence of a large number of distributed storage devices

hat belong to EV can be exploited to consolidate the MG and the
ulti-microgrid concepts [4] and bring additional resilience to the

istribution grid by allowing islanding procedures to be success-
ully implemented.

. MG architecture and EV
A MG is a low-voltage network with several microgeneration
nits, controllable loads, storage devices and a hierarchical con-
rol system [4], such that the MG can be operated either in a
ormal interconnected mode or in a stand-alone mode [5,6]. A

Fig. 1. MG architecture, including microgeneration
tems Research 80 (2010) 898–906 899

physical architecture of a MG with EV connected to it is shown in
Fig. 1.

The MG is controlled by a MicroGrid Central Controller (MGCC)
installed at the MV/LV substation, including some key functions and
heading the local grid control scheme. A communication infrastruc-
ture between the MGCC and the local controllers (LC and MC for
load controllers and microsource controllers, respectively) needs
to be established. Regarding the MG concept defined in Ref. [5], a
new set of active storage devices has now been included – electric
batteries belonging to EV, as described in Fig. 1. These batteries are
supposed to be single-phase grid connected, through a smart power
electronic interface with a specific control approach – the vehicle
interface controller (VC). The implemented control concept allows
a smooth transition between the two possible MG operation modes
(interconnected and stand-alone mode), as well as participation in
frequency and voltage balancing during islanding operation mode.
The MGCC may interact also with a higher hierarchical control level
taking care of a MV grid with several other MGs as described in Ref.
[4].

The EV grid interfaces can be located on-board the vehicle or
outside in any node of the grid. It was also assumed that when in
charging mode the desired operating point is the rated charging
power of the battery. Other operating situations as described in
Ref. [7] can also be imagined.

3. Voltage (un)balance

As battery charging devices of EV are single-phase connected
units that will coexist with normal single-phase loads, voltage
(un)balance needs to be addressed in a MG in this scenario. The
evaluation of the unbalancing is performed through the Voltage
Unbalance Factor (VUF), as used in the European power quality
standard EN50160 “Voltage characteristics of electricity supplied
by public distribution systems”, being defined as:
%VUF = V2

V1
× 100% (1)

where V1 and V2 are, respectively, the positive and negative
sequence voltage values.

, loads, electric vehicles, and control devices.



9 er Sys

3

a
p
t
c
s
t

3

t
e
t
i
v

v

t
c

p

q

b
n
u
p

s-

w
a

4

d
l
E
t
t
i
m

c
d
g
s
o
M
b
v
m
t

4

t

00 J.A. Peças Lopes et al. / Electric Pow

.1. Correction of voltage unbalance

Different strategies can be adopted to reduce voltage unbal-
nce. In a classic distribution grid, static VAR compensators, or
assive power filters may be used. Furthermore changing the sys-
em configuration through manual or automatic feeder switching
an improve voltage balancing conditions [8]. Lasseter and Piagi
uggested injecting sequence currents from inverters to rebalance
he system [9].

.2. Measurements in unbalanced systems

Accurate power measurements are essential for robust opera-
ion of MGs. The following approach was adopted in this research to
valuate active power for an unbalanced four-wire three-phase sys-
em. For a three-phase power system, instantaneous voltages and
nstantaneous currents can be expressed as instantaneous space
ectors, described by (2):

¯ =
[

va

vb
vc

]
, ī =

[
ia
ib
ic

]
(2)

The instantaneous active power of a three-phase circuit, p, can
hen be given by (3) and the reactive (non-active) power, q, is cal-
ulated in (4).

= v̄T · ī (3)

= ||qspace|| = ||v̄ × ī|| (4)

For a single-phase connection, the measurement was made
ased on the proposal of Burger and Engler [10]. With this approach
o zero-crossing detection is required. The power is computed by
sing the complex apparent power split up in its real and imaginary
art, as described next:

= p + jq = 1
2

v- · i-
∗ = 1

2
(v2 + jvi)(ir − jii) (5)

here vr,i and ir,i are fictitious orthogonal components of the volt-
ge and current, similar to the space vectors in three-phase systems.

