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Abstract— The intermittent nature and overwhelming
variability of the produced electricity from renewable energy
sources (RES) constitutes the main challenge for their seamless
integration into buildings. Recent studies stated that storage
devises, despite their actual high cost, could be used to tackle this
issue by balancing the intermittent nature of RES production and
the unpredictable building’s occupancy. In fact, these storage
devises could handle this issue, which is very complex without
taking into consideration actual occupancy and environmental
context. This paper introduces a demand/response control
approach by mainly focusing on micro-grid systems, which are
composed of PVs, batteries, and buildings equipment (e.g.,
ventilation system, lighting, HVAC). A prototype was developed
and deployed in a real-setting scenario at our EEBLAB.
Experimentations have been performed and results show the
usefulness of the proposed control approach for micro-grid
systems.

Keywords- Photovoltaic systems, Micro-grids, 10T, Context-driven
control.

I. INTRODUCTION

The depletion of traditional resources, the increase of the
electricity demand, together with the need of reducing CO2
emissions, as illustrated in Figure 1, have led to a large scale
deployment of renewable energy generators into electrical
grids. Unfortunately, the random and discontinuous nature of
these energies makes them difficult to control and it is
necessary to characterize as precisely as possible the production
of these sources. The influence of their nature can be
diminished by coupling two or more renewable energy sources
(e.g., PV, Wind turbine) that could be connected with storage
devices (e.g., Batteries, Fuel cell) or the electric grid network.
This coupling of several energy sources requires a control
strategy that could reshape the energy Demand/Response. In
fact, the control strategy could keep track of the amount of
expected consumption (Demand) and the amount of produced
energy (Response) in order to maximize the usage of renewable
energy according to the actual context [1, 2].

The work presented in this paper is a part of an ongoing
project aiming at developing a context-aware platform that
could perform an instantaneous equilibrium of the
Demand/Response balance. The aim is to integrate a control
strategy for predicting, estimating and controlling the
interaction between power production, storage and building
demands. In this paper, we focus on the development of the first

prototype that includes a PV, battery and the electric grid.
These components are connected together to power a
ventilation system as illustrated in Figure 2. The goal is to
ensure a continuous power supply of this ventilation system
according to the actual context. For instance, the power is low
when we have bad weather conditions (temperature and
irradiation) and zero at night. For this reason, we use a battery
for balancing the PV production with the ventilation
consumption, but a problem also occurs in this case when the
battery is used for long periods without being charged due to a
large period of use during the night or due to a lack of
irradiation during cloudy days. Because of this intermittent and
irregular nature of the PV production, we include also the grid
in order to eventually ensure the power supply during these
periods. This simple hybrid system, however, needs to be
automatically controlled. A Demand/Response control
approach is therefore developed for balancing the intermittent
PV generation and delay between the power production and the
real building consumption.

Figure 1. Figure 1. Three-Dimensional Objective
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The remainder of this paper is organized as follows. Section
2 describes briefly existing work from literature. Section 3
describes the prototype’s architecture and presents the control
approach. In Section 4, the testbed system is presented together
with  experimental results. Finally, conclusions and
perspectives are given in Section 5.

Il. RELATED WORK

Recent research work in micro-grid focused mainly on the
integration of various renewable energy sources (e.g, PV,



Wind, Full cell...) together with storage devices (e.g.,
hydrogen, lead acid batteries) and the improvement of their
optimal control. For instance, authors in [1] present a
deterministic operational planning algorithm for a power
generation park within a micro-grid. They have also studied the
different link topologies in order to select the best one for
building a hybrid system. Authors in [2] combined an
autonomous PV and wind turbine using a DC bus and the
generated output power from the system is fed to all connected
loads, while the surplus power is injected to the electric grid. In
[3], a local controller for the PV based active generator is
developed. A local energy management system is also
introduced for controlling the power flows inside the PV active
generator. The management system implements several
algorithms in order to supply the power demanded by the grid
operator, in the same time it extracts the maximum PV power
while respecting the storage capacity and power limits.

