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Abstract—Renewable energy sources (RES) have been promoted
to overcome environmental constraints as well as the scarcity of
fossil energy sources. In fact, many initiatives have been deployed
by integrating these sources (e.g. Photovoltaic panel, Wind, Fuel
cell...) in order to increase energy efficiency (i.e., electricity
production) in buildings while limiting CO2 emissions. In parallel
to this development, micro-grids have emerged as decentralized
systems to allow connecting different decentralized sources in
which buildings become active electricity producers in addition to
the main traditional electric grid. However, a smarter demand
response management system is required to efficiently balancing
the energy production, storage, and the electricity consumption.
In this paper, a demand/response control approach is introduced
by integrating into a holistic platform different RES together with
storage devices for supplying electricity to buildings equipment
(e.g. ventilation system, lighting...). A prototype was developed
and deployed in our EEBLab for experiments and real-testing.
Preliminary experimental results are reported and show the
usefulness of the proposed holistic approach.

Keywords, photovoltaic systems; wind turbine; energy management
system; hybrid system; buffer battery; main storage; micro-grids;
context-driven control; loT.

l. INTRODUCTION

The production of electrical energy constitutes one of the
main sources of greenhouse gases emission. In order to reduce
CO; emissions, renewable energy was promoted in the past
decades as main sources for producing green energy. However,
an electrical generating system, which depends entirely or
partially on the renewable energy sources, is not reliable
because of the availability and the intermittent nature of these
sources. In fact, the solar output varies throughout the day and
through the seasons, and is mainly affected on cloudy days [9].
Wind generated power is a variable resource, and the amount
of produced electricity depends on turbine characteristics,
wind speeds, and air density [11]. Therefore, electrical energy
storages could be incorporated to balance the intermittency of
power supply caused by the weather conditions variation [8].
So, it is necessary to characterize as precisely as possible the
production of these sources as well as the consumption profile
for their efficient integration and control.

Recent studies put more emphasize on the development of
energy management systems (EMS) for connecting,
integrating and controlling these micro-grid (MG) systems.

However, the random nature of electricity production by these
hybrid energy resources (e.g., PV. Wind) makes their efficient
control a difficult task without taking into consideration the
actual circumstances (e.g., weather conditions, occupancy). In
this work, two renewable energy sources (RES) is integrated
together with storage devices and a control strategy is
implemented to manage the power flow based on the power
production/consumption (Figure 1).
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Figure 1. Energy management system

This paper focuses mainly on the development of a
preliminary control strategy for predicting, estimating and
controlling the interaction between power production (wind,
PV), storage devices and building demands. The aim is to
ensure a continuous power supply to the building according to
the actual context. The work presented in this paper is a part of
an ongoing project, which aims to develop a context-aware
platform for performing instantaneous equilibrium of the
Demand/Response balance [8, 10, 20].

The remainder of this paper is organized as follow. Section
2 presents the existing work related to the Demand/response
control approaches of MG systems and existing architectures.
In Section 3, the general architecture of our EEBLab MG is
presented together with the Hw/Sw control switch and the
proposed control strategy. In Section 4, the testbed and the
deployed MG system are presented together with experimental
results. Conclusions and perspectives are given in Section 5.



1. RELATED WORK

Face to the increase of electricity demand, the integration of
different RESs to produce the electricity have gained an
outstanding interest. The idea is that the consumer becomes an
energy producer by installing different RESs (e.g., PV, Wind)
together with the traditional grid to minimize energy billing.
According to the integration of this hybrid system, different
studies have been focused to improve the control strategies for
an optimal energy management in the micro-grid. The study of
a control strategy must begin with a study of the connection
architecture of the sources and the AC/DC bus installation. For
example, authors in [12] present different configurations of
hybrid photovoltaic and diesel systems, they distinguish the
advantages and disadvantages of each configuration.

