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Large  scale  integration  of  distributed  generation  (DG),  particularly  based  on  variable  renewable  energy
sources  (RES),  in  low  voltage  (LV)  distribution  networks  brings  significant  challenges  to  operation.  This
paper  presents  a new  methodology  for mitigating  voltage  problems  in LV  networks,  in  a  future scenario
with  high  integration  of  distributed  energy  resources  (DER),  taking  advantage  of these  resources  based
eywords:
oltage control
istributed energy resources
ctive demand side management
torage systems
icrogeneration

on  a  smart  grid  type  architecture.  These  resources  include  dispersed  energy  storage  systems,  control-
lable  loads  of  residential  clients  under  demand  side  management  (DSM)  actions  and  microgeneration
units.  The  algorithm  developed  was  tested  in  a real Portuguese  LV network  and  showed  good  perfor-
mance  in  controlling  voltage  profiles  while  being  able  to integrate  all  energy  from  renewable  sources
and  minimizing  the  energy  not  supplied.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Large-scale integration of DER, especially DG but also energy
torage systems or controllable loads, at the level of the LV distribu-
ion grid presents a set of challenges in order to ensure efficient and
ecure network operation while guaranteeing quality and continu-
ty of service to end-users [1]. Voltage profiles in particular can be
everely affected by the integration of decentralized units, namely
ased on variable RES [2].

Therefore, it is essential to develop tools for grid operation in
rder to manage the available DER that may  help in solving the
echnical problems caused by a high integration of RES generation,
articularly at the LV level [3]. In this context, the microgrid and
mart grid concepts appears as an alternative paradigm for distri-
ution networks that will allow integrating distributed resources
ith increased flexibility for grid operation, taking advantage of

dvanced control infrastructures and enabling the provision of
ncillary services to the system [4,5].

Several studies addressing the issue of renewable integration
n LV networks have been recently conducted and published with

nteresting results. For instance, the authors in Ref. [6] consider
he use of a meta-heuristic to minimize the microgeneration shed-
ing and active power losses in order to avoid voltage violations. In

∗ Corresponding author. Fax: +351 22 209 4150.
E-mail address: andre.g.madureira@inesctec.pt (A.G. Madureira).

ttp://dx.doi.org/10.1016/j.epsr.2017.01.027
378-7796/© 2017 Elsevier B.V. All rights reserved.
fact, this methodology has proved successful at ensuring that volt-
age was  kept within admissible limits but at the expense of some
microgeneration curtailment in LV networks.

Other works such as Ref. [7] attempted to overcome this limi-
tation by utilizing storage systems present in the network in order
to store excess energy from microgeneration, thus avoiding renew-
able curtailment that would be required to control voltage values.
The results obtained were encouraging as a good geographical dis-
tribution of these storage systems across the network provides a
good solution to control voltage levels for the Distribution Sys-
tem Operator (DSO). This enables preventing overvoltages caused
by high levels of RES-based microgeneration and simultaneously
avoids under-voltage problems by discharging the stored energy
during periods of high consumption where the voltage profiles are
typically low. Alternative measures include the control of the con-
sumption of domestic customers in LV grids. Accordingly, from the
scientific literature, some studies in this field have been performed
where different researchers have different methods and technolo-
gies with the objective of controlling customers’ consumption, for
instance Refs. [8,9].

From the foregoing, it is understood that there are different
alternatives to integrate the increasing penetration of renewable
microgeneration, but few alternatives actually include the combi-
nation of all these different DER in order to solve that problem.

Consequently, a monitoring and control system that considers
the coordinated operation of storage systems, loads under active
DSM and microgeneration units can constitute an advance towards

dx.doi.org/10.1016/j.epsr.2017.01.027
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.01.027&domain=pdf
mailto:andre.g.madureira@inesctec.pt
dx.doi.org/10.1016/j.epsr.2017.01.027
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dvanced voltage control in LV distribution networks in the future.
he proposed approach consists of an algorithm for day-ahead
perational planning control that is run at every hour taking advan-
age of the available DER for voltage control purposes.