In [4], authors introduce an approach for active power
sharing in a hybrid fuel cell/battery power source to improve
the system efficiency and battery life with acceptable load.
Authors in [5] proposed a hybrid PV-wind system that provides
a sophisticated integration of the wind turbine and solar PV to
extract optimum energy from the two sources, PV and Wind.
Strategies for controlling and managing optimal energy for a
micro-grid have been studied and developed in [6]. Mainly,
models have been developed by simulations, using the
stochastic approach control. The proposed approach is
validated by simulations taking into consideration the
uncertainty of PV production and load. Authors in [7] proposed
a cost function with an optimization algorithm, which
guarantees a power balance and regulation of frequency level,
an equal power sharing and a better coordinated operation
between PV units and battery storage. This algorithm, based on
[8, 9], was implemented and developed in MATLAB-
SIMULINK software environment. In [8], authors developed a
distributed cooperative control strategy for coordinating the
energy storage systems to maintain the supply—demand balance
and minimize the total power loss associated with charging-
discharging inefficiency. The effectiveness of the proposed
approach was validated by simulation results. An overview of
current developments of micro-grid control, the requirements
and desirable traits of the control systems are presented in [9].

IlIl. THE SYSTEM ARCHITECTURE

This section describes the proposed integration of the solar
PV and battery system as depicted in Figure 3. It includes a 70
Watts PV panel [10], a battery 25 Ah, and a ventilation system
composed of two ventilators operating with a state feedback
control [11, 12, 22, 23] with 24 Watts of maximum power. The
connection with the grid is assured by a transformer which
gives 12V in the output. This micro-grid is equipped with a
platform for measuring the consumption and production
(Demand/Response). A set of current and voltage sensors have
been installed for measurement of the power in all branches of
the installation. The purpose of this installation is to show the
switching moments of our control approach between the battery
and the electrical grid.

A. The photovoltaic system

A model of PV panel is simulated with real irradiation and
temperature data during 12 hours from 7:00am until 7:00pm.
Figures 4 (a, b) shows respectively the temperature and the
irradiation profile, while Figure 4 (c) shows the PV production

during 12 hours using same data. These data is presented here
to show the validation of the PV model we have used for
experiments [10].

Figure 2. The architecture of the micro-grid control prototype
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Figure 3. The deployed prototype at our EEBLab

Figure 4. Real data during 12 hours, (a) Temperature, (b) Irradiance and (c)
PV production
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B. The battery characteristics

A lead acid battery is used because of its robustness and also
because flooded lead acid cells are one of the least expensive
sources of battery power available [13]. Its characteristics are
described in Table I.

TABLE |. Characteristics of the battery
Output voltage 12V
Rated Capacity 25 Ah
Float charge voltage 13.5-13.8 @ 25°C
Cyclic charge voltage 14.4-15.0 @ 25°C
Recommended maximum depth of discharge 50%
Cycle life 1000

It’s worth noting that for real experiments only the voltage
and the current can be measured. All the others need to be
estimated and the data provided in the catalogs of the batteries
are not sufficient to derive all the parameters required to
estimate the state of charge (SoC) [14, 15, 16], which is used
by the proposed control strategy. Mainly, the battery is
described by its voltage V = V. + IR, where R is the internal
resistance, which is variable and depends on other parameters,
such as the temperature, the capacity and the charge/discharge
status. V, is the open circuit voltage and | is the current, which
is negative during the charging mode and positive during the
discharge mode. Another parameter that could be used for the
estimating of the SoC is the Nominal capacity (Quominat):
which is expressed in (Ah). It is the amount of electricity that
can provides under certain conditions. It depends on the
discharge behavior, the minimum allowable voltage value at
the discharge mode and the temperature of the electrolyte [17].
For this reason, it is often useful to define the Quomina: S the
value given by the manufacturer, which indicates the capacity
of the battery at the beginning of its life and for a given
discharge behavior or regime.

The control strategy needs the SoC as an input together with
other parameters to select the most suitable action for either
switch to the battery or to the electric grid. It is the ratio between
the capacity at a time t and the nominal capacity of the battery
(Qnominar)- It mainly indicates the amount of electricity
available in the battery as described above. It varies between 0
and 100%, the value 0 means that the battery is completely
discharged, whereas it is full when it is 100%. The estimation
of lead acid batteries SoC is still difficult and it is the subject of
many studies [18, 19]. In this paper, we used the battery voltage
parameter to estimate the SoC according to the work presented
in [16, 20].

C. The control strategy

The control strategy proposed in this paper is very simple
[21]. We used the estimated SoC to control the connection
between the load and the battery on the one hand and between
the load and the electric grid on the other hand. Four modes are
considered as shown in Table II.