. Modelling of the components

The main objective of this work regards the evaluation of the
ynamic behaviour of the MG with a large amount of control-

able storage devices in charging/discharging modes belonging to
V (acting as V2G devices). Since fast transients were not a mat-
er of concern in this research, only the main control functions of
he inverters were used as described in Refs. [3–5]. Grid interface
nverters belonging to microsources and EV batteries were then

odelled by a simple control logic approach.
It is possible to distinguish two different types of inverter

ontrol: PQ control and Voltage Source Inverter (VSI) control as
escribed in Ref. [5]. The PQ-controlled inverter is used to supply a
iven amount of active and reactive power to the grid. This power
et point can be defined by the primary source (e.g. in solar panels)
r defined externally to the microsource by a control system like the
GCC. A VSI controlled source is able to react to system demands

y using information available at its terminals (frequency and/or
oltage). It is capable of emulating the behaviour of a synchronous
achine and providing primary frequency and voltage regulation

o an islanded MG. Further details can be found in Refs. [3,5].
.1. V2G grid interface

As outlined before, V2G devices are single-phase ones. The con-
rol approach adopted to manage its electronic interface is based on
tems Research 80 (2010) 898–906

a PQ control approach, where the reactive power injection is set to
zero. The active power set point (producing or charging) defined for
this control represents the power exchange between the batteries
and the grid. The single-phase inverter is modelled and controlled
as presented in Ref. [10]. The active power set point is adapted to the
grid operation conditions through a specific control, as presented
in Section 5.

4.2. Balancing unit

Since LV microgrids will have to operate under three-phase
unbalanced conditions (due to the connection of single-phase loads
and/or microgeneration units), a three-phase VSI with a voltage bal-
ancing control mechanism was adopted in this research to improve
system operation regarding system voltage unbalancing. The VSI
unit interfaces with a storage device (such as battery or flywheel)
and the MG, and has the ability to produce three independent
output voltages, regardless of loading. The operating principle of
the balancing unit is based on cancelling all unwanted negative
and zero-sequence voltage–current components, according to the
control structure described in Refs. [11,12]. In order to allow the
operation under interconnected or islanded operation mode, it is
necessary to provide a variable-frequency operation mechanism,
which can be provided through the use of droop control concepts
(active power versus frequency droop and reactive power versus
voltage droop), as described in Ref. [5]. The use of droop control con-
cepts allows the definition of the voltage reference for the voltage
balancing unit [12].

4.3. Other components

The dynamic models adopted for microturbines and PV panels
are the same as presented in previous work [3,5,12]. These compo-
nents were considered to be grid interface through inverters with
a PQ control approach.

The LV network is modelled as four-wire RL model. The load
modelling adopted consists in a series of connected RL branches
with constant impedances (as provided by the SimPower Library of
Matlab Simulink).

5. Control

5.1. Strategies for the MG

Different control strategies for the operation of a MG have been
studied and can be found in the literature [3,5]. For the islanded
operation mode, two control schemes can be identified: the SMO
and the MMO approach. In the SMO (Single Master Operation) a VSI
– acting as master – is used as voltage reference when the MV net-
work is lost; all other inverters are operated in PQ mode. The MMO
(Multi-Master Operation) approach uses several inverters in a VSI
mode with pre-defined frequency/active power voltage/reactive
power characteristics. In these operating modes the MGCC can
modify the generation profile by changing the idle frequency of the
VSI(s) and/or define new set points for controllable microsources
connected to the grid through PQ-controlled inverters [5].

In this study, the SMO approach was used, where the storage
device presented in Fig. 2 acts as the “master-VSI” and all other
sources are operated in a PQ like mode.

5.2. V2G interfaces
5.2.1. Local control
Several possibilities of local control to be housed in EV grid inter-

faces have been investigated. The observation variables used for
this purpose correspond to frequency and voltages measured at
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Fig. 2. Single line diagram of the investigated MG.

he EV connection terminal. In interconnected mode no frequency
eviations from the nominal value (50 Hz) are considered.