. Control architecture and management architecture

A microgrid can be regarded as an LV network with micro-
eneration units, controllable loads and storage devices that can
e managed as an active cell of the distribution system in an
utonomous way, supported by a control and communication
nfrastructure [10]. This methodology involves a voltage control
ool applied to distribution systems to be installed at the level of the

icroGrid Central Controller (MGCC), i.e. at the MV/LV secondary
ubstation. This algorithm should be implemented as a software
odule dedicated to the operation of the microgrid running every

our in order to define the control actions required to maintain
oltage profiles within an admissible range.

There is a wide variety of technologies with great potential for
oltage control, associated to different DER. In this work, regarding
he voltage control scheme, the following systems at the LV level
ere considered:

Storage devices (batteries);
Controllable loads at the domestic level under DSM actions;
Microgeneration units (photovoltaic – PV – panels).

This requires that a suitable communication infrastructure be
vailable in order to enable the interaction between the different
ER and the control centre. This infrastructure could be based on

 smart metering infrastructure, for instance, exploiting commu-
ication solutions that can be either wired (such as PLC prime) or
ireless (such as GPRS).

For the proposed algorithm, there is also the need to rely on
hort-term load and renewable generation forecasting in order to
efine the control actions for the following hour. It is also assumed
hat the system is completely observable. However, in real life con-
ext it may  not be necessary to have full observability if adequate
tate estimation algorithms are used, where the availability of a set
f measures with sufficient redundancy may  allow obtaining the
urrent state of the system. In the scientific literature, new method-
logies for state estimation, Refs. [11,12], which can be applied
ere, are available and reveal show good results in determining
nobservable magnitudes in real-time.

.1. Storage devices

Storage systems are regarded as a distributed resource to be
sed by the voltage control algorithm and their characteristics are
ssential for a proper modelling of these devices. The main fea-
ures that influence the possibility of storage systems supporting
oltage control are the storage capacity, the available power and
he efficiency [13].

Usually, the battery connection to the network is ensured by
ower electronic interfaces such as voltage source inverters. With
hese devices, it is possible emulate the behaviour of a synchronous

achine to use the energy stored in batteries and enable voltage or
ven frequency control in microgrids [10].

.2. Controllable loads

Loads at the domestic level may  also be regarded as an additional

esource for the DSO so that an effective control of the customer’s
onsumption can be exploited in order to solve problems in LV
istribution networks, particularly in terms of voltage. A good man-
gement of this resource may  contribute to optimize the use of
s Research 146 (2017) 132–140 133

electricity, reducing customer costs as well DSO costs. According
to Ref. [14], it is possible to define a number of categories for the
control of various domestic applications classified as follows:

• Uncontrollable load—loads that may  present technical difficul-
ties to control, where a drastic change in consumer habits will
potentially cause discomfort;

• Load shedding—electrical equipment which can be switched off
for short periods of time without compromising the quality of
service and consumer habits;

• Shiftable load—loads that can be shifted in time, namely trans-
ferring consumption from peak hours to periods with high
microgeneration levels that have no relevant impact on the con-
sumer.

These actions should be implemented respecting some restric-
tions in order to avoid a drastic change in consumption habits,
ensuring that there is no significant discomfort for the customers.
For example, equipment such as refrigerators can be interrupted
only for short periods of time, without compromising their primary
function.

2.3. Microgeneration

Renewable-based microgeneration are non-controllable
sources and a source of variable power since they depend on the
primary source, which is usually wind (in the case of micro wind
generators) or sun (in the case of PV panels).

Therefore, in order to control the voltage profiles, it may be
necessary to reduce the active power injected by renewable-based
microgeneration units. It is assumed that the control system pre-
sented in Fig. 1 is used to send pre-defined values of active power
from the MGCC to the MC  that controls the inverter and the active
power that the microgeneration unit injects into the network. Thus,
microgeneration curtailment is presented as a last resource to be
used by the advanced voltage control algorithm.

2.4. Control actions

The control actions envisaged are defined through set-points
that are sent by the DSO through the MGCC to each load con-
troller (LC) to control or change the electric consumption and to
each microsource controller (MC) to control the microgeneration
(curtailment of renewable energy) and storage systems (charge
or discharge a certain amount of energy). Communication and
information exchange between these controllers is assumed to be
bidirectional such that the smart meters are able to obtain data at
the level of the LV domestic customer such as the electricity con-
sumption and send this information to the MGCC, as illustrated in
Fig. 1.

