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FUZZY CONTROL AND OPTIMIZATION OF A
PHOTOVOLTAIC SYSTEM FOR SMART BUILDING WITH
LOW ENERGY CONSUMPTION

Abdelaali ALIBIY, Larbi CHRIFI-ALAOUI?, Sami LABDAI®, Said DRID*

This paper deals with the integration of a photovoltaic energy conversion
system (PVECS) into a distribution network and cater for the energy needs of
buildings. The main goals of this work are the reduction of the grid dependence,
minimization of the energy cost and increasing the autonomy of the building’s
energy. Two stages converters are used to ensure the maximum power point
tracking (MPPT) and to control the power flow. A fuzzy MPPT control is proposed
to maintain the power of the Photovoltaic panel at its optimal value despite climatic
condition variations and building’s load changes. The grid side inverter is
controlled by hysteresis regulators to transfer the total produced energy, with the
aim to partially or completely replace energy provided from the Grid. The DC link
voltage is also stabilized in order to improve the energy quality. The complete
PVECS system is modelled and simulated in Matlab/Simulink, the controllers used
are simple to implement and the simulation results show that the building’s energy
demand can be satisfied, and the energy exceed is injected into the grid. The results
confirm the good effectiveness of the proposed control.

Keywords: MPPT, Photovoltaic system, Fuzzy logic, Renewable energy, Smart
building, Low consumption energy

1. Introduction

In 1998, the industrialized countries have signed the Kyoto Protocol to
significantly reduce energy consumption and gas emissions while favoring the use
of renewable energies. The law 2010/31/EU of May 19, 2010 on the building
energy performance provides that by December 31, 2020, all new buildings will
have almost zero energy consumption with anticipation for new occupied
buildings and owned by the public authorities on December 31, 2018. In addition,
the consumption of fossil energy decreases with the amount of renewable energy
produced at these buildings [1].
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Sustainable buildings will have to be more efficient than their current
levels, and they will have to take advantage of renewable energies to approach
very low energy consumption. In fact, the buildings are responsible in the world
of 40% of final energy consumption, 25% of CO emissions and around 30% of
waste production. In this context, the building appears to be a privileged area of
intervention and the integration of renewable energies and their connection to the
grid is a booming solution that leads to new prospects [2].

The so-called "low- consumption building” is a complex system that can
be described as a "micro-grid", where energy flows must be managed according to
the demand. We are thus talking about “Smart Grid” and “Smart Building”, load
shedding, power demand limitation, load curves, better integration of renewable
electricity production.

Modeling energy consumption to anticipate peaks demand, according to
weather prediction, makes it possible to better manage buildings and grid power
[3]. This allows us to dynamically adjust power demand to the available energy,
without damaging the consumer’s comfort. In particular, the installation of new
generation sensors in buildings and distribution networks will provides real-time
information to their managers on the various events occurring on the network.
This will form a database that combines several key factors for energy
management and optimization [3,4].

The idea is to make the building a gathering of decentralized production of
green energy (solar, wind, superficial geothermal, biomass ...etc.). The building
provides its own energy needs; the excess is injected into the grid. This kind of
buildings produce more energy than they consume. This concept is called positive
energy building. In general, this building can be equipped by photovoltaic
systems, solar thermal collectors for heating and small wind turbines as shown in
Fig. 1. In this context, photovoltaic systems offer competitive solutions with more
advantages such as the absence of all pollution and the availability of sunlight
most parts of the world.

In literature, we find many works on the photovoltaic energy conversion
system supplying an isolated load [5-7], charging batteries [8,9], connected with
the grid [9,10,11], or as renewable energy source in a smart grid [3]. The PVECS
is affected by climatic conditions (temperature and irradiation) and even shading.
Thus, the need for a stage of adaptation like a buck [12] or boost [9] converter to
extract the maximum power from the panels.

Many algorithms were proposed and tested like incremental method in
[5,12], P&O method in [12], sliding mode method in [7]. These classical methods
are simple to implement; they tend to give good results but put a stress on the
continuous computing of the duty cycle. It is hard to have a stable steady state
with these algorithms due to the oscillations they present.
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In [12], the authors used a PVS with a buck converter with the batteries. A
comparison between incremental conductance, P&O and fuzzy MPPT technics
were presented. Simulation results show the superiority of the fuzzy MPPT
method against the rapid climatic changes. However, their work was not extended
to the grid power injection.