In islanded mode, the frequency is an instantaneous indication
or the power balance in the MG. It is therefore used to adapt the
ctive power charging of the EV batteries. For this purpose the
ollowing control approach was developed:

EV charge up their batteries, at nominal frequency (and above), by
absorbing power at nominal charging rate (Pr at fnom on Fig. 3(a)).
The power consumption is linearly reduced to zero when the
frequency drops below the nominal value. The zero-crossing fre-
quency, f0, is a parameter of free choice.
If the system frequency drops below f0, the devices start to inject
power into the grid (becoming a V2G) device. At fneg, another
parameter of free choice, the V2G device injects the maximum
available power (Fig. 3(a)).

In this research the slopes of the power reduction above and
elow the zero-crossing frequency are set to be equal, as described
y the dashed line in Fig. 3(a). For simplification purposes, the
aturation is also made symmetrically (at ±Pr). This proportional
ontrol is inspired by the existing droop characteristics of the bal-
ncing unit and is therefore called “frequency droop control” of the
2G device. Nevertheless, it is important to notice that this con-
rol mechanism is implemented in an opposite way to the droop
ontrol implemented in the VSI/balancing unit, where power mea-
urements are used for a frequency like control. In this case, a local
easurement of grid frequency is taken by the V2G and is used in

rder to define a set point for the power exchange with the LV grid.
Fig. 3. Control settings of the V2G devices. (a) Frequency regulation and (b) voltage
regulation.

The operating set point of the V2G device is then calculated from
Eq. (6). In this equation f0 corresponds to f0 I on Fig. 3(a).

Pset f = 1
kP

· (fGrid − f0) (6)

where fGrid is the measured grid frequency, f0 the zero-crossing
frequency, and kP defines the slope.

The selection of the most adequate values for f0 (and fneg)
depends on the effectiveness of existing local secondary frequency
control as well as on the local load shedding schemes. These param-
eters may differ from grid to grid and can be changed by the MGCC,
using the communication link that is supposed to exist. This will
require a communication protocol between the MGCC and V2G
interfaces that needs to be further researched.

The MG is a LV network with lines having high R/X coefficients. If
voltage sags occur, it has been shown that they cannot be corrected
efficiently by injecting reactive power. In the present case it is more
efficient to reduce the load or inject active power. Therefore a sim-
ilar control approach as the one used for frequency regulation can
be implemented to deal with voltage drops that may result from
normal or abnormal operation of the MG. Fig. 3(b) shows the used
settings, and Eq. (7) gives the corresponding control law. Again two
different slopes can be imagined for values above and below the
zero-crossing voltage V0.

Pset V = 1
KV

· (Vphase − V0) (7)

where Vphase is the measured neutral-phase voltage, V0 the zero-
crossing voltage and kV defines the slope. Again this control scheme
involves saturation, as shown in Fig. 3(b).

A combination of these two control strategies can be done by
defining the power set point to be followed by each V2G device.
The adoption of a mean value approach is not optimal, as both
parameters (frequency and voltage) would have to be simultane-
ously at the lower defined limit (f and V in Fig. 3) for the V2G
neg neg

device to inject its maximum available power. In islanding mode,
load balancing should be considered as the key concern. Therefore
the power set point to be adopted by each V2G device is defined in
(8). In this way, local generation scarcity is taken into account with
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ig. 4. Frequency evolution in the load following configuration. (a) Without V2G de
nd (d) V2G devices with control: f0 = 49.9 Hz.

riority regarding local voltage drops.

set =
{

Pset f if Pset f < Pset V

Pset V otherwise
(8)

.2.2. Centralized control
Another possibility to control the V2G interfaces is to send

ower set points from a central control device to each electric
ehicle or group of EV. This control approach is used to balance
ingle-phase loads in the MG by the means of the V2G interfaces.
o implement this control, active power exchange between a three-
hase storage unit (e.g. the master unit) and the MG is measured in
ach phase. The set points sent to the EV connected in phases a–c in
ifferent nodes of the MG, are centrally calculated by the MGCC that
cts in secondary control manner. The calculation of these power
et points is shown in (9) and (10).

e1(t) = Pmes a(t) − Pmes b(t)

e2(t) = Pmes b(t) − Pmes c(t)

e1(t) = Pmes c(t) − Pmes a(t)

(9)

Pset a(t) =
∫

k · (e3(t) − e1(t))dt∫

Pset b(t) = k · (e1(t) − e2(t))dt

Pset c(t) =
∫

k · (e2(t) − e3(t))dt

(10)
(b) V2G devices with fixed charging rate, (c) V2G devices with control: f0 = 49.5 Hz

where Pmes x is the active power exchange value measured in phase
x (a–c), and k is a coefficient used to speed up the time integration
procedure.