It is expected that the use of smart meters will ease the imple-
mentation of programs for managing large-scale consumption in
the residential sector. From the point of view of the DSO, an intel-
ligent control of consumption prevailing in this sector will reduce
peak demand in distribution networks. With the implementation
of smart meters it will be possible to analyse in detail customers’
consumption and contribute to a better balance between supply
and demand. This will also enable increasing security of supply by
integrating microgeneration in a more effective way and easier to
control.
3. Mathematical formulation

The proposed procedure involves solving an optimization prob-
lem. The main objective consists in minimizing the voltage control
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Fig. 1. Proposed control LV arc

ctions in order to use the least possible power of these resources
o ensure that voltage profiles are within the technical limits
ubject to a set of technical constraints and operational asso-
iated to the problem. The control actions identified are the
ollowing:

Charging/discharging storage devices;
Shifting controllable loads;
Shedding non-priority loads;
Curtailing microgeneration (last resort action);
Curtailing of essential loads (last resort action).

.1. Objective function

The objective function f used is presented in Eq. (1).

min  f =
n
�
i=1

[
Phchrgi

+ Phdchrgi

(
Phshifti

· �shifti

)
· �1

+
(
Phshedi

· �shedi

)
· �2 +

(
Phmicroi

+ Phnsi

)
· �3

]
(1)

∀h ∈ Z; 1 < h < 24; ∀i ∈ nr

here

h
chrgi

Power charge of battery i at hour h (kW)
h
dchrgi

Power discharge of battery i at hour h (kW)
h
shifti

Shifted load in bus i at hour h (kW)

shifti
Binary variable {1, load shifted | 0, no load shifted}

h
shedi

Non-priority load shedding in bus i at hour h (kW)
shedi
Binary variable {1, load shedding | 0, no load shedding}

h
microi

Renewable microgeneration power curtailment in bus i

at hour h (kW)
h
nsi

Power not supplied to customer in bus i at hour h (kW)
ure for residential customers.

�j Weight j
n Number of buses

The weights used in the objective function aim at prioritizing
the actions of the control actions and were set as follows: �3 �
�2 � �1. However, these weights may  be changed according to the
preferences of the decision maker (i.e. the DSO).

3.2. Constraints

3.2.1. Storage constraints
In the management of storage systems, it is necessary to limit

the maximum storage capacity of each unit as presented in Eq. (2).

Ehstoi ≤ Emaxstoi
(2)

The limits for charging and discharging are considered, as shown
in Eqs. (3) and (4).

Phchrgi
· �hchrgi

≤ Pmaxchrgi
(3)

Phdchrgi
· �hdchrgi

≤ Pmaxdchrgi
(4)

Eqs. (5) and (6) ensure that storage systems do not operate with
a load rate that exceeds their maximum storage capacity and do not
operate with a discharge rate that exceeds the energy that stored
in the batteries, respectively.

Phchrgi
· �hchrgi

· �h  + Eh−1
stoi

≤ Emaxstoi
(5)

−Phdchrgi · �hdchrgi
· �h  + Eh−1

stoi
≥ 0 (6)

Eq. (7) inhibits simultaneous charging and discharging.

�h + �h ≤ 1 (7)
chrgi dchrgi

Eq. (8) updates the state of the storage system.

Ehstoi = Eh−1
stoi

+ Phchrgi
· �hchrgi

− Phdchrgi
· �hdchrgi

(8)
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algorithm was  to obtain a baseline scenario by conducting an hourly
simulation for a period of 24 h with a typical load and production
P.C. Olival et al. / Electric Power S

here

h
stoi

Energy stored in battery i at hour h (kWh)

maxstoi
Maximum energy storage of battery i (kWh)

h
chrgi

Binary variable {1, storage system is charging at h period

| 0, storage system is not charging at h period}
maxchrgi

Maximum power charging of battery i (kW)
h
dchrgi

Binary variable {1, storage system is discharging at h

period | 0, storage system is not discharging at h period}
maxdchrgi

Maximum power discharging of battery i (kW)

h  Time step �h  = (h) − (h − 1)

