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Abstract

This research addresses the control of a battrey energy storage system integrated with
a photovoltaic (PV) source within a DC microgrid, focusing on voltage stabilization
and disturbance rejection. Accurate modeling of both the PV generator and battery

system was conducted, laying the groundwork for control design and system analysis.

A conventional Proportional-Integral (PI) controller was implemented as a baseline.
While it performed adequately under steady conditions, it lacked robustness during
transient disturbances and rapid system changes. To overcome these limitations, a
Super-Twisting Sliding Mode Control (ST-SMC) strategy was introduced, known for

its fast convergence and reduced chattering effects.

The comparative analysis revealed that the super-twisting control significantly
improved voltage regulation and system resilience against disturbances and load
variations. The hybrid storage system, under this advanced controller, exhibited

superior dynamic response and operational stability.

In conclusion, the study emphasizes the necessity of combining accurate system
modeling with robust control techniques for reliable renewable energy integration.
Future work could focus on real-time implementation, hardware-in-the-loop testing,
and the inclusion of additional renewable sources such as wind energy or

supercapacitors.

Keywords: Photovoltaic source (PV); Battrey energy storage system; DC microgrid;
Super-Twisting Sliding Mode Control (ST-SMC); Disturbance rejection, voltage

stability, power balance, roubustness to system uncertainties.
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Chapter I Modeling of a photovoltaic generator

General Introduction:

The transition to sustainable energy solutions has become a central objective in
the development of modern electrical power systems. Driven by growing
environmental concerns, dwindling fossil fuel reserves, and international policy
commitments to reduce greenhouse gas emissions, renewable energy sources are
increasingly integrated into national and local energy infrastructures. Among these,
solar photovoltaic (PV) systems are one of the most promising technologies, primarily
due to their inexhaustible nature, scalability, and minimal environmental impact during
operation. However, the widespread deployment of PV systems presents various
technical challenges, particularly when integrated into decentralized and autonomous
power networks, such as DC microgrids [1].

DC microgrids have gained traction as a viable architecture for decentralized
energy systems, particularly in areas with unreliable grid access or in remote locations.
Compared to AC microgrids, DC systems offer numerous advantages, including higher
efficiency due to the elimination of synchronization requirements and reactive power
losses, better compatibility with renewable energy sources and modern DC loads (e.g.,
LED lighting, electric vehicles, and power electronics), and simplified control
mechanisms. Moreover, the reduced need for complex power conversion stages enables
more straightforward system integration and reduced overall energy losses.
Nonetheless, the benefits of DC microgrids are offset by new challenges, primarily
stemming from the intermittent and variable nature of renewable energy sources like
solar PV [2].

Solar PV generation is highly dependent on environmental conditions, including
solar irradiance and ambient temperature, both of which are subject to rapid
fluctuations. As a result, PV systems often produce power that is not perfectly matched
with instantaneous load demands, leading to voltage instability, power imbalance, and
reduced power quality in the microgrid. These issues are particularly pronounced

during transient load events, sudden changes in irradiance (e.g., due to cloud coverage),
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or grid faults. The inherently unsteady nature of solar energy necessitates the use of
complementary technologies to ensure system reliability and consistent power delivery.

One promising solution to this problem is the incorporation of hybrid energy
storage systems (HESS). These systems typically combine batteries with
supercapacitors or other storage technologies to provide both energy and power
balancing capabilities. Batteries are well-suited for longer-duration energy storage and
load shifting, while supercapacitors or other fast-response storage devices can address
short-term transients and rapid fluctuations. Together, they enhance the dynamic
response of the system, reduce stress on the PV generation unit, and contribute to
maintaining voltage stability. By acting as buffers between supply and demand, HESS
units play a pivotal role in ensuring the reliability, resilience, and operational efficiency

of DC microgrids.

However, the effective integration of PV systems and hybrid storage units
depends critically on the control strategies employed. The primary goal of these control
mechanisms is to manage the energy flow between the PV generator, the energy storage
units, and the loads, while ensuring voltage regulation, load balancing, and system
stability under various operating conditions. Traditional Proportional-Integral (PI)
controllers remain popular due to their ease of implementation and acceptable
performance in systems with relatively predictable and linear behavior. PI controllers
are often employed in industrial settings because of their simplicity, well-understood

tuning procedures, and minimal computational burden.

