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Présenté  par  :
  M. Bellarbi  Ali
M. Rahmouni  Abdelhak

Sous  la  Direction  de  M.  Berkouk  El  Madjid  Pr.
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Résumé
Dans ce travail, nous avons étudié un système photovoltäıque autonome. L’étude a été

menée sur la modélisation, le contrôle et l’amélioration de l’efficacité du convertisseur buck
dans ce système, composé d’un système de stockage à base de batterie, d’un générateur photo-
voltäıque. Une étude théorique et une simulation ont été réalisées à l’aide de l’outil MATLAB
/ SIMULINK et du logiciel proteus. La technique MPPT est utilisée pour obtenir un fonc-
tionnement optimal de la puissance du GPV. En outre, une simulation du système global avec
MATLAB a permis d’observer le rôle crucial de la batterie dans le système photovoltäıque pour
le stockage de l’énergie et d’améliorer le processus de contrôle de l’ensemble du système. La
principale contribution de ce projet est d’essayer de donner une conception optimale pour un
convertisseur buck en étudiant et en testant les différents facteurs qui peuvent affecter son effi-
cacité, comme l’effet de l’appareil de commutation et finalement nous avons donné les résultats
de l’étude.

Mots clés: PV, autonome, MPPT, contrôle, Simulink, Proteus, conception, batterie, con-
vertisseur abaisseur, efficacité.

Abstract
In this work, we studied an autonomous photovoltaic system. The study was carried out on

modeling, control and enhancing the efficiency of buck converter in this system, consisting of
a battery-based storage system, a photovoltaic generator . A theoretical study and simulation
was done using the MATLAB / SIMULINK tool and proteus software. The MPPT technique
is used to have optimal GPV power operation. Furthermore A simulation for the global system
with matlab to observe the crucial role of the battery in the PV system for storing the energy
and to enhance the control process of the whole system. The main contribution of this project
is to try to give an optimum design for a buck converter by studying and testing the different
factors that can affect its efficiency , As the effect of the switching device and eventually we
gave the results of the study.

Keywords : PV, Stand-Alone, MPPT, Control, Simulink, Proteus, Design, Battery, Buck
Converter, Efficiency.
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General introduction

Renewable energies are generated by regular or constant natural phenomena caused mainly by
the Sun, Moon, wind, water and Earth . For these inexhaustible energy resources, the issues of
the day are design, optimization and implementation. So the techniques for generating electric-
ity from these resources require further study, with the aim of maximizing the power extracted
from these sources, plus lower costs (of manufacture, use and recycling). The use of PV energy
would make it possible to supply electricity to sites isolated from the grids and avoid the need
to build new power lines, which are generally investment. Photovoltaic systems use cells to
convert solar radiation into electricity, and they are responsible for the energy conversion[1].

The aim of our project is to study one type of PV system, and to design and control one of
its components, the buck Converter.This project is divided into four chapters:

First of all, we need to mention a few general facts about PV generators and its characteris-
tics. followed by a look at the techniques for using this energy. The principle of converting solar
power into electrical power, We talk about PV systems and the different applications involved.
we will take a look at the different components of the stand alone system and specify its rules
in the system.

The second chapter is concerned about DC-DC converters, with different types ,basic struc-
ture , the electronics components for there design , the two operating modes(Continuous conduc-
tion mod(CCM) and discontinuous conduction mod(DCM)) . And to give a detailed operating
concept analysis for the buck converter in the two CCM and DCM modes,and a definition and
concept for the PWM control method.

In the next chapter we will try to do a simulation for the buck converter with matlab and
proteus softwars,for a specific assumptions and characteristics.and observe the circuit perfor-
mance as each component contributes to overall performance.
Also a simulation for the global system with matlab for seeing the crucial role for the battery
in the pv system for storing the energy and enhance the control process of the whole system.

The last chapter,we try to give an optimum design for a buck converter by studying and
testing the different factors that can affect its efficiency , In particular the effect of the switching
device then we give the results of the study.

Lastly this work will conclude with a general conclusion, and a bibliography that brings
together all the documents consulted in the course of the work.
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General overview on photovoltaic
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1.1. INTRODUCTION Chapter 1

1.1 Introduction
Solar energy is available everywhere on the planet, and it is completely renewable. Its contri-

bution varies depending on the days and seasons, but it is relatively predictable. Photovoltaic
systems do not require any external supply of fuel, and furthermore, the generator itself does
not contain any moving parts and therefore requires very little maintenance. As a result, the
recurring costs of operation and maintenance are relatively low. Photovoltaic solar energy is
increasingly being used to power various terrestrial applications such as lighting, telecommuni-
cations, refrigeration, and pumping[1].

1.2 Photovoltaic generators
The photovoltaic generator is the unit that produces electrical energy from solar radiation in
direct current. The photovoltaic cell is the generator’s basic unit, responsible for converting
sunlight into electricity using the photoelectric effect.

Photovoltaic cells, which convert sunlight directly into electricity, are made from semicon-
ductor materials. The voltage generated by a photovoltaic cell is therefore limited to the gap
value of the material used, which is 0.6 V for crystalline and amorphous cells.

Figure 1.1: Semi-conductor material doping and the photovoltaic effect [2].

The current depends on the cell’s surface area, but is also influenced by its efficiency.
Monocrystalline cells have an efficiency of around 15 to 22%, while multicrystalline cells have
an efficiency of around 10 to 15 % [2].

To form a photovoltaic module, cells are grouped in series and in parallel. This enables
higher voltage and current to be obtained, adapted to the needs of larger-scale electricity
production.
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Figure 1.2: Construction of a photovoltaic generator [3].

The cells are grouped in series and in parallel to form a photovoltaic module (from 36 to 72
cells) to deliver the desired final power, reflected by a current and voltage. characterizing the
module’s operating point. In order to further increase power, several modules are connected
in series to form arrays which, in turn, are assembled in parallel. These,are connected in
parallel to form a PV field or generator. In addition to mechanical protection (aluminum
frame, glass encapsulation...) against adverse weather conditions, the modules can also be used
to generate electricity. meteorological conditions, bypass diodes and anti-reverse diodes are
used to protect against the effects of dissipation and reverse currents caused by, among other
things dissymmetry and shading[2].

Figure 1.3: Placement of bypass and non-return diodes [2].
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1.2.1 PV characteristics :
Peak power Pc :Maximum electrical power that the module can supply under standard con-
ditions ( 25degC and an illumination of 1000 W/m2 ).

Characteristic I = f(V ) :Curve showing the current I delivered by the module as a func-
tion of the voltage at its terminals.

Open circuit voltage Vco :Voltage at module terminals in the absence of any current, for
”full sun” illumination. It is equal to 0.6 V for the crystalline cell.

Short-circuit current Icc :This is the current obtained by short-circuiting the cell termi-
nals. (by taking V = 0 in the equivalent diagram). It increases linearly with cell illumination
intensity, and depends on the illuminated surface, radiation wavelength, carrier mobility and
temperature.

Optimum operating point Pm (Vm, Im) : When peak power is at its highest in full sun-
light, Pm = Vm.Im.

Efficiency : Efficiency is given by the ratio of maximum electrical power generated to the
power of incident solar radiation.

η = Vmax · Imax

Psolaire
(1.1)

Form factor : Ratio between optimum power Pm and maximum power that the cell can
deliver: Vco.Icc

1.2.2 Series and parallel connection of photovoltaic modules :
Both types of grouping, series and parallel, are commonly used to obtain the desired output
voltage and current values.For Ns cells in series, constituting branches themselves Np in parallel.
The power available at the output of the PV generator is given by the equation (1.2).

Ppv = Ns · Vpv · Np · Ipv (1.2)

With:

• Ppv : Available power at GPV output.

• Vpv : Voltage at GPV output.

• Ipv : GPV output current.

15



1.2. PHOTOVOLTAIC GENERATORS Chapter 1

Association in series :

Equation (1.3) summarizes the electrical characteristic of a series association of Ns cells.
The current-voltage of Ns series cell :

Vpv = Ns · VCO (1.3)

Ipv = ICC (1.4)
With :

• Vpv : The voltage generated by a photovoltaic module with Ns cells in series.

• Ipv : The current across the photovoltaic module of Ns cells in series.

Figure 1.4: Current-voltage characteristic of Ns series cell [4].

Association in parallel :

Equation (1.6) summarizes the electrical characteristics of a parallel association of Np cells.

The current-voltage of Np parallel cell is defined by the following equation:

Vpv = VCO (1.5)

Ipv = Np.ICC (1.6)
A parallel combination of Np A parallel combination of Np cells is possible, and allow

increasing the generator’s output current.
When a group of identical cells is connected in parallel, all cells are subjected to the same
voltage. The resulting grouping characteristic is obtained by summing the currents of the
individual cells.
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Figure 1.5: Current-voltage characteristic of Np parallel cell [4].