.2.2. Load constraints
The DSO may  control the consumption in two ways: by shed-

ing loads classified as non-priority by the client or by shifting loads
rom certain periods of time to others. Load shifting can be achieved
y delaying/anticipating the use of certain domestic appliances, for

nstance dish washers and clothes washers/dryers. The way  of con-
rolling these devices is modelled by a discrete set of variables ˛1,
2, ˛3 which represent the load that can be shifted, as presented
hown in Eq. (9).

h
shifti

= Phshifti˛
· �hshifti˛

(9)

 ̨ ∈ A = {˛1; ˛2; ˛3}

An additional constraint is implemented to ensure that if a
evice  ̨ was used at hour h it will not be used in a subsequent
our h + �h,  as shown in Eq. (10).

Phshifti˛
+ Ph+�h

shifti˛
= 0 (10)

Also, for a period of 24 h, this action can be performed only once
or each load ˛, as shown in Eq. (11).

24
�
=1
�hshifti˛

= 1 (11)

here

h
shifti˛

Average shifted power of appliance  ̨ in bus i at hour h

(kW)
h
shifti˛

Binary variable {1, appliance  ̨ is shifted at hour h | 0,

appliance  ̨ is not shifted at hour h}
 Set of discrete variables that represent the average

power of domestic appliances that can be shifted
(A = {�1; �2; �3})

1 Clothes washer average power (kW)
2 Clothes dryer average power (kW)
3 Dish washer average power (kW)

Another possible way to control the voltage levels, including
nder-voltage levels during high consumption periods, is through
hedding of non-priority loads. This action involves cutting load for
hort periods of time and it is modelled by a set of discrete variables
1, ˇ2, ˇ3 which represent the power that can be curtailed for each
ustomer i. Eq. (12) represents the power that can be cut at a certain
our h as a combination of the average active power of a set of
quipment (B) from the customer at bus i, namely the fridge, the
reezer and the air cooling system.
h
shedi

= �hshedi
· CB (12)

ith B =
{
ˇ1; ˇ2; ˇ3

}
and CB =

{
ˇ1

}
,
{
ˇ2

}
,
{
ˇ3

}
,
{
ˇ1, ˇ2

}
,
{
ˇ1, ˇ3
s Research 146 (2017) 132–140 135

Again, during a 24 h period, this action can only be performed
once for each load  ̌ as shown in Eq. (13).

24
�
h=1
�hshediˇ

= 1 (13)

where

CB Choice of k elements of a set of B elements
B Set of discrete variables representing the average power

of all domestic appliances that can be switched off (kW)
ˇ1 Fridge average power (kW)
ˇ2 Freezer average power (kW)
ˇ3 Air cooling system average power (kW)
�h
shediˇ

Binary variable {1, load  ̌ is shed | 0, load  ̌ is not shed}

3.2.3. LV network constraints
For each hour, the three-phase power flow equations, presented

in Eqs. (14) and (15), must also be satisfied.

Pp
i

= |Vp
i
| ·

n
�
k=1

c
�
m=a

|Vmk | ·
[
Gpm
ik

· cos
(
�pm
ik

)
+ Bpm

ik
· sin

(
�pm
ik

)]
(14)

Qp
i

= |Vp
i
| ·

n
�
k=1

c
�
m=a

|Vmk | ·
[
Gpm
ik

· sin
(
�pm
ik

)
− Bpm

ik
· cos

(
�pm
ik

)]
(15)

The inequality constraints presented in Eqs. (16) and (17) cor-
respond to admissible range for voltage magnitude at each bus and
the maximum power flow in the branches.

Vp
min

i
≤ Vp

i
≤ Vp

max

i
(16)

Sik
p ≤ Sp

max

ik
(17)

where

Pp
i

Injected active power in bus i, phase p (W)
Vp
i

Voltage magnitude at bus i, phase p (V)
Gpm
ik

Conductance 3n × 3n matrix (S)
�pm
ik

Voltage angle difference between bus i and k, phase p (◦)
Bik Susceptance 3n × 3n matrix (S)
Qp
i

Injected reactive power in bus i, phase p (var)

Vp
min

i
Minimum voltage magnitude allowed at bus i, phase p (V)

Vp
max

i
Maximum voltage magnitude allowed at bus i, phase p (V)

Sik
p Apparent power flow between bus i and k, phase p (VA)

Sp
max

ik
Maximum apparent power flow between bus i and k,
phase p (VA)

3.3. Voltage control algorithm

The work included an algorithm for advanced voltage control
developed in MATLAB that exploits in a coordinated way  microgen-
eration units, controllable loads and storage devices. The resulting
voltage control tool includes a set of algorithms, namely:

• A three-phase power flow routine;
• An optimization method based on a meta-heuristic, Evolutionary

Particle Swarm Optimization (EPSO);
• A sequential voltage control algorithm.