In [13], the Authors try the connection of the PVECS to the grid, they used
a boost chopper, they proposed an adaptive fuzzy logic controller to maximize the
extracted power (MPPT). The DC-link and the synchronization were guaranteed
by the conventional PI controller, their simulation results show the good reference
tracking of direct and quadratic current. Nevertheless, the effects of external AC-
loads on the grid have not been examined in this paper.

In this work, we focus on a Photovoltaic system (PVS) connected to both
distribution grid and supplying AC loads (building). Due to the intermittent nature
of sunlight and variations in loads, the output power of photovoltaic panels must
be optimized. For this, we have developed a fuzzy MPPT algorithm for the DC-
DC stage converter.

This study also involves applying a command to the DC-AC converter to
efficiently transfer the totality of the electrical energy to the grid side with a unity
power factor and optimal efficiency despite the unavoidable climatic and load
perturbations.

The remainder of this paper is divided into seven main sections. We will
present the general structure of the PVECS in section 2. Next, in the third section
we give the mathematical model of each element of the system. In section 4 we
devolved a fuzzy MPPT algorithm with the boost chopper. In section 5, we
present the second adaptation stage, and we design the power flow to the grid and
the loads. The Simulation results of different operating modes are illustrated in
section 6. At last, we give a conclusion.
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2. Structure of the Photovoltaic System

The connection of photovoltaic systems and distributed energy production
sources to the grid is carried out through different topologies, we can see this in
detail given by [3,14,15].

The considered system is composed of a photovoltaic generator associated
to a DC/DC adaptation stage to optimally track the maximum power point. This
system can supply a three-phase load and inject the exceed of power to the grid
via a three-phase inverter as shown in Fig. 2. Our objectives are to fully transfer
the generated power by the PV and reduce the stress on the grid.

PV Generator Boost converter 3P Inverter
g & Tond

T[T
PV i T

Vv S ab,

FLC Duty cycle hysteresis
MPPT conrtol control

Vde Control
) Unit <

Fig.2. Block diagram of the photovoltaic energy conversion system.

3. Photovoltaic system modeling

3.1. Photovoltaic generator

A photovoltaic generator is a combination of several photovoltaic cells in
series and/or in parallel in order to increase the power and the electrical voltage in
accordance with the load to be supplied.

Fig. 3 shows the simplified equivalent diagram of a photovoltaic cell.
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Fig.3. Equivalent circuit of photovoltaic cell
This diagram allows us to model the photovoltaic cell. The relation
between the Ipv current and the Vpv generator voltage is given by Equation 1:

& Vpp + (Ipw #Rs) ) Voo + (I #Re)
Ipw = Lpn — Lsge-€XP (T) B 1] __W_R:—s (1)

where I,_. is the reverse saturation current, K is the Boltzmann's constant,
T is the absolute temperature, e is the elementary charge, n is the ideality factor,



Fuzzy control and optimization of a PV system for smart building with low energy (...) 269

R, series resistor, R, parallel resistor, I, is the photonic current,V,, is the
voltage across the output terminals and ,,,, is the output current.

Considering a generator made up of Np parallel cell strings formed of Ns
cells in series and that R_;, is infinite Equation .1 becomes:
LY

Ny
a(vpu +[Ipl, sﬁRS:}J

nKT

Im, = N,p ® I?,h — Np = [ . BXP

-1 )

The electrical parameters of the manufacturer of the BP-SX150 model
photovoltaic panel used in our study are summarized in the Table 1 [16]:

Tablel
BP SX150 Panel Electrical Parameters.
Description Value
Maximum power 150 W
Voltage at p max (Vmp) 34 .5V
Current at p max (Imp) 4.35A
Open circuit volt (Voc) 43.5V
Short circuit current (Isc) 4.75A
Temperature coefficient of Isc 0.065+0.015% /Co
Temperature Coefficient of Voc -160+£20mV/ Co
Temperature Coefficient of power -0.5+0.05% / Co
NOCT 47 +2Co
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Fig. 4. Pv-Vpv and Ipv-Vpv Characteristics

The current-voltage characteristics and the power curve as a function of
the voltage of the BP SX150 photovoltaic module [16] of 150 W are given by the
curves of Fig. 4.