1.3 Modeling a photovoltaic generator

1.3.1 Modeling a photovoltaic cell :
The performance of a solar cell is limited by the influence of two physical phenomena that can
be linked to two resistances Rs and Rp Rs : Series resistance, mainly due to Joule-effect losses
through collector grids and the resistance of semiconductors, as well as poor contacts (semi-
conductor, electrodes). Rp : Parallel resistance, known as ”Shunt”, results from recombination
losses due mainly to thickness, surface effects and the non-ideality of the junction[5].

Figure 1.6: Equivalent diagram of a real photovoltaic cell [5].

I = Iph − ID − IRp (1.7)
ID :The junction current ID given by :

ID = I0

(
exp

(
V + Rs · I

VT

)
− 1

)
(1.8)

The current in the resistor Rp is given by :
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IRp = V + Rs · I

Rp

(1.9)

Replacing equations (1.8) and (1.9) in (1.7), the characteristic equation becomes :

I = Iph − I0

(
exp

(
V + Rs · I

VT

)
− 1

)
− V + Rs · I

Rp

(1.10)

1.3.2 I(V) and P(V) Characteristics
When considering irradiance, temperature and specific cell parameters, the relationship between
current and voltage is defined, which is an implicit non-linear equation requiring numerical
resolution. Typical current-voltage and power-voltage characteristics described by this equation
are illustrated in Figure 1.7,1.8.

Figure 1.7: Caractéristique I(V ) d’une cellule photovoltäıque [4].

Figure 1.8: Caractéristique P(V ) d’une cellule photovoltäıque [4].
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1.4 PV system applications :
The following broad categories of applications stand out as being most likely to be powered by
photovoltaic energy :

Stand-alone production systems to supply isolated sites or equipment not connected to the
electricity grid.

Generation systems connected to the distribution grid.

Hybrid systems, which combine photovoltaic energy with another source, such as wind power.

1.4.1 Stand-alone systems :
This system operates independently of any other energy source. In most cases, it is used in
isolated locations. In these locations, the photovoltaic field is sized to supply the electrical
energy required to operate specific loads such as lighting and domestic equipment. A control
system and a battery are used to store electrical energy for use in the absence of sunlight [6].

Figure 1.9: Stand-alone photovoltaic system [6].

1.4.2 Grid-connected systems :
The photovoltaic field is connected to the grid via an inverter, whose main role is to feed
the electricity produced into the grid. Individuals can resell all or part of the electricity they
produce. In this case, energy storage batteries are not required [6].
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Figure 1.10: Grid-connected photovoltaic system [6].

1.5 Command and control electronics :

Figure 1.11: General scheme for stand-alone photovoltaic system [7].

As shown in Figure 1.11, the standalone system is composed of various components and
blocks, which are :

• DC/DC converters

• Charge controller

• MPPT controller

• Storage battery

• DC/AC converters

An energy converter is a piece of equipment that is generally placed either between the
photovoltaic field and the DC load (without storage, it’s called a DC-DC converter),or between
the battery and the AC load (after storage, it’s called an inverter or DC-AC converter).

The converter performs the following functions :

20



1.5. COMMAND AND CONTROL ELECTRONICS : Chapter 1

Optimization of the DC voltage so that the module array operates under optimum power
conditions.
Conversion of direct current to alternating current compatible with mains voltage network.

1.5.1 DC/DC converter
To maximize the power available from the photovoltaic generator (GPV) and deliver it efficiently
to the load, it is common practice to use a matching stage. This stage acts as an interface
between the GPV and the load, and ensures, by means of a duty cycle-controlled control, the
transfer of the maximum power supplied by the generator, in order to get as close as possible
to the maximum power available [8].

1.5.2 DC/AC converter
In a photovoltaic system, the connection between the photovoltaic generator and the AC load
is provided by an inverter. The DC/AC converter ensures optimum power transfer from the
solar generator to the the AC load group [9].

1.5.3 Charge controller
The charge controller is principally established in the battery connected systems. The charge
controller is generally connected to PV modules. It is also connected to the battery and
other loads of the system. The charging rate of the battery fluctuates and may, under some
illumination conditions, exceed the rated current of the battery which would be harmful to the
battery. To prevent this situation from happening, the device that is inserted in the PV system
is the charge controller [6].

Figure 1.12: Controling the charging and discharging operation of the battery [6] .

1.5.4 Batteries
Batteries are typically used in off-grid PV systems.The PV Modules are connected to a charge
controller. This charge controller then connects to the battery as well as the inverter and DC
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Loads. So the battery is connected on the DC side of the PV system. Basically, current from
the PV modules will either flow into the battery or go to the loads, The standalone PV system
needs a battery and we just cant power the loads with solar energy directly for One major
reason is the mismatch between supply and demand. There are two types of batteries :

• Primary batteries. These are batteries such as zinc carbon and alkaline batteries.

• Secondary batteries, can take energy in. They are also called “rechargeable” batteries.
These are the only batteries of interest for PV systems. Secondary batteries such as
lead-acid and lithium ion batteries are commonly used[6].

Figure 1.13: Primary: Alkaline batteries.

Figure 1.14: Secondary: Lead Acid batteries [6] .

1.5.5 Maximum power point search techniques MPPT :
Photovoltaic cells are widely used to supply energy in many electrical applications. To opti-
mize the power supplied by the solar panel, a device called Maximum Power Point Tracking
(MPPT) is used to regulate variations in the cells’ current-voltage characteristic. MPPT (Max-
imum Power Point Tracking) is a mechanism (whose operation needs to be determined) that
positions itself on the maximum point of a photovoltaic cell’s power characteristic, and remains
there despite variations in temperature, sunlight or other factors.
Maximum Power Point Tracking (MPPT) was developed to ensure the best possible connec-
tion between the photovoltaic generator and the load, and to produce the best possible power.
since 1968, these types of controllers force the generator to work at its Maximum Power Point
(MPP), resulting in improved system efficiency [10].

In the literature, several tracking methods have been proposed, but the most widely most
widely used and least expensive :

• Perturber and Observer algorithms (P O).
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• Conductivity Increase Algorithms (INC: Incremental Conductance).

• Constant Voltage (CV) algorithms.

• Parasit Capacitance (PC) algorithms.

The efficiency of an MPPT module is defined by :

η =
∫ t

0 Pm(t) · dt∫ t
0 Pmax(t) · dt

(1.11)

With :

Pm : Measured power produced by the PV panel under MPPT control.
Pmax :Maximum power they could produce under the same temperature and the same Sunshine.

Perturbation and observation method :

This method is quite simple and straightforward. Basically, the MPPT continuously makes
incremental changes to the voltage and monitors changes in power.

- If ∆P > 0 then the voltage perturbation moves the operating point closer to the MPP and
we continue to perturb the voltage in the same direction, this will move the operating point
until the MPP is reached..

- If ∆P < 0 the operating point is moving away from the MPP so we perturb the voltage
with an algebraic sign opposite to the previous sign to move the operating point until the MPP
is reached.

Figure 1.15: Perturb and observe method technique operation[6].

In figure 1. 16 we consider that the operating point is on curve (1), the MPPT oscillates
around the MPP from point A2 to point A then back to point A1 and vice versa, if the value
of the illuminance increases, the curve P (V ) of the panel moves towards curve (2) then the
MPPT disturbs the operating point from point A to point B1 which leads to ∆P > 0 with
[∆P = P (K) − P (K − 1)] and the MPPT continues to perturb the voltages in the same
direction, i.e. towards the B2 point.
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Figure 1.16: behavior of the PO algorithm under a change in illuminance

If the illuminance still increases, the operating point moves to the point C1 on curve (3)
instead of the point B2 on curve (2), then the MPPT still has ∆P > 0 and moves the operating
point to the point C2. From the points A → B1 → C1 → C2 the algorithm P&O continues to
move away from the MPP which gives a power that will be lost and the efficiency decreases.

1.6 Conclusion
In this chapter, we have reviewed the principle of converting and exploitation of solar energy into
usable (electrical) energy, In addition the characteristics of photovoltaic cells and the various
structures of a PV installation, specifically the structures for an off-grid installation,with all the
components composing it and its purpose. In the next chapter, we’ll look at DC-DC converters,
which can convert the low-amplitude from PV panels into a useful voltage.
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2.1 Introduction
A chopper, also known as a DC-DC converter, is a power electronic device that changes the
voltage value of a high-efficiency DC voltage source using one or more controlled switches. The
conversion is performed at high frequency. If the output voltage is lower than the input voltage,
the device is referred to as a buck converter. If the output voltage is higher than the input
voltage, we speak of a ”boost” chopper. Some choppers can operate in both directions (boost
and buck). In some applications, choppers are also reversible, meaning they can supply power
to the load. A DC motor is often used in this type of application, or a device derived from it
can be used to brake the machine [11].