In [13], the advantages of DC distribution in terms of
transmission losses are illustrated with the help of three case
studies, authors compare the DC grid to AC grid regarding
efficiency and power transport capability, and they present
three applications where a DC grid could be employed. Also,
an AC and DC load flow is performed for each of the three
collection and distribution grid and the losses are compared.
Other work is [14], in this study the hybrid system
classifications are performed according to the chosen criterion,
the first one is the connection to the grid or stand-alone system
and the second one is the hybrid system with or without storage
devices. According to that, [15] propose a distributed micro-
grid topology structure and illustrates the principles of
network, design dispatch control and energy management
strategy with battery capacity prediction. Another interesting
work is [16], authors present some insight and considerations
that need to be taken into account when sizing storage capacity
for a hybrid system of RESs, also modeling of hybrid system
components is illustrated in this paper. After studying the
connection architecture of different sources and sizing the
storage devices, the production and the consumption powers,
the next step that is the main objective of this work is the study
of the control strategy to be implemented to make the system
optimal and more reliable. According to this step, several
research works have been conducted in the past few years
aiming at integrating and controlling these hybrid systems
(e.g., PV-Wind, PV-Wind-battery, PV-Wind-Diesel and PV-
Wind-Grid). For instance, Authors in [1] have used neural
networks as a strategy for controlling a PV-Diesel systems. In
fact, a dynamic system is used to optimize the operation of the
diesel generator while minimizing the fuel costs by taking into
account the energy demand and the solar irradiation.

In [2], various strategies have been developed and compared
for the operation of a hybrid system. Mainly, authors proposed
a predictive control strategy for charging/discharging batteries
according to the predicted electricity production and
consumption. With this strategy, the energy loss from the
renewable energies tends to decrease, however, authors
consider ideal batteries, without taking into account losses or
the influence of the cycles in the lifespan of batteries. In [6, 7],
authors introduced a supervisor control for a hybrid system that
comprises wind and photovoltaic generation subsystems, a
battery bank, and an AC load. Authors in [4, 5] proposed an

economic-based control approach of photovoltaic systems with
energy storage devices. This approach could determine the best
suitable device (i.e., batteries, hydrogen) for either storing
extra energy or supplying demanded electricity.

It’s worth noting that the architecture of the MG systems is
another important issue that needs to be considered when
deploying MG systems. In fact, depending on the nature of the
energy AC or DC, and the nature of the loads to be supplied,
different topologies can be defined, generally they are two
types as shown in Figure 2. In the first type, named series
architectures, the available renewable energy is delivered to a
DC or AC bus before powering the loads. In AC bus case, it is
necessary to use a charge controller to the batteries, then the
energy stored in the batteries is converted to AC using an
inverter to supply AC loads. In DC bus case, the whole energy
source is first delivered to the batteries before powering the
loads. The disadvantages of this architecture are the following.
The battery must have a large capacity and it is constantly
subjected to charge/discharge cycles. Also, the system has
relatively low efficiency, because the power supplied is
converted twice before reaching the consumer and a possible
failure of the inverter causes a total power failure.

Series architecture

Parallel architecture

[ACcoupIing] [DC:nupIing] [ AC Bus ] [ DC Bus ]

Figure 2. Hybrid system architectures

Unlike the series architecture, in the parallel architecture,
there are two busses, AC and DC. In fact, the system is more
flexible concerning the control, in case of failure of a source,
the system can be managed by supplying loads from another
source. Furthermore, the system components should not be
sized for the total load, as the load can be simultaneously
powered by multiple sources. In some cases, the loads can be
powered directly by the RESs avoiding a large
charge/discharge cycles of the batteries. However, the voltage
and frequency of the AC network must be kept within very
strict limits in order to ensure the stability of the system’s
operation, which depends on the quality of the inverter.

Next section focuses on the presentation of our MG system
and its main components, which are connected following the
parallel architecture using both AC and DC busses.

1l. EEBLAB MICRO-GRID ARCHITECTURE

This section introduce the deployed micro-grid together
with the control approach implemented in order to test
different control strategies. A PV and wind turbine (WT) is
deployed in the EEBLab and connected together with storage
devices to supply different AC/DC equipment. Furthermore, in
order to ensure the power during the night or when we have
bad weather conditions, the system is connected to the
traditional grid. Figure 3 depicts the general architecture of the
deployed MG, which is composed of WT, a photovoltaic



system, batteries, and a weather station together with
building’s equipment (e.g., lighting, ventilation). The Hw/Sw
control switch implements the control approach of the
deployed MG. As illustrated in Figure 3, it requires real-time
data from the weather station, the equipment used for gathering
the power produced by the WT as well as the photovoltaic
system, and the consumption profile. All these data are
gathered and processed in real-time using our loT and Big data
platform [10, 3]. The control approach uses these data to
extract the actual context in order to select the best suitable
action for either storing extra energy, or supplying directly the
building equipment from the PV/Wind/Batteries, or from the
electric grid.