Despite these advantages, Pl controllers exhibit limitations in complex and
dynamically changing systems. Their performance deteriorates under significant
disturbances or in the presence of system nonlinearities, time-varying parameters, and
model uncertainties. They often struggle to maintain tight control over system variables
during rapid transients or abrupt changes in load demand or generation. As the
complexity and variability of modern power systems increase, there is a growing need
for more advanced control methodologies capable of ensuring robustness, fast transient

response, and enhanced disturbance rejection [3].

To address these limitations, nonlinear and robust control strategies have been

proposed and investigated in recent years. Among these, sliding mode control (SMC)
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and its higher-order variants, such as super-twisting control, have attracted significant
interest. These methods offer several advantages, including strong robustness against
system uncertainties, fast convergence to desired states, and effective handling of
nonlinearities. In particular, the super-twisting sliding mode controller is a second-order
method that alleviates the chattering phenomenon typical of classical SMC while
preserving its desirable robustness and finite-time convergence properties. Its
application in power electronics and energy systems has demonstrated promising

results in improving voltage regulation and disturbance rejection performance.

This research aims to investigate and compare two control strategies—PI
control and super-twisting sliding mode control—applied to a PV-battery-based DC
microgrid system. The study is structured as follows: Chapter 1 focuses on the
mathematical modeling of the PV generator, including its electrical characteristics and
dynamic behavior under varying irradiance conditions. Chapter 2 presents the model of
the battery storage system, capturing its charging and discharging dynamics, state-of-
charge constraints, and interface with the DC bus. In Chapter 3, a conventional Pl
controller is designed and implemented to regulate the DC bus voltage and manage
power flows. Chapter 4 introduces the design and application of the super-twisting
sliding mode controller, emphasizing its enhanced performance under disturbance

conditions and system uncertainties.

The main objective of this study is to assess the effectiveness of each control
strategy in maintaining voltage stability and rejecting disturbances in the DC microgrid.
By conducting comparative simulations and performance evaluations under varying
operating conditions, this research contributes to identifying the most suitable control
technique for enhancing the reliability, robustness, and efficiency of PV-based
decentralized energy systems. The insights gained from this work are expected to
support the development of resilient and intelligent control architectures for next-
generation DC microgrids that increasingly rely on renewable and distributed energy

resources.
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Chapter I

Modeling of a photovoltaic generator

I.1. Introduction:

Helielectricity, which deals with the direct transformation of solar energy into
electrical energy, appeared in 1930 with cuprous oxide cells and then selenium, but it
was only from 1954, with the realization of the first selenium photoelectric cells in the
laboratories of the Bell Telephone Company, that we foresee the possibility of
supplying energy. Very quickly used to power space vehicles, their development and
rapid progress were motivated by the conquest of space. But, for both technical and
economic reasons, this new source of electrical energy has been slow to establish itself

outside the space field.

However, during the 80s, terrestrial photovoltaic technology progressed steadily
through the installation of several power plants of a few megawatts, and even became
familiar to consumers through many low-power products using it: watches, calculators,

radio and weather beacons, pumps and solar refrigerators [4].

Currently, the power value of a photovoltaic module is from a few Watt peaks
to a few tens of Watt peaks. To obtain higher powers, it is necessary to associate in

series and / or in parallel several modules thus forming the photovoltaic generator.

This chapter will be devoted in its first part to the general principles of
photovoltaic conversion, photovoltaic cells, modules and generators photovoltaics. The
second part will be dedicated to the mathematical modeling of the solar source which
seems an essential step. The influence of radiation, temperature and contact resistance

on the performance of the photovoltaic module are also considered.
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1.1.2. Sun and radiation
1.1.2.1.Sun

The sun produces a huge amount of energy, which leaves its surface in the form
of electromagnetic radiation with a spectrum ranging from 0.25 m (ultraviolet) to 40 m
(infrared). This energy represents a major source of energy in the future. Despite the
considerable distance of the earth from the sun (150,106 km), the Earth's layer receives

an amount of energy of 180,106 GW.
I.1.2.2.Radiation

The sun radiates a power of 16.1015 kWh per year on the earth, in all
wavelengths of the visible light spectrum. Light energy from the sun is the basis of most
of the available forms of energy: chemical, thermal, hydraulic, electrical energies. For
example, fossil fuels, such as coal, natural gas and oil, were formed as a result of storage
of solar energy by organisms, over a long period of time. In fact, nuclear energy is the

only one that does not come from solar energy.