The development of the expressions given in (10) in positive,
negative and zero-sequence components shows that the set points
Pset a, Pset b, Pset c reach a stable value only when all negative and
zero-sequence voltages (and currents) become zero.

Eq. (10) is then saturated at ±1. The set points sent to each V2G
device in each phase are obtained from a proportional share of Pset a,
Pset b, Pset c according to the rated power of each V2G device under
control. This means that the MG communication infrastructure
should be extended to the EV grid interface devices and each time
an EV is plugged into the grid, information about its rated power
and state of charge of its battery needs to be sent to the MGCC. It is
assumed that only batteries with a pre-defined minimum state of
charge would participate in this control.

6. Test and simulation platform

In order to test these control approaches the simulation plat-
form described in Refs. [3,5] was adapted to incorporate the central
balancing unit and the EV grid interface devices described before.
Fig. 2 shows the single line diagram of the MG used in this research.
A highly loaded MG, with single-phase and three-phase generation

and loads, was exploited for testing purposes. V2G devices were
assumed to be connected in parallel to each single-phase load.

This MG was shaped to be load unbalanced, with the majority
of the single-phase load connected to phase a. In islanded mode,
the frequency and voltage references are provided by the stor-
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Table 1
Connection scheme for the interruptible loads.

Simulation time [s] Load 1 (single phase) Load 2 (three phase)

0–2 X X
2–5 X
5–8
8–10 X

10–15 X X

X denotes loads connected to the MG, blank means loads disconnected

Table 2
Charging levels of the V2G devices over the 15 s sim-
ulation in the load following configuration.

Charging level

Case (b) 100%

a
w
t
v

o
o

F
V
d

Table 3
Energy stored in the V2G devices during MG islanded
operation.

Profile 1 [pu]

Node 2 0.816
Node 5, phase a 0.407

In this section, the V2G devices are operated in frequency droop
Case (c) 78.5%
Case (d) 46.8%

ge unit connected at the interconnection node. A SMO approach
as adopted for control purposes. This storage unit has the ability

o act as balancing unit and to provide three independent output
oltages.

Different control type approaches were used to test the impact

f the V2G devices in the MG. These control approaches and the
btained results are described in the next sections.

ig. 5. Voltages at node 10 when including frequency and voltage droop controlled
2G devices in islanded mode. (a) No V2G devices, profile 1 and (b) including V2G
evices, profile 1.
Node 5, phase b 0.556
Node 8 −0.814
Node 10 −0.814

7. Results and discussion

7.1. Islanded operation mode

At least one master-storage unit has to be present to allow
the islanded MG operation. The balancing unit was assumed to be
in operation in all the simulations performed. This unit ensures
the load-generation-balance by injecting or absorbing the power
difference and is capable of balancing the voltages at the intercon-
nection node. Load profile 1 (Table 4 in Appendix A) is used for
simulation purposes.

7.1.1. Frequency droop mode – load following
control mode only, as the first investigated issue concerns the MG
frequency behaviour. To identify the influence of these devices, four
different cases were studied:

Fig. 6. Centralized V2G control, including balancing unit. (a) Power exchange per
phase, node 1 and (b) power set point for the V2G devices.
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(a) MG without V2G devices.
b) V2G devices connected with a fixed charging rate.

(c) V2G devices controlled with f0 = 49.5 Hz.
d) V2G devices controlled with f0 = 49.9 Hz.

The effect on the grid frequency is shown in Fig. 4. One
ingle-phase and one three-phase load were disconnected and
econnected, during the simulation, as described in Table 1. The ini-
ial frequency drop is due to islanding from the MV network (local
oad is larger than generation): it was assumed that for all t ≤ 0 s
he MG is in the interconnected mode, and therefore the frequency
s 50 Hz.