There are different classifications of DC-DC converters, one of which depends on the insulat-
ing properties of the primary and secondary sections. This isolation is generally implemented
using a transformer, which has a primary section on both the input and output sides. The
control loop is implemented using another transformer. In this way, the output is galvanically
isolated from the input.

However, this isolation is costly, which is why some DC-DC converter applications prefer
not to have galvanic separation between input and output.

Buck and boost DC-DC converters are widely used in photovoltaic systems to adjust volt-
ages and currents as required. They consist only of reactive elements such as inductors and
capacitors, which ideally consume no energy. This is why they are so efficient [12].

2.2 Basic structure of DC-DC converters
In the study of chopper converters, we assume that the input source of the converter is a DC
voltage Ve and that the output is also a DC voltage Vs. We also consider that the load can be
represented by a resistor R.

Figure 2.1: Converter dc dc schematic diagram

The DC-DC converter consists mainly of transistors, diodes, inductors, capacitors and other
passive components. Under ideal conditions, these devices dissipate no active power, which
explains the high efficiency of these converters.
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2.3 DC-DC converter components

2.3.1 MOSFET transistor :
The MOSFET is a metal-oxide semiconductor field-effect transistor. Its usual symbolic rep-
resentation is given in figure (2.2.a), with an arrow indicating the forward direction of the
two junctions substrate-source and substrate-drain, starting from the terminal connected to
the substrate (buck). In general, the substrate and source are connected, as shown in figure
(2.2.b), which also shows the notations used.

To manufacture a MOSFET, a P-type semiconductor (Fig. 2.3) is doped with two N-type
zones, to which the source (S) and drain (D) contacts are soldered. An oxide layer is deposited
on the P zone between source and drain, and the gate contact (G) is welded to this layer.
The prefix MOS is used to characterize this type of transistor because of the Metal-Oxide-
Semiconductor sequence.

Figure 2.2: Symbolic representation and notation for the N-channel MOSFET

Figure 2.3: Structure of a low-power MOSFET cell.

The MOSFET offers several advantages as a power transistor, including :

- low on-state resistance (RDSon) to minimize ohmic losses and improve efficiency.

- high switching capacity for fast, precise switching.

- galvanic isolation between source and grid, avoiding reverse conduction and noise prob-
lems.

- no gate current, reducing switching losses and facilitating control circuit design [13].
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2.3.2 Schottky diode :
Schottky diodes offer two advantages over conventional diodes :

- electrical characteristic: 600 V blocking voltage .

- lower threshold voltage (VF 0.3V).

- Schottky diodes have very short reverse recovery times (tr from 0.15 to 0.35 µs).

Figure 2.4: power diode

Schottky diode applications :

Schottky diodes are used at low voltages in circuits requiring high switching speed, for
example in the high-frequency chopper circuits found in chopper circuits ,found in switch-mode
power supplies [13].

2.3.3 Capacitor :
In switch-mode power supplies, capacitors play two distinct roles: they supply energy during
variations in control or load, and they also act as switching or filter capacitors to ensure smooth
high-frequency operation of the power supply. Low series resistance electrolytic capacitors, also
known as chemical capacitors, are commonly used for this function, as they offer high capac-
itance and excellent frequency response. Capacitors are characterized by physical quantities
that define their fields of application. The capacitance of a capacitor is equal to the ratio of
the electrical charge Q stored to the voltage V applied across its electrodes.

C(F) = Q(C)/V(V)

The expression of capacitance for a capacitor with plane-parallel plates is simplified and
given by the equation :

C = εrεoS/e

With:
εo : Permittivity of vacuum.
εr : Relative permittivity (2 to 20000 ) of the dielectric.
e : dielectric thickness .[13]
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2.3.4 Inductance :
Inductors store electrical energy in magnetic form and release it later. Air coils can be used for
this function, but the use of magnetic circuits offers two important advantages :

1-smaller footprint with equivalent inductance value

2-limitation of stray radiation by confining magnetic flux to a small area.

Inductors are mainly used for filtering, power conversion (e.g. in switch-mode power sup-
plies), and magnetic switches (using saturable inductors). The equivalent circuit diagram of a
simple L inductor is as follows :

Figure 2.5: simple inductance L

where R5 represents the series resistance of the wound wire and Cp the inter-turn parasitic
capacitances. The value of the inductance is obtained by:

L = µoµe
se

le
N2

With : µo = 4π10−7(SI)

µe : relative permeability (including between possible iron)
Se : effective magnetic cross-section of the core (average cross-section)
le : Effective magnetic length (average magnetic circuit length))
N : number of turns [13].
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2.4 Different types of DC-DC converters
There are various types of DC-DC converters, which can be divided into two categories: convert-
ers with galvanic isolation between input and output, and converters with a common terminal
between input and output.

Energy storage converters can be divided into three types of static converters :

• The boost converter

• Buck converter

• The Buck-Boost converter

In this project our concern is the buck converter,The Buck chopper series is a static step-
down converter that converts a fixed DC voltage conversion of a fixed DC voltage to a user-
adjustable low voltage, consisting of a dual-control power switch, a diode, an inductor and a
capacitor.

2.5 Operating modes of DC-DC converters
DC-DC converters can be roughly classified into two operating modes: Continuous Conduction
Mode (CCM) and Discontinuous Conduction Mode (DCM). In CCM mode, the current through
the coil does not cancel during an operating period, as shown in Figure (2.6.a). In DCM mode,
on the other hand, the current through the coil cancels out before the end of the operating
period, as shown in Figure (2.6.b).

It should be noted that the CCM or DCM modes depend directly on the operating point of
the converter and can be represented by a continuous or discrete model. In the remainder of
this study, only the continuous conduction mode will be considered.

Figure 2.6: Coil current waveforms: (a) CCM, (b) DCM .[14]
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2.6 Sizing and converter operating concept (BUCK)

2.6.1 Structure :
The electrical circuit of the Buck converter is shown in figure (2.7). :

Figure 2.7: Buck converter circuit [14].

In a Buck converter, the input source is a DC voltage source and the load is a current source.

2.6.2 Continuous conduction mode CCM :
First conduction sequence (0 ⩽ t ⩽ d.T )

At the start of the operation in question, at t=0, switch S is closed and diode D is blocked,
giving the following equivalent circuit:

Figure 2.8: Equivalent circuit during (0 ⩽ t ⩽ d.T ) [14].

In this phase, the current variation in the inductor is given by the following equation :

ve(t) = vL(t) + vSw(t) + vs(t)

In the case of an ideal switch, we have :

vSw(t) = 0 ⇒ ve(t) = vL(t) + vs(t)

⇒ vL(t) = L
diL(t)

dt
= ve(t) − vs(t) (2.1)
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We obtain the solution of the first-order equation using the following formula :

iL(t) = Ve − Vs

L
t + IL min (2.2)

iL(0) = IL min : minimum current

For t = d.T
iL(dT ) = Ve − Vs

L
(d.T ) + IL min = IL max (2.3)

The peak-to-peak current ripple ∆IL can be determined by the following expression :

∆IL = IL max − IL min = Ve − Vs

L
(dT ) (2.4)

Second conduction sequence (dT ⩽ t ⩽ T )

At time t= dT, switch S is opened and the diode becomes conductive. The equivalent circuit
diagram then becomes :

Figure 2.9: Equivalent circuit during (dT ⩽ t ⩽ T ) [14].

In this phase, the current variation in the inductor is given by the following equation :

vL(t) + vD(t) + vs(t) = 0

In the case of an ideal switch, we have : vD(t) = 0

⇒ vL(t) = −L
diL(t)

dt
= vs(t) (2.5)

From the solution of the first-order equation, we obtain :

iL(t) = −Vs

L
(t − dT) + A (2.6)

For t = dT iL(dT) = IL max = A
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So:
iL(t) = −Vs

L
(t − dT) + IL max (2.7)

For t=T

IL(T ) = −VS

L
(T − dT ) + IL max = IL min (2.8)

The following expression is used to determine the peak-to-peak current ripple (∆IL) from
equation eq(2.8):

∆IL = IL max − IL min = Vs

L
(1 − d)T (2.9)

from eq 2.4 and 2.9 we deduce :

VS = dVe (2.10)

Average inductance current and ILmax ,ILmin currents :

To ensure equality between the average current in the inductor and the DC current in the
load, this can be expressed as follows :

ILmoy = IS = Vs

R
(2.11)

The expressions for the currents ILmin and ILmax in the inductor can now be rewritten as
follows :

IL max = IL moy + ∆IL

2 = Vs

R
+ Vs

2L
(1 − d)T (2.12)

.IL min = IL moy − ∆IL

2 = Vs

R
− Vs

2L
(1 − d)T. [?] (2.13)

Average inductance voltage :

VLmoy = 1
T

∫ T

0
vL(t)dt = 1

T

∫ T

0
LdiL = L

T
[iL(t)]T0 = L

T
[iL(T ) − iL(0)] = 0 [?] (2.14)
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Figure 2.10: Form of current and voltage in the inductor during continuous conduction [15].