The operating point of the photovoltaic panel is defined by the load
applied to its terminals, it can be different from the optimal power point. This may
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depend on variation of climatic parameters (irradiation and temperature) or the
load itself. Thus, the need of an electronic adapter stage to guarantee the
extraction of maximal power from the photovoltaic panel.

3.2. Modelling of the DC/DC converter (Boost chopper)

The adaptation stage consists of one or more converters (boost in our
study), it is introduced between the load and the photovoltaic generator. It has two
main important roles, it allows the implementation of different algorithms for
tracking the point of maximum electrical power of the PV generator, also it adapts
the voltage level between the load and the photovoltaic generator.

|pv D
I

Vv Th c Vs éR

Fig. 5. Boost electrical circuit

The boost chopper, is represented by the basic electrical circuit in Fig. 5.
In continuous conduction the average mathematical model of the boost converter
is given by the following system of equations [15]:

L= = v, —(1- )V,
e =(1-w)r, —=% ®
it @l TR

where a: is the duty cycle.
From equation (3), we can see that in the steady state the relation between
input output voltages and currents, are given by:
Ve =1/(1—a)Vpv
{I = [1f—(mjf 7 ()
K o
By adjusting the input impedance R;, of both converter and load seen by
the photovoltaic panel, the duty cycle « acts to bringing back the operating point
to the maximum of the power curve as represented in Fig. 4 (b).
The input impedance represents the reverse slope of the connected load.
For a resistive case, R;,, and R,,. value that corresponds to the Maximum power
point (MPP) [17] are given by:



Fuzzy control and optimization of a PV system for smart building with low energy (...) 271

in _E:_L_ (1_'1)25‘:?2 (5)
_ Vopt
Rﬂp o lopt

4. Maximum power point tracking algorithms

There are several operating principles for more or less efficient MPPT
commands based on the properties of the PV cell. The most commonly known
methods are Perturb & Observe (P&O), Hill Climbing, and Incremental
Conductance (IncCond). To better understand the performance of the maximum
power point tracking algorithm with the photovoltaic generators, we will briefly
remind the principle through the incremental conductance method.

4.1. Incremental conductance method (IncCond)

This technique is based on the derivative of PV power by its voltage [18].
When the power derivative is zero, this means that we are on the MPP of the
power curve as shown in Fig. 6.
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Fig. 6. Positioning the operating point based on the PV power derivative

At the MPP the following equation is verified:

dPb,.. AL =W dlnn
pr _ SVprTrpvy i
d Vgp dVpp I?”" + V;”’ Wy 0 (6)
We can also write:
Inn [ [

Vop  dVpyp

We note that the left side of the equation (7) represents the conductance of
the PV generator and that the right side is the incremental of this conductance.

We can locate the operating point of the PV at all-time just by comparing
the conductance value with the incremental conductance. From curve of PV
power in Fig. 6, the MPP is then located using the following relations [18]:

dlny

If 2= > — 2= the operating point is left of MPP. (8a)
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If %‘il =— % the operating point is on the MPP. (8b)
If Ejii < — % the operating point is right of MPP. (8c)

To track the MPP we choose the direction of the control according to the
inequalities (8a) or (8c) such that the operating point reach the MPP where the
equation (8b) is satisfied.

Despite the simplicity of implementation of this method, there is not a
precise technic to choose the incremental step size. When it is small it results a
slow tracking, on the other hand, as we increase the increment step size, the
control becomes very sensible to climatic changes, this leads to a permanent
oscillation around the MPP. That’s why we propose the use of a fuzzy method.

4.2. Fuzzy Logic MPPT Controller

Recently, fuzzy logic control (FLC) has proven to be effective in assuring
the MPPT without requiring an exact mathematical model of the system [15,19].
The fuzzy controller changes the incremental step size and direction based on the
knowledge of the system behavior through a base of rules implemented in the
FLC.

The structure of the fuzzy controller is given by the functional diagram in
Fig. 7:

<

A i ; s FuzziﬁcationH Inference |—>| Deﬂ‘uzziﬁcatiom%
Rules

Fig.7. Structure of a fuzzy logic controller.