The PV used in this work is modeled and validated in [9,
17]. Also, the wind turbine characteristics used for this paper
are described in [19]. Concerning the batteries, the architecture
is consists of two batteries, the buffer battery with a less
capacity, this battery is used to ensure the power to the loads.
When the loads are connect directly to the PV, to WT or to
PVIWT the buffer battery can smooth the power when there
are sudden variations in the weather conditions. The second

battery is the main storage. The main storage has a high
capacity, is used to store the power from the sources and to
generate the power when the production is less than the loads
demands. The battery characteristics used for this work are
described in [18].

The weather station deployed in our EEBLab contains a set
of sensors, a wind speed sensor (Anemometer), a wind
direction sensor (weather van), a temperature and
humidity sensor, and a pressure sensor. The sensors
are connected to an Arduino board, which collect
the data and transmit it to a computer to be stored, analyzed
and visualized in real-time. All these data are gathered and
processed in real-time using our 10T and Big data platform [10]
for further usage in different applications related to buildings
management systems.

The rest of this section is dedicated mainly to the description
of different components related to the integration and the
control of the MG system. In fact, a control card is developed
to connect and manage all renewable energy sources with the
loads and storages.
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Figure 3. The EEBLab micro-grid architecture

The developed card can be seen as an embedded energy
management system (EMS) for optimal energy usage
according to the actual context. In fact, the PV (resp. WT)
system produces the electric power only during sunny (resp.
windy) days, but the high power consumption appears to be
around the midday and during the moment of sunset. During
the day, the aim is to use all the energy produced from
renewable energy sources and to avoid a high charging and
discharging cycles of the batteries. Also with the EMS, a
priority is defined between the PV system and WT to supply
the loads. For example, it is preferable to supply the loads by
the PV system and use the WT to charge the battery because
the radiation is more stable than the wind speed. We can
calculate the power produced from each sources during a
period to define the sources priority and to minimize the loss

of power supply probability. The total energy produced by the
RESs (equation 3) is the summation of Ep, and Eyr,
respectively produced by the PV and WT during one day and
can be expressed by (1) and (2), and the maximum power
demanded by the storage can be calculated by (4).

Epy = f024h Ppy (t)dt @
Ewr = f024h Py (D)dt )
Eres = Epy + Ewr ©))

24h
Epat = Egrgs — fo

PConsumption (t)dt (4)

The total energy calculated for each sources can be taken
into account, like input parameter, to design the control
strategies.
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Energy management

Different objective functions can be taken into account when
optimizing and designing a control strategy, like the smoothing
of the production, the continuity of the power generated to the
consumer, and charge/discharge cycle of the batteries. For that,
a control strategy is designed to satisfy the loads demands
(lighting, ventilation system) throughout the day and night by
using the PV, WT, batteries and traditional grid. A main
communication infrastructure is employed for the total energy
measurement and management purposes. This infrastructure
provides the autonomous operation with the required
measurements, decisions and controls by collecting data

through the sensors and producing the commands for the
Hw/Sw card connected to the control switches used in the
hybrid system.

The proposed strategy could control the deployed MG
system according to the following cases: i) the power generated
by the PV system has priority in satisfying power demand by
loads over that delivered by the WT or by the batteries, because
in the site of testing there is more radiation during the day than
wind, ii) if the power generated by the PV system is higher than
the loads demand, the PV system is connected directly to the
loads using a buffer battery which allows to balance the power
delivered to the load (Figure 3: switch 2), in this case the power
generated by the WT will be used to charge the main battery,
iii) if the electric power generated by the PV system is less than
the demand, power will be supplied from the PV and WT
(Figure 3: switch 2, 3), iv) if the load demand exceeds the
power generated by PV/WT combination, the difference is
supplied by the main storage (Figure 3: switch 2), v) if the
power generated by PV/WT is less than the demand and the
SOC of the battery is less than 60 % (to avoid a deep
discharging), the power will be supplied by the traditional grid
(Figure 3: switch 1), during this time PV/WT power is used to
charge the main storage. The flowchart of the main control
strategy is illustrated in Figure 5.
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Figure 5. Flowchart of the power flow management