The latter is essential to maintain the light and thermal conditions necessary for
life on Earth. For example, photosynthesis uses this energy to provide chlorophyll
plants with organic matter. Sixty percent of the solar energy that reaches the earth is
reflected by the atmosphere; 11% is reflected by the soil and vegetation; 16% maintains,

by evaporation, the water cycle, which produces rain, mountain and river water [5].
I.2.  General information about semiconductors :
I.2.1. Constitution of a PN diode :

When an N-type doped semiconductor material (electron-rich) is brought into
intimate contact with another P-type doped semiconductor material (electron-poor), the
PN junction between the two media will be the site of an upheaval. In this narrow zone,
the excess electrons in the N part diffuse into the P part. Thus, in the N zone, a positively

charged region is created near the junction (where electrons are missing).
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Fig. L1 :Creation of the transition zone in a PN junction .

Symmetrically in the P zone, a negatively charged region is created (where there
is an excess of electrons) (Fig. I.1). At equilibrium, between these two positively and
negatively charged zones (depletion zone: space charge zone), an electric field directed
from the P region to the N region has therefore been created and a potential difference

VD appears. This electric field is fundamental for the operation of solar cells.

1.2.2. 1-V characteristic of the PN diode:

The mobile electrons in the semiconductor can come either from the N region
(majority carriers) or from the P region (minority carriers). The behavior of these two
types of carriers can be demonstrated by applying a variable DC voltage V to the

terminals of the diode (in the dark) and by closing the circuit on a resistor.

If this additional voltage V is positive, the potential difference between the N

and P zones is reduced and the majority charge carriers will be able more easily

cross the space charge zone thus giving rise to a current I d directed from the
region P to the N region, intense because due to the majorities. This current Id
increases with the temperature of the junction and with the applied voltage V. If this
additional voltage V is negative, the potential difference between the N and P zones is
increased and only the minority charge carriers will be able to cross the zone of space
charge giving rise to a current I 0 directed from the N region to the P region, low
because due to the minorities. This current I 0 increases with the temperature of the

junction.

At too high negative values of the applied voltage, V the junction snaps by

avalanche effect and it is destroyed.
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1.2.3. Light absorption

In a semiconductor material, for an electron bound to its atom and
participating in chemical bonds (valence band), to become free and mobile
(conduction band) in a possible electric field, it is necessary, among other conditions,
to transfer a minimum energy to it, for example by absorption of photons or by raising
the temperature. All the photons of the solar spectrum can be absorbed by the
electrons, but not all of them give rise to a promotion of electrons towards the

conduction band.

In the case of silicon, only photons with a wavelength of less than 1.1 pm can

be usefully absorbed, the others only give rise to an increase in temperature.
1.2.4. Electron-hole pairs

Only the electron-hole pairs generated near the depletion zone or within it will
be able to be separated by the intense electric field that prevails there and produce an

electric current that must be collected by making the front and rear contacts (Fig. 1.2).

This photovoltaic current is directly proportional to the intensity of the

illumination and is directed from the N region to the P region, it is denoted I ph [6].
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Fig.1.2: Absorption of light and transfer of energy from photons to electrons.
1.3.  Photovoltaic cells:

To obtain a photovoltaic cell, it is necessary to produce a diode structure, that is
to say to produce a P-N type junction in a silicon material doped in volume with an

element such as boron which makes it positive (P zone) and counter-doped in a zone
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surface with phosphorus which makes it negative (N zone). The electric field which
prevails at the junction of these two differently doped zones separates the electric
charges photo-generated by sunlight (electron-hole pairs) and ensures their evacuation
from the crystal (the electrons by the cathode and the holes by the anode) under a
voltage of the order of 0.5 V and a direct current of the order of 30 mA for each cm 2

of sensor under a maximum sunshine of 1 kW/ m 2.

Then the structure of a solar cell is similar to that of a P-N junction, the current

under darkness in such a structure is given by the formula :

(V) = I (e — 1) (L1)

Where :

q: The charge of the electron (g =1.6x107°C).
k: Boltzmann's constant (k =1.381x10%J /K ).

T: The effective temperature of the cell in kelvin.
Io: The reverse saturation current of the P-N junction. It has two components :

- the diffusion current of the minority carriers, constituted by the electrons of the P
region and the holes of the N region which manage to reach the space charge zone by

diffusion ;

- the thermal generation current due to the electron-hole pairs created thermally in the

space charge zone.