The algorithm used is illustrated in Fig. 2. The purpose of this
}
,
{
ˇ2, ˇ3

}
,
{
ˇ1, ˇ2, ˇ3

}

profile (ideally these data should come from load and renewable
generation forecast tools) in order to assess if the voltage mag-
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Fig. 2. Voltage control algorithm.

itude at all buses of the network complies with the regulatory
echnical limits. This scenario is built using the three-phase power
ow algorithm presented in Ref. [15]. In the iterative process of the
ptimization problem using EPSO [16], for each solution (particle),
he three-phase power flow algorithm evaluates the voltage magni-
udes for different values of the control variables (storage systems,
ontrollable loads and microgeneration).

. Main results

The voltage control algorithm developed was tested using the
eal Portuguese distribution network presented in Fig. 3. This net-
ork is a typical LV grid with a radial structure, a distribution

ransformer of 100 kV A, 33 buses and 32 branches. It is a three-
hase unbalanced network with a nominal voltage of 400 V. For
his network, a future scenario considering PV microgeneration
istributed in all three phases was created.

Table 1 shows the installed power of microgeneration, the con-
racted power of the clients and the available power for the storage
evices as well as their location in the LV network. As can be seen,
ue to the high number of single-phase loads, there is a small imbal-
nce in different phases.

It should be noted that the amount of storage power considered
as specified in order to showcase the performance of the algo-

ithm to a full extent. In order to determine the ideal amount of
torage capacity to be installed in the grid, the DSO should conduct

 detailed analysis of the most relevant scenarios of operation.

Fig. 4 shows the domestic consumption and PV microgeneration

rofiles that were used. Since real forecasting information is hard to
btain, the data for the scenario used in simulation was  obtained for
he day of May, 31st 2013, according to the forecast released by the
s Research 146 (2017) 132–140

Portuguese Energy Regulator (ERSE). The choice of this particular
day was  purposeful, because it was  a day with high solar generation
and moderate consumption, thus allowing creating situations that
include severe overvoltages. These profiles have been normalized
taking into account the total PV microgeneration for the PV profile
used as well as the peak load for that specific network for the load
profile.

In order to define the load for each LV node at each hour, the
value of the load profile in that hour is multiplied by the load con-
tracted power in that node. For instance, the load in Bus 2, phase
1 at hour 13 is 0.175 × 3.45 ≈ 0.6 kW. The same process is used
for the microgeneration units. In this case, the generation level for
each LV node at each hour is obtained by multiplying the value of
the PV profile (it is assumed that all microgeneration present in the
grid is based on PV units) in that hour by the PV installed power in
that node.

Then, two distinct scenarios have been analysed:

• Baseline scenario—simulation in steady-state using the three-
phase power flow algorithm developed without the considera-
tion of control actions (i.e. batteries’ charging/discharging, load
shifting, load shedding or microgeneration curtailment);

• Optimal scenario—simulation of the voltage control algorithm
developed including all control actions.

4.1. Baseline scenario

In order to identify if there are voltage deviations for this sce-
nario, a three-phase power flow was run for the 24 h of the day.
The results obtained are summarized in Table 2 for the cases where
voltage violations have occurred.

Considering a limit of ±5% in voltage magnitudes, the results
obtained for the worst case (i.e. bus with highest voltage
deviations—Bus 32 for phase 1 and phase 2 and Bus 26 for phase 3)
are illustrated in Fig. 5.

One can conclude that overvoltage problems in the LV distri-
bution network buses occurred during the periods with high PV
generation i.e. periods of high solar radiance, between hour 11 and
hour 17, particularly in the buses furthest from the MV/LV distri-
bution transformer since the high resistivity of the LV lines greatly
contributes to the aggravation of the overvoltages. At hour 22, there
is high consumption (peak hour) and there is no microgeneration,
which causes several under voltages in some buses.