Source current ie(t) and switch iSw(t) :

During the first conduction phase (0 ≤ t ≤ dT) : ie(t) = iSw(t)

L’expression du courant:

iSw(t) =
(

IS − ∆IL

2

)
+ ∆IL

dT
t (2.15)

So : i2
Sw(t) is :

I2
Sw(eff) = 1

T

∫ dT
O i2

Sw(t)dt = 1
T

[(
Is − ∆IL

2

)2
t +

(
∆IL

dT

)2
t3

3 + 2∆IL

dT

(
Is − ∆IL

2

)
t2

2

]
dT

ISw(eff) =
[[(

Is − ∆IL

2

)2
+ ∆I2

L

3 + ∆IL

(
Is − ∆IL

2

)]
d
]

1
2

ISw(eff) = Is

√√√√√d

 1
(1 − d)2 + 1

12

(
∆iL

is

)2
 (2.16)

Voltage at switch terminals :

when D is passing we have VSw max = Ve max
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Figure 2.11: Form of current and voltage in the Sw switch [15].

Diode current id(t) :

During the second conduction phase (dT ≤ t ≤ T)

Current expression :

iD(t) =
(

Is + ∆IL

2

)
− ∆IL

T − dT
(t − dT) (2.17)

i2D(t) =
(
IS + ∆IL

2
)2 +

( ∆IL

T−dT (t − dT )
)2 − 2

(
IS + ∆IL

2
) ( ∆IL

T−dT (t − dT )
)

The effective value is equal to :

I2
D(eff) = 1

T

[(
IS + ∆IL

2
)2 (t − dT ) +

( ∆IL

T−dT

)2 (t−dT )3

3 − 2∆IL

T−dT

(
Is + ∆IL

2
) (t−dT )2

2

]
T

ID(eff) =
(1 − d)

(IS + ∆IL

2

)2
+ (∆IL)2

3 − ∆IL

(
IS + ∆IL

2

) 1/2 (2.18)

For the effective value of the current in the diode, we adopt the approximate
value :

iD(eff) = is

√
1 − d [16] (2.19)

Diode terminal voltage :
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when Sw is passing we have |VD max =| Vemax |

Figure 2.12: Form of current and voltage in Diode D [15].

Calculation of inductance L :

For a desired maximum ripple current, we can write ∆iLmax:

According to eq(2.4)

L ≥ Ve

4∆iL(max)f
= Vs (Ve − Vs)

∆iLfVe
(2.20)

Calculation of capacitance C :

During ton :

The relationship between the current Ic flowing through capacitor C, the current IL flowing
in inductor L and the output current Is can be expressed as follows: Ic = IL − Is. The average
value of this current is zero, as shown in Figure (2.13).

At moment t1, as shown in Figure (2.13), the voltage Vs is minimal. It then increases,
reaching a maximum when the total surface area .
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Figure 2.13: Waveform of current IL(t) and voltage Vs(t) [14].

The ripple amplitude can be calculated as the area of this triangle.

∆Vs = ∆Q

C
= 1

C

1
2

∆iL

2
T

2 = ∆iL

8Cf
= 1

8LCf 2 Vs

(
1 − Vs

Ve

)
This gives the value of the capacitance C required to obtain a ripple in the output voltage.
output voltage ∆Vs(∆Vs = ∆Vc) if the capacitor is perfect:

Cmin ≥ ∆iL

8f∆Vs

= 1
8L∆Vsf 2 Vs

(
1 − Vs

Ve

)
. [16] (2.21)

The size of the capacitor is inversely proportional to the square value of the switching frequency
f. Therefore, by increasing the value of f, we can reduce the size of the capacitive filter. However,
it’s important to bear in mind that increasing f leads to a reduction in converter efficiency.

It is shown that the effective value of the current Ic can be expressed as follows.

Ic(eff) = is
∆iL√
12is

(2.22)

In practice, capacitors are not perfect, and it is necessary to take into account their equiv-
alent series resistances (ESR). These resistors introduce an additional ripple ∆VESR in phase
with the current ripple ∆iL.

∆VESR = ∆Vs = ESR∆iL (2.23)

2.6.3 Discontinuous conduction mode DCM :
First conduction sequence (0 ⩽ t ⩽ d.T )
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Figure 2.14: Equivalent circuit during (0 ⩽ t ⩽ d.T ) [14].

In this phase, the current variation in the inductor is given by the following equation :

ve(t) = vL(t) + vs(t) + vSw(t)

vSw(t) = 0 ⇒ vL(t) = ve(t) − vs(t)

⇒ L
diL(t)

dt
= ve(t) − vs(t) (2.24)

From the solution of the first-order equation, we obtain :

iL(t) = Ve − Vs

L
t + iL(0) (2.25)

iL(0) = 0
For t = dT

iL(dT ) = Ve − Vs

L
(dT ) = IL max (2.26)

Second conduction sequence (dT ⩽ t ⩽ d1T )

d1T : is the decay time of iL(t)

(Origin in dT )

⇒ iL(t) = −Vs

L
t + IL max (2.27)

iL (d1T ) = 0
⇒ IL max = Vs

L
(d1.T ) (2.28)

From eq (2.25) and (2.27)

So :
Ve − Vs

L
dT = Vs

L
d1T ⇒ Vs

Ve

= d

d + d1
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⇒ d1 = d
Ve − Vs

Vs

(2.29)

The following figure shows the current iL(t) and voltage VL(t) :

Figure 2.15: Form of inductance current and voltage [15].

On the other hand Is = IL(moy)

So :
Is = 1

T

(1
2 ∗ IL maxdT + 1

2 ∗ IL maxd1T
)

⇒ Is = 1
2IL max (d + d1) (2.30)

Using eqs (2.25), (2.28), and (2.29) we obtain :

Is = Ve−Vs

2Lf ∗ d
(
dVe

Vs

)

⇒ Is = d2

2Lf
∗ Ve

Vs
∗ (Ve − Vs) (2.31)

Vs = Ve ∗ 1

1 + 2LfIs

d2Ve

. [13] (2.32)

It can be seen that the expression for the output voltage is considerably
more complex than that obtained using the (CCM) method. This is because
the output voltage depends not only on the input voltage and the duty cycle
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d, but also on the inductance L, the switching period T and the output current.

• Source current ie(t) and switch iSw(t) :

During the first conduction phase (0 ≤ t ≤ dT) : ie(t) = iSw(t)

• Voltage at switch terminals Sw : VSw(max) = Ve(max)

Figure 2.16: Form of switch current and voltage Sw.[15]

The current expression : iSw(t) = IL max

dT
t

So: i2
Sw(t) is : i2

Sw(t) =
(

ILmax

dT
t

)2

The effective value I2
Sw(eff) is equal to the value of i2

Sw(t), therefore :

I2
Sw(eff) = 1

T

∫ dT

0
i2
Sw(t)dt = 1

T

(ILmax

dT

)2
∗ t3

3

 dT

0

⇒ ISw(eff) =
√√√√d

3IL max (2.33)
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• Diode current iD(t) :

During the second conduction phase (dT ≤ t ≤ (d + d1) T) :

Current expression: iD(t) = −IL max

d1T
(t − dT ) + IL max

Therefor: i2
D(t) is :

i2
D(t) =

(
IL max

d1T
(t − dT )

)2
+ (IL max)2 − 2

(
IL max

d1T
(t − dT )

)
(IL max)

The effective value I2
textD(eff) is equal to the average value of i2

D(t), so :

I2
D(eff) = 1

T

∫ dT+drT
dt i2

D(t)dt

= 1
T

[
(IL max)2 (t − dT ) +

(
IL max
d1T

)2 (t−dT )3

3 − 2
(

IL max
d1T

)
(IL max) (t−dT )2

2

]
dT + d1T

= 1
T (IL max)2 (d1T

3
)

= IL max

√
d1
3

ID(eff) =IL max

√√√√d1

3 (2.34)

• Diode terminal voltage D : VD max = |Ve|

Figure 2.17: Form of diode current and voltage D [15].
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2.7 DC-DC buck converter control

2.7.1 PWM control :

The Sw switch is controlled using the pulse-width modulation (PWM) tech-
nique. The control signal u is obtained by comparing a periodic triangular
signal vramp of period T and amplitude 1. The duty cycle is represented by d
(as shown in figure (2.18)). When u = 0, the switch will be in a blocked state,
while when u = 1, the switch will be in a saturated state.

Figure 2.18: Signal form generated by the PWM technique [14].