V. TESTBED AND EXPERIMENTAL RESULTS

In order to validate the behavior of the control strategy and
the functionality of the hybrid system, experimental results
have been extracted. The main objective is minimizing the
electricity consumption from the traditional grid and
maximizing the production of renewable energy. A prototype
is used to ensure the power supply to a ventilation system and
lighting in the laboratory. From those data synthetic profiles
that describe the power generation of the WT and PV panels,
as well as the power demand of the laboratory (lighting,
ventilation system), were obtained. In this part, a real system is
presented to extract the data to confirm the usefulness of the

EMS control. The measurements of the power exchanged in the
main elements of the Hybrid system are presented. Figure 6
shows the real hybrid system installed in our EEBLab.

A. Buffer battery

The buffer battery is used when the renewable energy
generators is directly connected to the load. The capacity of this
battery is less than the main battery storage. As shown in the
figure 7, the charge/discharge current of this buffer battery is
low. From 7:00 AM to around 10:00 AM, the PV production is
less than the power demand, for that the buffer battery is
disconnected and the battery current is zero. From 10:00 AM



to around 18:00 PM we have some peak due to the charge or
discharge of the buffer responding to the production variation.
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Figure 7. Buffer battery current variation

B. Main storage battery

The batteries used in the main storage have a large capacity.
When the power production is higher than the power
consumption, these batteries is connected to the RES just for
charging. For that, in the figure 8 we can see that from 07:00
AM to 18:00 PM the current is positive, the batteries is charged.
In the same time, the power supplied to the consumer is ensured
by the PV and the WT. As shown in the figure 8, from 18:00
PM to 20:00 PM the power produced by the RESS is less than
the power consumed in the building and the main batteries
storage is connected to complete the need of power. During the
night, the RESs is around zero and the main storage is
discharged, for that we can see in the figure 9 that the system is
switched from the RESs to the traditional grid to ensure the
power to the loads. The inverter is used to generate the total
power from different RESs and storage devises to the loads.
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T
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Figure 8. Main storage charge/discharge current variation with PV
production

C. Grid power

As mentioned above, the traditional grid is used to ensure
the power to the building when the power production is zero
and the storage is discharged. During the 24 hours of the
experimentation, the batteries is discharged around 20:00 PM
and started charging around 07:00 AM. Figure 10 shows that
during this period the power generated by the traditional grid is
equal to the power consumption (Lighting, ventilation system).
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Figure 9. The power generated from the inverter to the loads

150

3
3
I

Grid Power (W)

@
3
T

I

“‘Tr”’H’ i

0 I I | I
15h00 19h00 23h00 3h00 7h00 11h00 15h00
Time

Figure 10. Power consumed from traditional grid



D. PV and wind turbine power

The system is installed in a site where the wind speed has only
a limited number of days when it exceeds the rated speed of the
wind turbine to levels which allows to give an important
production, due to different existing obstacle. For that we can
see in figure 11 that the power generated by the WT is less than
the power generated by the PV, and is zero also during the
night. During the period of production of the WT, the PV can
satisfies the demand and the WT is used to charge the batteries.
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Figure 11. PV-WT power generated during 24 hours

V. CONCLUSIONS AND PERSPECTIVES

To ensure a high level of reliability and flexibility of the
power supply demanded by the consumer in an optimal way, a
preliminary control strategy for a hybrid system is presented in
this work. In fact, a real hybrid system is deployed in our
EEBLab for conducting experiments. The testbed is composed
of a PV system and WT connected together to storage devices
in order to ensure the power demanded by ventilation and
lighting systems. Preliminary results are presented to show the
usefulness of the control strategy for balancing the
Demand/Response according to the actual weather condition
(production) and the occupancy (consumption). The future
works focuses on the development of a predictive control
approach. In fact, based on this platform installed and tested,
our ongoing work aims to use data processing and predictive
analytics to develop a predictive demand/response strategies
for MG systems.
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