4.2. Optimal scenario

The main objective of the voltage control algorithm developed is
to define an optimal operation plan for the available DER. The algo-
rithm finds the amount of power required for each control action
in order to ensure that there are no voltage violations. This will
enable minimizing the renewable energy spilled that would occur
if the voltage limits were violated and there were no other control
actions available. The algorithm was run for a sequential period
of 24 h in order to mitigate the voltage deviations identified after
running the baseline scenario.

It can be observed in Fig. 5 that in the baseline scenario (without
control actions), several voltage values were out of the admissible
range considered. Using the voltage control algorithm developed
it was  possible to adjust these values to ensure that no violations
occur based on an optimal management of the DER, without requir-
ing microgeneration curtailment or essential load shedding. Fig. 6

shows the highest voltage deviations that occurred in one of the
most problematic buses of the network (Bus 32).

In Table 3 it is possible to observe that all voltage values are now
within the admissible range after running the voltage control algo-
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Fig. 3. LV test network.

Table 1
Total power of the distributed energy resources.

Bus Load contracted power (kVA) PV installed power (kVA) Storage available power (kW)

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3

1 0 0 0 0 0 0 0 0 0
2  3,45 3,45 20,7 0 0 0 0 0 0
3  13,8 13,8 10,35 0 0 0 0 0 0
4  6,9 0 0 3,45 0 0 0 0 0
5  20,7 0 0 0 0 0 0 0 0
6  1,15 3,45 3,45 0 0 0 0 0 0
7  10,35 3,45 0 0 0 0 0 0 0
8  0 3,45 3,45 0 1,725 1,725 0 0 0
9  6,9 3,45 3,45 0 0 0 0 0 0
10  3,45 13,8 13,8 0 0 0 0 0 0
11  3,45 3,45 3,45 0 0 0 0 0 0
12  3,45 3,45 6,9 0 0 0 0 0 0
13  6,9 3,45 0 0 0 0 0 0 0
14  0 3,45 3,45 0 1,725 1,725 0 4 0
15  0 0 0 0 0 0 0 0 0
16  0 6,9 0 0 3,45 0 0 0 0
17  0 0 3,45 0 0 0 0 0 0
18  0 3,45 3,45 0 0 0 0 0 0
19  3,45 3,45 0 0 0 0 0 0 0
20  0 3,45 0 0 0 0 0 0 0
21  0 0 0 0 0 0 0 0 0
22  10,35 0 0 5,175 0 0 6 0 0
23  0 0 0 0 0 0 0 0 0
24  0 17,25 0 0 5,75 0 0 0 0
25  0 0 3,45 0 0 0 0 0 0
26  0 0 0 0 0 0 0 0 0
27  6,9 0 10,35 3,45 0 5,175 0 0 0
28  0 0 0 0 0 0 6 4 0
29  3,45 0 0 0 0 0 0 0 0
30  0 0 13,8 0 0 5,75 0 0 4
31  0 6,9 0 0 0 0 0 0 0
32  10,35 10,35 0 5,175 5,175 0 0 4 0
33  0 0 0 0 0 0 0 0 0
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Table 2
Voltage values for baseline scenario.

Hour Phase 1 voltage (p.u.) Phase 2 voltage (p.u.) Phase 3 voltage (p.u.)

Bus 22 Bus 28 Bus 32 Bus 28 Bus 32 Bus 19 Bus 26 Bus 30

12 1,066 1,062 1,075 1,062 1,075 – – –
13  1,074 1,070 1,084 1,070 1,084 – – –
14  1,083 1,078 1,094 1,078 1,094 – – –
15  1,082 1,077 1,093 1,077 1,093 – – –
16  1,076 1,071 1,086 1,071 1,086 – – –
17  1,058 1,054 1,066 1,054 1,066 – – –
20  0,921 0,924 0,908 0,927 0,912 – – –
21  0,897 0,900 0,880 0,905 0,884 0,947 0,945 0,940
22  0,888 0,892 0,870 0,897 0,875 0,943 0,941 0936
23  0,911 0,914 0,896 0,918 0,900 – – 0,948
24  0,941 0,943 0,932 0,946 0,934 – – –

Table 3
Voltage values for optimal scenario.