• PWM control principle :

This technique can be seen as an extension of the chopping control prin-
ciple, where pulse duration is not regular, but aims to eliminate low-rank
harmonics that are difficult to filter out. It is mainly based on the chopping
of a full rectangular wave, and its output voltage represents a succession
of crenellations of amplitude equivalent to the DC supply voltage, with
variable width [17].

A PWM signal is generally generated by comparing two signals :
- The reference signal, which is a continuous signal.

- The carrier signal, which represents the switching frequency of the con-
verter’s solid-state switches.
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- The carrier signal is a high-frequency signal that is compared with the
reference signal.

- The intersection of these two signals represents the switching times of
the switches, as shown in Figure 2.19.

Figure 2.19: PWM signal waveform [17].

When reference and carrier signals cross :

-In increasing direction, the command opens the Sw switch.

-In descending direction, the command closes the Sw switch.

• The advantages of PWM control :

Good harmonic neutralization compared with square waves or single square
waves :
-It simplifies filtering by shifting output voltage harmonics to higher fre-
quencies.
-Allows variation of fundamental output voltage values.
-Allows several sets of inverters and induction motors to be powered from
a single DC source.[17]

• PWM command generation :
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This technology is characterized by the use of a constant-period signal and
an adjustable duty cycle. It is commonly used in devices such as :
-Cycloconverters
-Inverters
-Rectifiers
-Choppers
This modulation has evolved significantly over the years, offering a wide
range of applications in control systems and other functions. Thanks to
this technique, the design of chopper control circuits has become more
flexible and economical [18].

2.7.2 Proportional-Integral (PI) linear control :

Open-loop DC-DC converters may have poor accuracy, slow response time,
excessive overshoot and high sensitivity to disturbances. . For this reason,
it is necessary to correct their behavior using servo-control techniques.
The servo system must include a controller, the aim of which is to re-
spect the servo system’s performance in terms of damping, overshoot and
speed. The Proportional-Integral PI controller is widely used due to its
because of its simplicity of implementation and its ability to achieve good
dynamic response, A PI-type corrector improves accuracy, but reduces
stability through phase loss and slows down the system through reduced
speed. slows down the system by reducing bandwidth. The PI controller
is known by a control law: U(t) = Kpe(t) + Ki

∫
e(t) [19].

Proportional action P:

When Kp is high, correction is rapid, but this increases the risk of over-
shoot and oscillation in the output. On the other hand, when Kp is low,
correction is slower, reducing the risk of oscillation.

Integral action I:

The integral action responds slowly to changes in error, allowing the set-
point to be caught up progressively. As long as the positive (or negative)
error continues, the u(t) action increases (or decreases) until the error is
cancelled.
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Regulator features:

• Stability : A closed-loop system should only be stable if the feedback
from the control system is energetically proportional to the error to be
corrected. Excessive or delayed correction can lead to system instability
[20].

• Accuracy : In control, precision is achieved by implementing integration
in the loop [20].

• Speed : In general, a looped system must respond quickly to changes in its
setpoint (tracking) and quickly clear disturbances (regulation). Reaction
time is, of course, closely related to the inertia of the process itself [21].

Main transfer functions:

• Transfer function of the PI corrector : The PI corrector has a trans-
fer function of the following type:

TC(p) = Kp + (Ki

p
) (2.35)

Buck converter transfer functions:

The general equation of the average model governing Buck converter op-
eration is :

 diL

dt
dVc

dt

 =
 0 − 1

L
1
C − 1

RC

  iL

Vc

 +
 d

L

0

Ve

Using the average Buck converter model given by the previous equation
and the following general law as follows:

ẋ = Āx̄ + B̄d

Where:
Ā =

 0 − 1
L

1
C − 1

RC
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and:
B̄ =

 d
L

0



By performing the Laplace transform we obtain :

px̄(p) = Āx̄(p) + B̄d(p)

So:
x̄(p) = (pĪ − Ā)−1B̄d(p)

By substitution we have found the first transfer function linking the volt-
age Vs to d :

TS(p) = Vs

d
= Ve

LCp2 + L
Rp + 1

(2.36)

Direct control of the Buck converter’s duty cycle (Voltage Mode Control):

The representative diagram of the VMC control loop of a DC-DC converter
with feedback using a PI is given in figure (2.20).

Figure 2.20: Schematic diagram of direct duty cycle control.[22]

The variable to be controlled (usually the output voltage) is compared with
a reference value. The error signal is then corrected and compared with a
sawtooth-shaped signal to generate the control signal.
This method is relatively simple to implement, and has the advantage of
not requiring complex converter modeling.

A PI regulator is designed to increase gain at low frequencies and reduce
the steady-state error between desired and actual output voltage, while
maintaining a positive phase margin (PM) at a selected frequency [23].
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Figure 2.21: Diagram of Buck converter regulated in VMC [22].

2.8 Conclusion

In this chapter we have presented a theoretical study of a buck DC/DC
converter for building an adjustable DC voltage source. We have detailed
the study of the DC/DC converter in the two conduction modes to ob-
tain the relationships between the various necessary converter parameters.
We have seen also the types of command for the buck converter such as
PI controller and PWM command. In the next chapter we are going to
simulate the conveter with two softawers matlab and proteus .
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3.1. INTRODUCTION Chapter 3

3.1 Introduction

Due to its speed and efficiency, circuit simulation is gaining in popularity
as an alternative to prototyping, and is now seen as an additional tool
for learning power electronics. Simulation involves transforming a circuit
design into a software model, then subjecting it to input stimulations and
observing the outputs to evaluate the performance of the new circuits and
improve knowledge. More and more frequently, static converters are used
in networks, particularly to connect decentralized renewable energy pro-
duction sources. In system design, circuit performance is a crucial factor,
as each component contributes to overall performance. In power electron-
ics, it is crucial to focus on system evaluation, as output waveforms are
affected not only by components, but also by junction capacitance and
noise.

3.2 Assumptions :

The following assumptions will be taken into account in this theoretical
study :

- All components are ideal, except capacitor ESR.

- The system is considered stable.

- The conduction mode is continuous.

- To calculate the input current, the input voltage is assumed to be
constant, and the ripple of the output voltage with respect to its
average value is ignored.

- To calculate the output voltage, the output current is considered con-
stant, and the ripple of the input current with respect to its average
value is ignored.

- The capacitance of the output capacitor is assumed to be sufficiently
large for the voltage across it to be considered constant over the pe-
riod.
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3.3 Buck converter sizing

We are going to size the Buck converter components having ,the charac-
teristics defined by the following specifications:

Topology Specifications
Nominal input voltage (Ve) 20 V
Maximum input voltage (Ve(max)) 30 V
Rated output voltage (Vs) 12 V
Maximum output voltage (Vs(max)) 29 V
Maximum input current (ie(max)) 15 A
Maximum input power (Pe(max)) 255 W
Minimum switching frequency (f) 20 kHz
Maximum inductance current ripple (∆iL(max)) 5 %
Maximum output voltage ripple (∆Vs(max)) 2 %
Maximum output current (is(max)) 20 A

Table 3.1: Design specification

3.4 Component selection and calculation :

- Load resistance :

Rmin = Vs

Is
= 12

10 ⇐⇒ Rmin = 0.6Ω

- The duty cycle d :

d = Vs

Ve
= 12

20 ⇐⇒ d = 0.6

- Operating period :

T = 1
f

= 1
20 ∗ 103 ⇐⇒ T = 50µs

- Current ripple ∆iL and choice of L:

Maximum inductance current ripple: ∆iL(max) = 5% of Is

∆iL(max) = 0.05 ∗ 20 = 1A
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Minimum inductance value :

L ≥ Vs (1 − d)
∆iLf

= 12 (1 − 0.6)
1(20 ∗ 103) ⇐⇒ L ≥ 240µH

- Output voltage ripple ∆V s, choice of C:

Maximum ripple of the output voltage: ∆Vs(max) = 5% of Vs.

∆Vs(max) = 0.02 ∗ 12 = 0.24V

The minimum value of C Capacitor:

Cmin ≥ ∆iL

8f∆Vs
≥ 0.5

8(20 ∗ 103)0.24 ⇐⇒ Cmin ≥ 13.02µF

- Equivalent Series Resistances(ESR):

ESR = ∆Vs

∆iL
= 0.24

1 ⇐⇒ ESR = 0.24Ω

- Diode and MOSFET selection:

The voltage and current requirements of the power MOSFET and the diode
are as follows :

VM max = VD max = Ve max = 30 V
and

IM max = ID max = Is max + ∆iL max

2 = 20 + 1
2 = 20.5 A

3.5 Simulation and Observation

3.5.1 Matlab Simulation :

MATLAB software is a matrix calculation tool with a simple syntax. Thanks
to its specialized functions, it can be considered a programming language for
scientific problems. As an interpreter, it executes instructions line by line. In
addition, MATLAB has powerful graphics capabilities for presenting results
and creating applications. Simulation of the Buck DC/DC converter can be ef-
ficiently carried out using MATLAB/SIMULINK software. Simulink is a graph-
ical extension of MATLAB that lets you work with block diagrams to model
and simulate systems[24].
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Figure 3.1: Matlab-level task representation [24].