TABLE I1. Operating modes of the battery

Mode Battery connection SoC
Charging Discharging
0 OFF OFF Battery at rest
1 ON OFF SoC<SoCmin
2 OFF ON SoC>SoCmax
3 ON ON SoCmin<SoC<SoCmax

For instance, the control algorithm starts first by computing
the SoC and the power of the PV. If the estimated SoC is about
100%, the control stops charging and the ventilators are
powered by the battery. Otherwise, a threshold value is used to
select between the battery and the grid. If the SoC value is
above this threshold, the control selects the battery; otherwise,
the control checks the PV power to refine the decision. If it is
below a fixed threshold value, the ventilators will be powered
by the grid; otherwise it will be powered by the battery. It’s
worth noting that the prototype we have deployed includes a
ventilation system composed of two ventilators operating with
24 Watts of maximum power. This means that the choice of the
threshold values of the switching between the battery and the
grid needs to consider the load power.

IV. EXPERIMENTAL RESULTS

As mentioned above a small micro-grid was built to test the
preliminary control strategy. It contains energy sources (PV,
grid) storage devise (battery) and a load (two ventilators). The
PV is used to charge the battery and the battery in turn provides
power to the ventilation system. However, in bad weather
conditions or during the night the battery discharges, in order
to ensure the proper operation of the ventilation, the power must
switch automatically to the grid following the proposed control
strategy. In the rest of this section, we present some preliminary
results to show the usefulness of the deployed micro-grid
prototype.

A. First Scenario

In this scenario, we have tested the functional behavior of
the proposed control approach during a cloudy day. Figure 5
shows the variation of the SoC. The values have been measured
during 6 hours (from 11:00 am to 17:00 pm) and show that the
battery continues discharging until 13:30 am. By that time the
system switches to power the load using the electric grid, which
justifies the constant values of the SoC between 13:30 and
14:30. It is worth noting that we have selected 60% as the
switching threshold to avoid a depth discharging of the battery,
and therefore maintaining a good state of health [24].

During the experimentation, we have bad weather condition;
this is why the battery was not charged until 14:30, but its starts
charging slightly (see Figure 6) after this time because PV
production became significant. During the charging process,
the current obtained from the PV is negative (around 14:00 pm
tob14:30 pm), in this time the battery is disconnected from the



load and can be just charging but the power obtained from the
PV is very low for that the SoC has gone from 50 % to 60% and
stay at this value during the rest of the time as also illustrated
in Figure 7. This behavior is also shown in Figure 6, which
confirms the obtained SoC and current values.

Figure 5. Battery voltage and SoC variation
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Figure 6. Charge-discharge behavior of the battery

1 T

T
—— Charge-Discharge Current (A)

t (A)
~
-

Battery Curren

Time (Hour)

Figure 8 depicts the power consumption, which aims to
show the switching times between the battery and the electric
grid. This figure shows the consumption of the two ventilators
for the entire duration of the experiment. The first curve in gray
shows that the power supplied from the battery is between
11:00 am and 13:30 pm. During this time the SoC of the battery
is higher than the threshold value (60% in this experiment).
However, the battery discharges while supplying the ventilators
since the production is too small. At 13:30 the SoC becomes
less than 60%, and then the system switches to the grid.

Figure 7. Production and SoC variation

PV Production (W)
e
C (

0 30
11 12 13 14 15 1% 17
Time (Hour)

B. Second Scenario

The second scenario tested in this part was performed for
24 hours. The results obtained are presented in Figure 8 and
show the behavior of the control during a sunny day. Along the
day the ventilators operate on the battery, while charging by the
PV power. At a certain time (around 16:00) the production
became low, and therefore the ventilators are powered by the
battery. Around 18h00, the SoC decreased to reach the
threshold value, and the system switched from the battery to the
electric grid along the night. At 7:00 pm, the SoC exceeded
threshold value and the system switched back to be powered by
the battery.

We have also measured the consumption using three
current sensors with a constant voltage at 12 V. The first sensor
is installed between the regulator and the ventilators, the
second is installed between the ventilators and the transformer
(220V to 12 V), which provides power supplied from the grid,
and the third one is installed after the other two sensors for data
validation.

Figure 8. Consumption from battery-grid and SoC status
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I. CONCLUSIONS AND FUTURE WORK

In this paper, we have introduced a preliminary control
approach for a micro-grid system, which aims to supply the
power demanded by the consumer in an optimal way. A
prototype was developed and deployed in our EEBLab for real-
testing of control approaches. Preliminary results are reported
to show the usefulness of balancing the power demand and
response according to the actual context. Our ongoing work
focuses on the integration of the wind model within the
deployed micro-grid to study their seamless integration and
control. The future work aims to develop an optimal holistic
control system, which includes multi-renewable energy
sources, storage devices, and the electric grid to satisfy the



building demands. Experimental results will be compared with
those obtained from simulations.
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