Hour Phase 1 voltage (p.u.) Phase 2 voltage (p.u.) Phase 3 voltage (p.u.)

Bus 22 Bus 28 Bus 32 Bus 28 Bus 32 Bus 19 Bus 26 Bus 30

12 1,050 1,037 1,050 1,041 1,050 – – –
13  1,050 1,035 1,050 1,036 1,050 – – –
14  1,050 1,033 1,050 1,415 1,050 – – –
15  1,050 1,033 1,050 1,415 1,050 – – –
16  1,015 1,040 1,049 1,035 1,050 – – –
17  1,033 1,031 1,037 1,039 1,050 – – –
20  0,950 0,965 0,950 0,965 0,950 – – –
21  0,950 0,969 0,950 0,964 0,950 0,958 0,957 0,954
22  0,952 0,996 0,982 0,958 0,950 0.956 0,954 0,950
23  0,980 0,962 0,952 0,959 0,950 – – 0,997
24  0,972 0,987 0,976 0,963 0,953 – – –

r
i

4

t
t
a
s
v

increasing the voltage levels above the minimum limit of 0,95 p.u.
Fig. 4. Microgeneration and load profiles.

ithm, compared to the values without control actions presented
n Table 2 for the baseline scenario.

.3. Example of control actions in phase 1

Fig. 7 illustrates the control actions implemented on phase 1 for
he period of 24 h considered. It can be observed that, from hours 12
o 16, the algorithm recommends the use of the storage systems to

bsorb power. In the period from hours 16 to the 17, the algorithm
uggests using the controllable loads as an option to control the
oltage levels, including increased consumption by shifting loads
Fig. 5. Highest voltage values in each phase for baseline scenario.

from peak hours to this period since the batteries reached their
maximum storage capacity.

By the analysing Fig. 7, in order to control under voltages from
hours 20 to 24 (peak hours), the batteries discharge the energy
stored during the day. Simultaneously, consumption decreases in
hours 22–24 since part of the load had been previously shifted to
the period from hours 15 and 16. Finally, since the actions men-
tioned above were still insufficient to control the voltage levels,
the algorithm defines the need for non-priority load shedding,
thus reducing consumption during these periods and, consequently
With the control actions suggested above it was possible to con-
trol voltage levels without requiring microgeneration curtailment
or shedding of essential loads.
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Fig. 6. Highest voltage values at phase 1 of Bus 32 before and after optimization.

Fig. 7. Control actions performed in phase 1.

s
t
a

Fig. 8. Total energy from each control action performed.
Fig. 8 presents the energy balance of the DER management,
elected as actions for voltage control on all three phases of the
est network used. One can conclude that the energy stored (39%)
nd discharged (39%) was an important action, since the algo-
Fig. 9. Balance of power before/after voltage control action.

rithm developed prioritizes the use of storage systems. Only when
the energy provided by these systems is insufficient due to max-
imum charge and discharge rates or maximum storage capacity,
the algorithm defines DSM actions that consist in domestic load
management (load shifting and a non-priority load shedding).

The overall power balance for the three phases can be seen in
Fig. 9. With the control actions it was  possible to control voltage
levels and integrate all the power of the microgeneration with a
load increase due to the action of the storage systems and the load
shifting from peak periods (high consumption) to off-peak periods
(low consumption). The injection by the storage systems as well as
the load shifting in hours 20–24 is also able to mitigate the under
voltages during peak load. Moreover, the shedding of non-priority
loads was an important resource in situations where load shifting
and the discharge of storage systems were not enough to control
voltage deviations.

It should be emphasized that, in this scenario, it was possible to
mitigate voltage deviations in the buses of the LV network without
requiring microgeneration shedding and at the same time avoiding
the need for indiscriminate load shedding that could affect priority
loads, which highlights the benefits from the proposed approach.

5. Conclusions

The approach developed in this paper for voltage control
included an advanced scheme for managing DER in LV networks
that may  constitute an important tool for the DSO, since it uses
various distributed resources that may  be available in order to
ensure that voltage profiles are kept within admissible limits. The
consideration of forecasts for load and renewable generation for
the short/medium term will allow establishing an optimal plan for
operation in order to address the voltage control problem at the LV
level one hour ahead as proposed.