We begin by analyzing the system represented by its transfer function TS(p)
given by (2.36). By numerical application, we obtain:
R = 0.6Ω, L = 500µH, C = 330µF

TS(p) = 20
16.5 · 10−8p2 + 83.33 · 10−5p + 1

The Bode diagram of TS(p) is given in figure (3.2).
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Figure 3.2: Bode diagram of the voltage loop transfer function.

No-corrected closed-loop system response:
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Figure 3.3: System response no corrected in closed loop

We note that the response is not robust, as there is a significant static error and
excessive overshoot. As the minimum phase value is -180°, the gain margin is
infinite. Now let’s build the PI compensator to increase gain at low frequencies
while maintaining a positive phase margin (PM) at a chosen frequency. The
transfer function of the voltage corrector is as follows :

TC(p) = 0.1 + 123.47
p

The open-loop transfer function is therefore written as follows :

TOL( Buck ) = TC(p)TS(p) = 1.974p + 2561
16.5.10−8p3 + 0.0008333p2 + p
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Figure (3.4) shows the Bode diagram of the corrected open-loop system:

Figure 3.4: Bode diagram of the voltage loop transfer function.
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The response of a closed-loop corrected system:

Figure 3.5: Response of a closed-loop corrected system

To simulate the buck correct operation with the calculated components, a
simulation was run on the Matlab Simulink environment:
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Figure 3.6: Simulation of buck converter

The simulation results are shown below:

• For Vref = 12V ,R = 0.6Ω :

Figure 3.7: Control signal generation for Vref = 12V
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Figure 3.8: Control signal

The output voltage and load current curves are shown in figure 3.9 and figure
3.10 :

Figure 3.9: Voltage curve Vs

Figure 3.10: Load current Is

• For Vref = 6V ,R = 0.6Ω :
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Figure 3.11: Control signal generation for Vref = 6V

Figure 3.12: Control signal

The output voltage and load current curves are shown in Figure 3.13 and Fig-
ure 3.14. :

Figure 3.13: Voltage curve Vs
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Figure 3.14: Load current Is

• For Vref = 18V ,R = 1.2Ω :

Figure 3.15: Control signal generation for Vref = 18V

Figure 3.16: Control signal

• The output voltage and load current curves are shown in Figure 3.17 and Figure
3.18. :
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Figure 3.17: Voltage curve Vs

Figure 3.18: Load current Is

The efficiency vs the duty cycle is shown in figure 3.19 below

Figure 3.19: Efficiency vs the duty cycle d
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• Comments :

The chopper output voltage is an adjustable voltage that can be varied from
12V to the desired value by controlling the duty cycle..

If the load varies, this may affect the converter output voltage and current.

The fixed-frequency control method can produce fluctuations in the output
curves.

The selected switching frequency can also affect fluctuations. If the switching
frequency is too high, this can lead to switching losses and disturbances in
neighboring circuits..

It is also important to note that MATLAB simulations are based on mathe-
matical models and do not take into account switching losses, conduction losses
and other physical effects of the real circuit. Consequently, simulation results
may differ slightly from actual experimental results.
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3.5.2 Proteus Simulation:

PROTEUS allows you to enter electronic schematics (ISIS) in either single-page
or hierarchical format. The input environment is fully customizable, and skins
can be applied (ZUKEN or MENTOR, for example). PROTEUS is one of the
simplest and most intuitive CAD programs available, yet it remains a powerful
tool for creating complex assemblies and meeting industrial requirements in line
with ISO and IPC standards[25].

Figure 3.20: PROTEUS interface.[25]

• Choice of power and control circuit components :

Power circuit components Specifications
MOSFET Switch M IRF1415
Diode D MBR6045WT
Inductance L 500 µH
Capacitor C 330 µF
ESR 10 mΩ
Load resistance R 1.2 Ω
Control circuit components Specifications
Microcontroller PIC16F877A
MOSFET-DRIVER IR2112

Table 3.2: Component specification
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• The components have been selected to meet the minimum conditions that have
been calculated.The simulation is illustrated in figure 3.21.

Figure 3.21: Buck Converter circuit diagram

• The control signal is generated by the microcontroller with script code under
mikroC software.

Figure 3.22: PWM script code
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Simulation results are shown below :

• For d=0.6

Figure 3.23: The control signal

Figure 3.24: Voltage curve Vs(red) ,current Is(green)
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• For d=0.3

Figure 3.25: The control signal

Figure 3.26: Voltage curve Vs(red) ,current Is(green)
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• For d=0.9

Figure 3.27: The control signal

Figure 3.28: Voltage curve Vs(red) ,current Is(green)
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The efficiency vs the duty cycle for the simulated converter with the chosen
components is shown in figure 3.29 below

Figure 3.29: Efficiency vs the duty cycle d

• Comments

The quality of the inductor and components used can affect the stability of
output voltage and current. Inductance losses and high ESR in capacitors can
cause fluctuations in output voltage and current.

The rise and fall time of the output signal is important for fast switching ap-
plications. If the rise or fall time is too slow, this may indicate a problem with
the components or the switching frequency.

Power transistor switching losses must be monitored to ensure that heat dissi-
pation does not exceed permissible temperature limits. If switching losses are
too high, this may indicate a problem with component selection or switching
frequency.
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3.6 Global system simulation:

After the simulation of the buck converter , this time we’ll try to simulate the
globale system with the PV Array as input source and a battery as output load
using P&O Bloc for tracking the maximum power point and controling the duty
cycle for the buck converter.
The simulation of the overall system is shown in figure 3.30:

Figure 3.30: Global system simulation block

The PV block in Simulink is shown in figure 3.31 :

Figure 3.31: SIMULINK model of the photovoltaic panel
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Figure 3.32: Different radiation values at a given time.

As shown in Figure 3.30, at any given time, different values of radiation are di-
rected at the PV panel, starting at 600 W/m2 of radiation, increasing to 1000
W/m2 of radiation, then decreasing to 600 W/m2 of irradiation.

The I-V (current-voltage) and P-V (power-voltage) characteristics for a speci-
fied irradiance in (W/m2) and a constant temperature (25°C) for a set of solar
panels (PV) shown in figure 3.33.

Figure 3.33: I-V (current-voltage) and P-V (power-voltage) characteristics.
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In this simulation, the perturbation and observation method was used. The
PO algorithm is widely used because it has the particularity of having a simple
structure and few measurement parameters. To use it, we consider that the PV
is operating at a point which is not necessarily the MPP. The PO method works
by periodically disturbing the panel voltage VPV and observing the variation in
electrical energy delivered at the PV output.

Figure 3.34: P&O Flowchart algorithm [26].

Simulation results are shown below:
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Figure 3.35: PV Voltage Evolution (in V).

Figure 3.36: PV Current Evolution (in A).

Figure 3.37: PV Power Evolution (in W)
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3.6. GLOBAL SYSTEM SIMULATION: Chapter 3

Figure 3.38: Battery Voltage Evolution (in V).

Figure 3.39: Battery Current Evolution (in A).

Figure 3.40: Battery Power Evolution (in W)
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3.6. GLOBAL SYSTEM SIMULATION: Chapter 3

Figure 3.41: State of charge of the battery.

Now by replacing the battery with a resistive load of 1 Ohms we can get the
results below:

Figure 3.42: Global system simulation with a resistive load.

Simulation results are shown below:
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Figure 3.43: PV Voltage Evolution (in V).

Figure 3.44: PV Current Evolution (in A).

Figure 3.45: PV Power Evolution (in W)
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3.6. GLOBAL SYSTEM SIMULATION: Chapter 3

Figure 3.46: Load Voltage Evolution (in V).

Figure 3.47: Load Current Evolution (in A).

Figure 3.48: Load Power Evolution (in W)

76



3.7. CONCLUSION Chapter 3

• Comments:

In the PV-panel+buck converter+resistive load system without a battery, the
objective is typically to regulate the output voltage at a constant level. The
buck converter adjusts its duty cycle based on the PO algorithm to maintain
the desired output voltage. However, this voltage regulation approach may not
be directly aligned with maximizing power extraction from the PV panel.

Without a battery, the buck converter control range is limited by the input
voltage from the PV panel. This limitation may prevent the system from effec-
tively tracking and maintaining the MPP, especially during rapidly changing
irradiation conditions.