In case (a), it can be observed that during most of the time, the
eneration exceeds the load. It is therefore possible to add, at least
n the low load period, some EV charging. If V2G devices with a fixed
harging rate are included, the frequency shifts to a lower level, as
an be seen in Fig. 4(b). The main storage unit is injecting power
or frequency values below 50 Hz and absorbing power for values
bove 50 Hz. In case (b), this unit has therefore to inject energy to
he grid. Adapting the load dynamically when the frequency falls
elow 50 Hz is therefore most appropriate, as it reduces the totally
equired energy by the storage unit. In Fig. 4(c) and (d) it can be
bserved that the system frequency can be indirectly influenced by
hoosing the value of the zero-crossing frequency, f0. This control

lso influences the amount of energy stored in each device, as can
t be observed in Table 2. For the values in Table 2 it was assumed,
hat charging at nominal current during the whole simulation time
quals 100%. Nevertheless the maximal charging rate may not be
equired in all situations. To decide what amount of charging is

ig. 7. Unbalance levels with centralized V2G control and balancing unit. (a) Node
and (b) node 10.
tems Research 80 (2010) 898–906

necessary, some factors may have to be considered, like remaining
energy in the battery, time of the day, scheduled travels, etc.

7.1.2. Frequency and voltage droop mode
In this case only the V2G device control mode was changed.

The other settings of the MG were maintained. This means that the
balancing unit ensures load-generation-balance and has the capa-
bility for voltage balancing at the interconnection node. The V2G
device control includes now also the described voltage droop con-
trol approach. The power set points of the frequency and voltage
droop control are combined as presented in (8).

It was observed that the voltage level in phase a in the lower
part of the investigated MG sinks below 94% of the nominal value
(see Fig. 5(a)). This threshold was defined as being the value where
the V2G devices inject their maximum power when controlled in a
voltage droop mode (Vneg in Fig. 3(b)). The presence of V2G devices
in this network phase contributes to improve the voltage level. This
is shown in Fig. 5(b). It can be observed that the presence of the V2G
devices raises considerably the voltage level. It can be seen that the
V2G devices in this control configuration are capable of fast reacting
to voltage sags.

Table 3 indicates the fraction of energy stored in the EV batter-
ies over the whole simulation time, where “1” represents charging
the battery during all the time at nominal charging rate; negative

values stand for injecting energy into the grid. In this table it can
be observed that some devices inject more than 80% of their rated
capacity. On the other hand, at locations in the grid where the volt-
age level is not a critical issue the connected V2G devices are still
capable of charging.

Fig. 8. Unbalance levels with centralized V2G control, including a storage unit with-
out balancing mechanism. (a) Node 1 and (b) node 10.
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.2. Centralized control

In the following set of tests the load profile was slightly modified.
he load in the lower part of the MG, nodes 8 and 10, was reduced
n order to increase the voltage level (see Table 4 in Appendix A for
etails of profile 2). The control of the V2G devices is done only in a
entralized way, as presented in Section 5. In order to increase the
imulation speed, the (local) frequency and voltage droop control
ode of the V2G devices was not maintained. Simulations showed

hat the proposed control can only work efficiently if it is possible to
nfluence the load in all three phases; hence a V2G device in phase
has been added. The control starts to act after t = 0.15 s, when the

ransients due to initial conditions are settled.

.2.1. Islanded balanced operation
As previously mentioned, for these set of tests a second load pro-

le – profile 2 – was used. The balancing unit was also connected
o the MG, ensuring the load-generation-balance and balancing
oltages at the interconnection node.

In Fig. 6(b) can be observed, that the V2G devices in phase c are
sked to charge at their maximum rate, as the single-phase load in
hase c is lower than in the other phases. The power exchange rates

n each phase between the balancing unit and the grid are therefore

et equal to the one in phase c (see Fig. 6(a)).

It is interesting to observe the unbalance levels in the grid. At the
nterconnection node (node 1), this level is not affected positively.
s can be seen in Fig. 7(a), the zero-sequence voltage is reduced to

ig. 9. Centralized V2G operation in the load following case. (a) Power exchange
er phase, Node 1 and (b) power set point for the V2G devices.
tems Research 80 (2010) 898–906 905

zero (all single-phase load is balanced), but the negative sequence
voltage is increased. On the other hand, in the lower part of the grid
(e.g. at node 10, Fig. 7(b)), the unbalance is considerably reduced.