In our study we will use an FLC type MAMDANI with two inputs and one
output. We note the first input E and its derivative AE the second input. The
output variable Ad is the increment of the duty cycle. They are given by:

P =D,

Er — (R [RE—1) ga
Vi~V ik-0 (%)

AE = Egy — Eqeey (9b)

The fuzzification process consists in converting numerical variables into
linguistic variables [10]. Each input and output can take different degrees of
membership, depending on the type of membership functions, as illustrates Fig..8.

where the five membership functions are noted:

- NB : Negative Big, - NS : Negative Small,

- ZE : Zero,

- PS : Positive Small, - PB : Positive Big.
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The output of the controller Ad is determined according to the fuzzy rules
and the chosen inference model. In our case MAMDANI which consists of using
the MIN for the AND operation then the SUM for the OR operation.
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Fig. 8. Linguistiques variables : E, AE and «

In table 2, we summarize the chosen fuzzy rules.

Table 2
Table of fuzzy rules
AE
E NB | NS ZE PS PB
NB PB | PB PB PS ZE
NS PB | PB PS ZE NS
ZE PB | PS ZE NS NB
PS PS | ZE NS NB NB
PB ZE | NS NB NB NB

Finally, the linguistic value of the output must be converted into a numerical
value by the diffuzzification process. We will use the center of gravity method
[19].

_ L, uimf;
Ad = o (10)

4.3. Simulation test results of the fuzzy MPPT

In our study, we put the fuzzy MPPT controller to test against variation of
the solar irradiation and changes in load, as shown in Fig. 9.
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Fig. 9. Test of Fuzzy MPPT controller

From these results we can see that operation point is optimal (at the MPP) all
simulation time according to the change of irradiation G from t = 0.25s to at t = 0.5s.
Similarly, the PVS always operates at its MPP when we apply a variation to the load
at t = 0.75s with the same weather conditions. To compare the performances of the
classical MPPT algorithm (IncCond) and the fuzzy logic MPPT, the simulations were
performed under exactly the same climatic conditions and with the same load profile.
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Fig. 10. Comparison of MPPT technics
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In Fig. 10, it’s clearly shown that the minimum start time to reach the MPP
in the case of classical method is longer than in the case of Fuzzy logic MPPT.
This because it is inversely depending on the duty cycle step Ad. We can see also
that the PVS current, voltage, and power curves with fuzzy logic controller
method are more stable and have less oscillations compare to IncCond method.

5. Grid side converter control

In the PVS, the three-phase inverter ensures that the energy produced by
the PVS is transformed to AC power, so it can be injected to the grid and supply
the AC loads. The overall diagram of the grid side converter control is shown in
Fig..11.

3D Inverter Alter Grid
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l*:l,h.;’_tl k
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X
Y 4 ..
Ve Imax i
Controle ' :
Msin(@ — 2m/3) |1
Hsin(6 — 4m/3) |!

\ '

Fig. 11. Grid side converter control diagram

5.1. Power Transfer Control

The control strategy aims in the grid side converter is to transfer all the
electrical energy generated in the PVECS to the building and to the grid by
controlling the energy balance exchange at the DC link. The regulated current
I.: defines the amplitude of the reference currents (I,,...) of the inverter. Then
they have to be synchronized with the grid frequency obtained from the PLL
regulator. The relationship between controlled current I_,.; and the amplitude of
references currents is given by equation (11):

I — vz l;"rdc'ref I

max IV, ond (11)
The inverter is modeled by the following system [18]:
v, L [2 -1 -1 5.

Vb] == [—1 2 —1] X Sb] (12)
V. -1 -1 2 Se

c
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The hysteresis regulators compare the synchronized currents (the
references) with those measured from the grid side to generate the switching
signals (Sa, Sb and Sc) for the inverter.

5.2 Phase locked loop (PLL)

In order to have a smooth exchange of energy with the grid, the inverter
voltages must be synchronized with the frequency of the grid. For this purpose,
we use phase lock loop (PLL) to detect the grid voltage frequency, then we
generate the synchronized reference currents of the inverter [21].

The voltages measured at the connecting point are expressed in the bi-
phase frame (a, ) by Eq. (13).