The main contribution of this work is a methodology that can
help the DSO in controlling the voltage profiles in LV networks
while maximizing the integration of renewable microgeneration.
The proposed approach provides an optimum solution for the volt-
age control problem while ensuring a coordination between the
several DER. Nevertheless, it assumes the deployment of a suit-
able communication infrastructure and, apart from the availability

of forecasting data, requires the use of advanced state estima-
tion techniques in order to turn the network observable. From
the results obtained in the real LV network used, it was seen that
it was  possible to mitigate voltage violations without requiring
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[5] A.G. Madureira, J.A. Peç as Lopes, Ancillary services market framework for
voltage control in distribution networks with microgrids, Electr. Power Syst.
Res. 86 (2012) 1–7.
s Research 146 (2017) 132–140

[6] A.G. Madureira, J.A.P. Lopes, Coordinated voltage support in distribution
networks with distributed generation and microgrids, IET Renew. Power
Gener. 3 (2009) 439–454.

[7] L. Xiaohu, A. Aichhorn, L. Liming, L. Hui, Coordinated control of distributed
energy storage system with tap changer transformers for voltage rise
mitigation under high photovoltaic penetration, IEEE Trans. Smart Grid 3
(2012) 897–906.

[8] N. Venkatesan, J. Solanki, S.K. Solanki, Demand response model and its effects
on  voltage profile of a distribution system, Power and Energy Society General
Meeting, 2011 IEEE (2011) 1–7.

[9] P. Kadurek, M.M.  Sarab, J.F.G. Cobben, W.L. Kling, Assessment of demand
response possibilities by means of voltage control with intelligent MV/LV
distribution substation, Power and Energy Society General Meeting, 2012
IEEE (2012) 1–6.

10] J.A.P. Lopes, C.L. Moreira, A.G. Madureira, Defining control strategies for
microgrids islanded operation, IEEE Trans. Power Syst. 21 (2006) 916–924.

11] V. Miranda, J. Krstulovic, H. Keko, C. Moreira, J. Pereira, Reconstructing
missing data in state estimation with autoencoders, IEEE Trans. Power Syst.
27 (2012) 604–611.

12] P.N.P. Barbeiro, J. Krstulovic, H. Teixeira, J. Pereira, F.J. Soares, J.P. Iria, State
estimation in distribution smart grids using autoencoders, 2014 IEEE 8th
International Power Engineering and Optimization Conference (PEOCO)
(2014) 358–363.

13] H. Chen, T.N. Cong, W.  Yang, C. Tan, Y. Li, Y. Ding, Progress in electrical energy
storage system: a critical review, Prog. Nat. Sci. 19 (2009) 291–312.

14] A. Soares, A. Gomes, C.H. Antunes, Domestic load characterization for
demand-responsive energy management systems, 2012 IEEE International
Symposium on Sustainable Systems and Technology (ISSST) (2012) 1–6.

15] R.M. Ciric, A.P. Feltrin, L.F. Ochoa, Power flow in four-wire distribution
new algorithm with applications in power systems, in: IEEE (Ed.), IEEE/PES
Transmission and Distribution Conference and Exhibition, Asia Pacific, 2002,
pp. 745–750.

http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0005
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0010
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0015
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0020
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0025
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0030
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0035
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0040
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0045
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0050
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0055
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0060
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0065
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0070
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075
http://refhub.elsevier.com/S0378-7796(17)30036-6/sbref0075

	Advanced voltage control for smart microgrids using distributed energy resources
	1 Introduction
	2 Control architecture and management architecture
	2.1 Storage devices
	2.2 Controllable loads
	2.3 Microgeneration
	2.4 Control actions

	3 Mathematical formulation
	3.1 Objective function
	3.2 Constraints
	3.2.1 Storage constraints
	3.2.2 Load constraints
	3.2.3 LV network constraints

	3.3 Voltage control algorithm

	4 Main results
	4.1 Baseline scenario
	4.2 Optimal scenario
	4.3 Example of control actions in phase 1

	5 Conclusions
	Acknowledgments
	References