3.7 Conclusion

In this chapter we have seen the simulation of the buck converter with different
environments with matlab and protues software,and we observed how can the
factors such as power transistor switching losses,inductor and capacitor selec-
tion,switching frequancy and duty cycle fluctuations can affect the converter’s
efficiency. Also we have seen The performance of a buck converter connected
to a photovoltaic (PV) panel as input and a battery and a resistance as output
respectively, controlled by the Perturb and Observe (PO) method for supplying
the battery with an optimum power deliverd from the panel. Plus the rule of
the battery for enhancing control flexibility and energy storage capability en-
able the PO algorithm to achieve better performance by continuously adjusting
the converter’s duty cycle to extract maximum power from the PV panel.
In the next chapter we will be lokking for an optimum Design and realization
of the power circuit for the buck converter.
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Chapter 4

Design and realization of the power
circuit (Buck converter)



4.1. INTRODUCTION: Chapter 4

4.1 Introduction:

We will now proceed with the practical implementation of the Buck converter.
We will also apply the PWM signals generated by GBF to the Buck chopper
with the driver circuit: IR2112 MOSFET-DRIVER. Proteus pro 8.13 software
is used to design the PCB. But before that we will look at the different factors
and elements that can affect the buck converter efficiency such as :

• Choosing the right inductor and capacitor

• Operating Frequency

• Parasitic Elements

• Heat Dissipation

• Load variation

• Control Circuitry

but the switching device element, such as a MOSFET or a transistor, is indeed
a major factor influencing the efficiency of a buck converter.When the switch
turns on and off, it conduct switching losses, which can contribute to power
dissipation and reduce efficiency. These switching losses consist of two main
components:Conduction Losses and Switching Losses. Therefore we’ll do a test
on an existing buck converter designed in «Renewable Energy Development
Center(CDER)» using various Mosfets and observe the variation of the average
efficiency for each one.

4.2 Testing and observing the results for the tested buck
converter:

4.2.1 Description of the board :

The tested buck converter has the same performance requirements that we
desire as mentioned in table(3.1). The board components are shown in table
below :
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

Components Specifications
Diode (D1-PV) MBR4560WT
Diode (D2-BUCK ) MBR4560WT
Resistance (R1-PV) 10k Ω
Resistance (R3-DRIVER ) 47 Ω
Capacitor (C2-PV) 1000 µF
Capacitor (C3-PV) 330 µF
Capacitor (C4-DRIVER) 100 µF
Capacitor (C5-DRIVER) 100 µF
Capacitor (C5-BUCK) 330 µF
Inductor (L1-BUCK) 5 mH
MOSFET-DRIVER TLP250
MOSFET (Q1-BUCK) Three technolo-

gies

Table 4.1: Components specification

Figure 4.1: TLP250-Buck converter schematic, PCB and 3D view

The mosfets we chose are : IRFP140N , IRFZ44N , IRF2807N Each time we
try one and observe the efficiency vs the duty cycle evolution.
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

IRFP140N-MOSFET :

IRFP140N N-channel MOSFET is designed to handle high power levels. It has
a maximum drain-source voltage (Vds) rating of 100 volts and has a maximum
continuous drain current (Id) rating of 33 amperes,The on-resistance (RDS(on))
of the IRFP140N is typically around 40 miliohms [27].

Figure 4.2: MOSFET IRFP140N [27] .

Duty
Cycle

Input
Voltage
(V)

Input
Cur-
rent(A)

Input
Power(W)

Output
Volt-
age(V)

Output
Cur-
rent(A)

Output
Power(W)

Efficiency

0.95 20 2 40 18.12 2.1 38.052 95.13
0.8 20 1.78 34 15.37 1.91 29.3567 86.34
0.75 20 1.6 32 14.24 1.82 25.9168 80.99
0.6 20 1.13 26 12.21 1.68 20.5128 78.9
0.5 20 1.1 22 10.62 1.55 16.461 74.82
0.4 20 0.9 18 8.64 1.39 12.0096 66.72
0.3 20 0.5 10 5.6 1.09 6.104 61.04
0.2 20 0.2 4 3.57 0.87 3.1059 77.65
0.1 20 0.1 2 1.74 0.64 1.1136 55.68

Table 4.2: IRFP140N results
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

Figure 4.3: Efficiency vs duty cycle for IRFP140N

IRFZ44N-MOSFET :

IRFZ44N N-channel MOSFET is designed to handle high power levels. It has a
maximum drain-source voltage (Vds) rating of 55 volts,and it has a maximum
continuous drain current (Id) rating of 49 amperes.The on-resistance (RDS(on))
of the IRFZ44N is typically around 22 milliohms [28].

Figure 4.4: MOSFET IRFZ44N [28].
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

Duty
Cycle

Input
Voltage
(V)

Input
Cur-
rent(A)

Input
Power(W)

Output
Volt-
age(V)

Output
Cur-
rent(A)

Output
Power(W)

Efficiency

0.95 20 2.1 42 18.15 2.08 37.75 90
0.8 20 1.8 36 16.23 1.96 31.81 88.3
0.75 20 1.5 30 14.31 1.82 26.04 86.8
0.6 20 1.1 22 11.5 1.6 18.4 83.63
0.5 20 0.8 16 9.51 1.47 13.98 87.37
0.4 20 0.6 12 7.45 1.28 9.54 79.5
0.3 20 0.4 8 5.57 1.1 6.127 76.58
0.2 20 0.2 4 3.57 0.87 3.221 80.55
0.1 20 0.1 2 1.69 0.63 1.06 53

Table 4.3: IRFZ44N results

Figure 4.5: Efficiency vs duty cycle for IRFZ44N

IRF2807-MOSFET :

IRF2807 is an N-channel MOSFET, It’s designed to handle continuous drain
currents of up to 82A (Amperes) and has a maximum drain current of 310A in
pulsed mode.It has a maximum drain-source voltage rating of 75V,with maxi-
mum on-resistance (RDS(on)) of 13 milliohms [29].
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

Figure 4.6: MOSFET IRF2807 [29].

Duty
Cycle

Input
Voltage
(V)

Input
Cur-
rent(A)

Input
Power(W)

Output
Volt-
age(V)

Output
Cur-
rent(A)

Output
Power(W)

Efficiency

0.95 20 2 40 18.37 2.07 38.0259 95.06
0.8 20 1.6 32 15.45 1.9 29.355 91.73
0.75 20 1.4 28 13.53 1.77 23.9481 85.3
0.6 20 1.1 22 11.55 1.62 18.711 85.05
0.5 20 0.9 18 9.71 1.49 14.4679 80.37
0.4 20 0.6 12 7.69 1.3 9.997 83.30
0.3 20 0.4 8 5.73 1.13 6.4749 80.93
0.2 20 0.2 4 3.8 0.92 3.496 87.4
0.1 20 0.1 2 1.93 0.69 1.3317 66.58

Table 4.4: IRF2807N results

Figure 4.7: Efficiency vs duty cycle for IRF2807N
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4.2. TESTING AND OBSERVING THE RESULTS FOR THE TESTED BUCK
CONVERTER: Chapter 4

Comparison between the results :

By calculating the average efficiency for each MOSFET we tested, we got the
results shown in the figure 4.8.

Figure 4.8: Average Efficiency Comparison for IRFP140N ,IRFZ44N , IRF2807

We can notice that IRF2807N has the highest efficiency due to its lowest on-
resistance (RDS(on)) of 13 milliohms which is less than RDS of IRFZ44N with
22 milliohms and RDS of IRFP140N with 40 milliohms.
The conduction losses(4.1) and switching losses(4.2) can be calculated with the
formula below [30] :

PrDS max = d ∗ rDS ∗ I2
s max (4.1)

Psw(max) = f ∗ Co ∗ V 2
e max (4.2)

with:

d: Duty cycle
rDS: MOSFET on-resistance
Is max: Maximum output current
f: Switching frequency
Co: MOSFET output capacitance
Ve max: Maximum input voltage. [30]
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4.3. CHOICE AND DESCRIPTION OF BOARD COMPONENTS: Chapter 4

4.3 Choice and description of board components:

4.3.1 ≪ MOSFET ≫ switch

Hence its higher efficiency and lower on-resistance We chose IRF2807 an N-
channel MOSFET, designed to handle continuous drain currents of up to 82A
(Amperes) and has a maximum drain current of 310A in pulsed mode.It has
a maximum drain-source voltage rating of 75V,with maximum on-resistance
(RDS(on)) of 13 milliohms

Figure 4.9: MOSFET IRF2807 [29].

4.3.2 Diode

We chose a fast MBR3060PT diode (Schottky type) which is designed to handle
a maximum average forward current rating (IF) of 30A ,maximum peak forward
surge current rating (IFSM) of 220A.It has a maximum reverse voltage (VR)
rating of 60V,and has a low forward voltage drop, which means it exhibits low
voltage losses when conducting current in the forward direction.
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4.3. CHOICE AND DESCRIPTION OF BOARD COMPONENTS: Chapter 4

Figure 4.10: Schottky Diode MBR3060PT [31].