[2] = V2V, [] (13)

. cast

Using the Park transformation based on the estimated angle &, we change
to the synchronism frame then we get:

[Vsd] - [ sin (6 — &) (14)
Vg Vs | —cos (68— 8)

For a small difference frequency (8 — &) the following relationship is
verified [21]:

Vsd = 1"'l"l'ET’fs'Elf'f [9 - g] (15)

When (8 — @) is sufficiently small we can say that V; = 0. It is then
possible to control & by regulating V; to zero as summarized in the block diagram
of Fig. 12.
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Fig. 12. The bloc scheme of the PLL
5.3 DC link controller

It is important to note that any disturbance in the energy accumulated in
the DC link results a significant variation in the Vdc voltage. We seek to transfer
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the totality of PVECS power to the grid side converter with minimum power loss
in the DC link. The control strategy here is to create an equilibrium transfer
between the power of the PVECS and the power transmitted to the grid side. The

dynamic equation of the voltage Vdc is given by equation (16), [22].
1

e = 2 (I — Ipma) (16)

dt L

The DC link voltage regulation loop is given by the diagram in Fig. 13.

Vacref . ; Vae
—»(‘l re 3 }—| Regulator Lona E L -
Cp

I

6. Simulation results

Fig. 13. Vdc voltage control loop

The overall system shown in Fig. 2 is simulated using Matlab/Simulink
with the proposed fuzzy MPPT and synchronization controllers. The PV generator
used is combined from series/parallel panels to produce nearly 5.4 kW.

We test our control strategy under the following conditions:

- The supplied load has a varying demand from 8 kW to 3 kW after 0.5 s of
simulation time.

- A decrease of irradiation from 1000 W/m2 to 600 W/m? between 0.5s to
1s.

We illustrate the load and the irradiation profiles in Fig. 14. The
simulation system responses are shown in Figs. 15-19.

Irradiation Profile

G (100WT?)
[ S e ]
71

Load Profile

Load (k)
(= V% R = p s N ]
1

1 1
0 0.5 1 15
Time (s)

Fig .14. Climatic and load profile.
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From Figs. 15 (a) and 15(b) we observe that the evolution of the Vpwv
voltage always tracks the Vmpp voltage, which means the operating point of the
panels is maintained at its optimal operating point. Fig. 15 (c¢) shows a good
regulation of the DC link voltage to its desired reference value, using the PI
regulator.

Fig. 16 shows the three-phase currents delivered by the system with
undistorted sinusoidal form. This gives us a clear view of the power flow of each
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element in PVECS. It is clear that the phase of the inverter signals is fixed on the
grid estimated frequency, which is the inverse of the period T=0.02s, like shown
in figure.

Fig. 18 shows for each component of the system it’s power flow in the
three different steps of simulation. We can see the contribution of the grid when
the demand of the building is higher than the PV generator energy, in reverse
when the building has positive energy the grid becomes a receiver, this is justified
by the negative sign of the power.

On Fig. 19 we plot the voltage and current of one phase (a) of each
element of the PVECS. This figure illustrates clearly the contribution of the grid
and the PV generator to supply the building for ¢ << 0.5 5. When the load is
changed to 3 kW from 0.5 << t << 1 s and under less irradiance 600 Watt/mz2 (3.15
kW), we observe that the grid current becomes almost zero and the load demand
is satisfied from PVS only. In the third step, when t = 1 s the solar irradiation has
reached G=1000 W/m2, therefore the PV generator produce 5.4 kW of electric
power. The energy demand of the building is satisfied by the PVS (3kW) and the
rest of the generated power is injected into the grid. The opposite of the phase
shift between grid current and voltage clearly indicate the injection into the grid
and the inverse direction of the power flow.

7. Conclusions

In this work, we presented the modeling and simulation of a photovoltaic
system that supplies AC loads of the building and that is connected to the grid.
The PV panels were connected with a boost chopper to extract the maximum
power. The use of fuzzy MPPT has proven its robustness against disturbances of
the loads and climatic changes. Our objective is to fully transfer the generated
photovoltaic power to the building and to the grid. We proposed a simple-to-
implement control strategy based on maintaining a unity power factor. The PLL
controller assures a good synchronization to the grid.

The Pl and hysteresis controllers of the AC converter allows us to
maintain the energy balance between the building with the grid side and the
PVECS. In addition, it leads to the voltage stabilization of the DC-link. In the
favorable climatic conditions, the PVECS can alone satisfy the need of the loads
(building), and completely replace the contribution of the grid, this will reduce the
dependence of traditional fossil energy sources.
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