7.2.2. Islanded operation including a storage device without
balancing mechanism

As it was seen before, the centralized control and the balancing
unit are not working well together, even though their objective is
the same: balance the voltage in the grid. This is due to the different
control approaches used. It is therefore interesting to investigate
the efficiency of the centralized control, when only a simple storage
device is connected to the MG, without voltage balancing mecha-
nism. Therefore in the set of tests that are described next the voltage
balancing mechanism described in Section 4 is not in operation.
Nevertheless the simple storage unit used for load-generation bal-
ance purposes has the same rated power as the balancing unit in
the simulations described before.

The results with respect to power exchange at node 1 and the
power set points are very similar to the plots shown in Fig. 6 and
were therefore omitted. On the other hand, the unbalance level
presents some interesting differences: it can be observed in Fig. 8(a)
that the unbalance at node 1 is reduced to (almost) zero. This shows
that this control has also the same effect as the previously used bal-
ancing unit. The main advantage of this control compared with the
use of a balancing unit is shown in Fig. 8(b): it affects the whole MG.
The unbalance is also considerably reduced in the lower part of the

MG and not only in the part electrically close to the interconnection
node, where the balancing unit was located.

7.2.2.1. Load following. The storage device connected to the MG
ensures the load following. All loads can always be served and a

Fig. 10. Unbalance levels in the load following case. (a) Node 1 and (b) node 10.
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Table 4
Load and generation profiles.

Profile 1 [kW/kVar] Profile 2 [kW/kVar]

Load 1 8/0.5 8/0.5
Load 2 10/5 10/5
Load 3 20/5 20/5
Load 4a 5/0.1 5/0.1
Load 4b 3/0.1 3/0.1
Load 5 20/1 20/1
Load 6 10/0.5 2/0.1
Load 7 8/2 1.6/0.4
Load 8 10/5 2/1
Storage devicea 80/30 80/30
Microturbine 80/30 80/30
SP: node 6, phase a 1.5/0 1.5/0
SP: node 6, phase b 1.2/0 1.2/0
SP: node 9, phase a 1.5/0 1.5/0
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SP: node 9, phase b 1/0 1/0
SP: node 9, phase c 0.8/0 0.8/0

a Rated capacity; labels refer to Fig. 2; SP stands for solar PV panel.

requency reference is provided. For simulating the load following
ehaviour of V2G devices, a single-phase load connected to phase
was disconnected and reconnected (at t = 1 and t = 2 s).

The power exchange per phase of the storage device is shown
n Fig. 9(a) and the set points of the V2G devices are described in
ig. 9(b). It can be observed, that the set point for the devices in
hase b is modified in order to rebalance the new load configura-
ion. The speed to achieve this can be influenced by choosing the
oefficient k in (10). In Fig. 10(a) and (b) the unbalance levels at
odes 1 and 10 are shown.

. Conclusion

From the research developed it was possible to conclude that if
V grid interfaces include a local control, reacting to frequency and
oltage deviations at the point of connection, it is easy to integrate
V into LV distribution grids and even get technical benefits for MG
peration, namely for islanding operation modes.

Appropriate MG operation can be assured if each EV inter-
ace device is controlled in a so-called “frequency–voltage-droop”

ode. The frequency during islanded operation can be positively
nfluenced and be kept closer to its nominal value with the pres-
nce of V2G devices. By adapting the control parameters of the EV
rid interfaces to current operation conditions, such as the zero-
rossing frequency, better performance results can be obtained
han with a static set of control settings. These settings may also
iffer from MG to MG. In islanding mode the central storage unit,
sed to balance the MG, can have a smaller dimension since the dis-
ributed storage resources housed in the EV batteries can be used
o help manage the system, playing an important role in balanc-
ng the load in the MG. By controlling the EV grid interface devices
entrally, the power quality throughout the whole grid (namely
oltage unbalance levels) can also be improved.
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Appendix A.

Table 4 lists the MG load profiles used for simulation pur-
poses (both single phase and three phase), together with some
microsources characteristics.
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