4.3.3 Ferrite core coil

A ferromagnetic core coil with an inductance of 5 mH is used. It supports a
maximum current of 25A. To do this, we needed a ferrite core with a diameter
large enough to pass a specific number of turns. The number of turns : N = 24
turns.

Figure 4.11: Ferrite core coil

4.3.4 Capacitors

A C2−buck capacitive storage capacitor with a capacitance of 330 µF and 63V
(greater than a Cbuck−min = 13.02µF ) is used at the converter’s passive filter.
It has 63V isolation voltage. Another capacitor (CPV greater than Cpv−min =
714µF ) connected across the PV module to filter the chopper input voltage and
reduce input ripple. Its isolation voltage is 63V.
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4.3. CHOICE AND DESCRIPTION OF BOARD COMPONENTS: Chapter 4

Figure 4.12: Capacitor 330µF − 63V

4.3.5 MOSFET-DRIVER ≪IR2112≫

The IR2112 is a high-speed MOSFET driver integrated circuit (IC) designed
for driving power MOSFETs and IGBTs,to provide high-speed switching per-
formance.it features two floating outputs, HO and LO, which are designed to
drive the gate of an external power device.the IR2112 incorporates an under-
voltage lockout circuit that protects against improper operation when the power
supply voltage falls below a certain threshold. This feature ensures reliable op-
eration of the driver and power devices even under low voltage conditions. it
has also a protection features to prevent damage in case of a short-circuit con-
dition.The IR2112 operates over a wide supply voltage range, typically from
10V to 20V.[32]

Figure 4.13: IR2112 Functional Block Diagram [32]
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4.3. CHOICE AND DESCRIPTION OF BOARD COMPONENTS: Chapter 4

• IR2112-DRIVER electrical characteristics and specifications:

Supply Voltage (VCC): between 10V and 20V.
Logic high Input Voltage (VIL):2.5V
Logic low Input Voltage (VIL): 1.5V
Floating Output Voltage (VFO): 500mV.
Output Voltage Swing (VOUT): around 0.3V.
Output Current: up to 2A of peak output current
Propagation Delay Time (tPD): around 120ns.

Figure 4.14: IR2112-DRIVER overview [32].

The values of the components associated with the driver IR2112 are as follows:
C3−DRIV ER = 1µF ,C4−DRIV ER = 47µF R2−DRIV ER = 10Ω
And the D2−DRIV ER diode we used is the UF4007 diode. ultra-fast rectifier,
characterized by the following parameters:

Maximum Peak Forward Surge Current (IFSM):30A
Maximum Reverse Voltage (VRRM):1000V
Maximum Forward Voltage Drop (VF):1V
Reverse Recovery Time (trr):75ns
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4.3. CHOICE AND DESCRIPTION OF BOARD COMPONENTS: Chapter 4

Figure 4.15: Diode UF4007 [33].

By using the proteus software,with the desired components a design was done
shown in the figure 4.16 below :

Figure 4.16: Buck converter schematic, PCB and 3D view
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4.4. POWER LOSSES AND EFFICIENCY OF THE BUCK CONVERTER: Chapter 4

4.4 Power Losses and Efficiency of the Buck Converter:

We will consider for calculating the power losses : Duty cycle d=0.6 , Maximum
output current Is max = 20A ,Maximum input voltage Ve max = 30V ,Output
resistance 0.6,Output voltage Vs=12V Ω

• The maximum MOSFET conduction power is:
PrDS max = d ∗ rDS ∗ I2

s max = 0.6 ∗ 13 ∗ 10−3 ∗ 202 = 3.12W

• The maximum switching loss is:
Psw(max) = f ∗ Co ∗ V 2

e max = 20 ∗ 103 ∗ 610 ∗ 10−12 ∗ 302 = 0.011W

• The total power dissipation in the MOSFET is:
PrDS max + Psw(max)/2 = 3.12 + 0.366/2 = 3.1255W

• Conduction diode power loss is:
PD = (1 − d) VF Is max = (1 − 0.1)0.75 ∗ 20 = 6W

• The power loss in the inductor is :

PrL = rLI2
s max = 50 ∗ 10−3 ∗ 202 = 20W

• The power loss in the ESR is:

PrC = rC (∆iL max)2

12 = 0.05 ∗ 112/12 = 0.00416W

with:
VF :MBR3060PT forwad voltage drop
rL: series inductor resistance
rC:series capacitor resistance [30]

The total power loss is:
PLS = PrDS + Psw + PD + PrL + PrC = 3.1255 + 6 + 20 + 0.00416 = 29.13W

The efficiency of the converter for 0.6 duty cycle is:

η = Pout

Pout + PLS
= 240

240 + 29.13 = 0.8917 = 89.17%
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After testing it with the same condition as the CDER tested converter we
got the results shown in the table 4.5 below :

Figure 4.17: Realized buck converter overview

Figure 4.18: Experimental platform
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Duty
Cycle

Input
Voltage
(V)

Input
Cur-
rent(A)

Input
Power(W)

Output
Volt-
age(V)

Output
Cur-
rent(A)

Output
Power(W)

Efficiency

0.95 20 2 40 18.21 2.14 38.9694 97.42
0.8 20 1.6 32 15.6 1.98 30.888 96.52
0.75 20 1.5 30 14.45 1.92 27.744 92.48
0.6 20 1.1 22 11.52 1.68 19.3536 87.97
0.5 20 0.8 16 9.64 1.47 14.1708 88.56
0.4 20 0.6 12 7.6 1.4 10.64 88.66
0.3 20 0.4 8 5.7 1.22 6.954 86.92
0.2 20 0.2 4 3.76 0.95 3.572 89.3
0.1 20 0.1 2 1.78 0.85 1.513 75.65

Table 4.5: Testing results

Figure 4.19: Efficiency vs duty cycle for the realization buck converter

The average efficiency is 89.27%

4.5 Conclusion

The efficiency of buck converter can be enhanced by chosing the right com-
ponents,between them we chose to test the effect of the switch element where
Choosing a switching device with low on-resistance and fast switching charac-
teristics. Lower on-resistance reduces conduction losses, and faster switching
speeds minimize switching losses.
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Conclusion and perspectives

Photovoltaic (PV) generators play a crucial role in stand-alone PV systems,
providing a sustainable and renewable source of energy. These systems consist
of various components, each with its specific role. The key components include
PV panels, charge controllers, batteries, and DC-DC converters.

The battery plays a critical role in controlling and storing energy in stand-
alone PV systems. It serves as an energy reservoir, allowing for the storage
of excess electricity generated by the PV panels , When a battery is included
in the system, it introduces additional control possibilities and energy storage
capabilities. The battery can act as a buffer, allowing the converter to oper-
ate within a wider control range and decoupling the load from the PV panel’s
instantaneous power generation. This enhanced control flexibility and energy
storage capability enable the PO algorithm to achieve better performance by
continuously adjusting the converter’s duty cycle to extract maximum power
from the PV panel while maintaining the battery’s state of charge.

To enhance the efficiency of the DC-DC buck converter in stand-alone PV
systems, several factors can be considered:

Proper Sizing and Matching: Ensuring the buck converter is appropriately sized
and matched to the PV panel’s voltage and current characteristics is essential.
This helps optimize the converter’s performance and maximize energy transfer.
Maximum Power Point Tracking (MPPT): Implementing MPPT algorithms
in the system can significantly improve the buck converter’s efficiency More
than the PWM control method where MPPT algorithms track the maximum
power point of the PV panels, adjusting the converter’s operating parameters
to extract the maximum power available.
Component Selection: Choosing high-quality components, such as Inductors,
Capacitors, and Diodes,Mosfets with low resistance and suitable specifications,
can improve the overall efficiency of the buck converter.
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Minimizing Losses: Reducing losses in the system, such as minimizing resistive
losses in wiring and connections, using appropriate heat sinks for dissipating
heat, and optimizing the layout and design of the circuit, can enhance the effi-
ciency of the buck converter.

By considering these factors and implementing appropriate measures, the
efficiency of the DC-DC buck converter in stand-alone PV systems can be en-
hanced, leading to improved energy utilization and overall system performance.
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et de la technologie Houari Boumediène) 2009.

[11] ≪ DC-DC Converters ≫ available online https://www.
mongosukulu.com/index.php/contenu/genie-electrique4/
electronique-depuissance/550-leshacheurs?showall=1/.

[12] S.C. Tan, Y.M. Lai, C. K. Tse, and M.K.H. Cheung, ”Adaptive Feedfor-
ward and Feedback Control Schemes for Sliding Mode Controlled Power
Converters,” IEEE Transaction on Power Electronics, vol. 21, no. 1, pp.
182-192, Jan 2006.

[13] M .Touaref , ≪ Etude et simulation d’un convertisseur AC/DC type BUCK
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Spécialités: ELT et ELM.

[20] SAHRAOUI M, ”Contrôle robuste des systèmes non linéairespar les ap-
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