The factor n, between 1 and 2, representing the coefficient of ideality of the P-N
junction, makes it possible to take into account the different components of the direct

current circulating in the P-N junction :

- the components due to the recombinations in the N and P regions constitute the

currents of the diffusion of the electrons and the holes (n=1) ;

- the component due to the recombinations in the space charge zone constitutes the

recombination current of the junction (n=2).
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I. 3.1. Principle of operation of a photovoltaic cell:

Under illumination, the electron-hole pairs photo-generated in the space charge
zone (ZCE) are instantaneously separated by the electric field prevailing there (Fig.
1.3). The positive charge holes are accelerated towards the P zone, the negative charge
electrons towards the N zone. Holes and electrons then become the majority: this is the
generation photocurrent. In parallel, the minority carriers, holes generated on the N side
and electrons generated on the P side, create a concentration gradient and diffuse into
the material. If they reach the ECZ without recombining, the electric field makes them
cross the depletion zone in order to reach the region where they become the majority:
this 1s the diffusion photocurrent. The presence of ohmic contact ensures the collection

of the carriers hence the creation of a photogenated current I ph [7][8].
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Fig.1.3: Structure and diagram of the bands of a photovoltaic cell under illumination.

1.3.2. Different types of photovoltaic cells:

There are different types of solar cells (or photovoltaic cells), and each type of
cell has its own efficiency and cost. However, whatever their type, their efficiency
remains quite low: from 8 to 23% of the energy they receive. The main types of cells

currently in use are [5]:

- Monocrystalline cells: these are the ones with the best yield (12- 16%; up to
23% in the laboratory), but also the ones with the highest impact, due to complicated

manufacturing ;

- Polycrystalline cells: their design being easier, their manufacturing cost is less

important, however their yield is lower: 11% - 13% (18% in the laboratory) ;
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- Amorphous cells: they have a low yield (8% - 10%; 13% in the laboratory),
but require only very small thicknesses of silicon and have a low cost. They are

commonly used in small consumer products such as solar calculators or watches.
I.4. Model of a photovoltaic cell:

A solar cell is represented in the literature by several models, each of them is
governed by a mathematical expression between the current and the voltage according

to the technological parameters of the cell.
I.4.1. Single-diode model:

It is possible to combine the diode di cen and the diode dz cen of the two-diode
model in a single dcen diode. By taking the coefficient of ideality n between nl and n2

we obtain the one-diode model of Fig.L.5. [9].

d_cell Rp _cell /ce// Rs el A

G
\.\ I ph _cell
cell

cell —] p_cell

Fig.1.4: Equivalent circuit of the model to a diode of a photovoltaic cell.

By the application of the law of nodes we find :

leen = Iph_cell - Id_cell - IRp_cell (1.2)
With :
VeelltRs_ o lcell
nKT
Iy cen = 1o (e /a - 1) 1.3)
Where :

Io: The reverse saturation current of the diode dce .

So the current of the cell is given by the following equation :
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VeelltRs celllcell v R ;
_ nKT celltRs celllcell
e G B 14
p_cell

1.4.2. Two-diode model :

The equivalent circuit of the two-diode model is given in Fig.L.5. This model is
the closest to the real behavior of the solar cell, because it takes into account the
mechanism of transport of electric charges inside the cell (two diodes). The two-diode
model is composed of two exponentials. The first takes into account the diffusion
phenomenon, while the second exponential corresponds to the recombination

phenomenon, in the depletion region [9][10].

-~
~

cell R

di_cell ¥ Rp _cell s_cell A

/ /

d2_cell¥

N
\ dl_ ceIXZ d 2_cell XZ R p _cell Vcell

Fig.L.5: Equivalent circuit of the two-diode model of a photovoltaic cell.
Current generator:
It delivers the current Iph cent corresponding to the photogenerated current in the cell.
series resistor R cci

It takes into account the resistivity specific to the contacts between the different

constituent regions of the cell, namely the emitter, the base and the metal contacts.
Parallel resistance R;, ccil

Also known as short-circuit resistance. It translates the existence of shunts through the

transmitter.
Diode d; cen

Models the diffusion of the carriers in the base and the emitter. Its influence will be all

the greater the longer the diffusion length of the material.

Diode d270e11
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Models the generation/recombination of the carriers in the space charge zone [8].

By applying the laws of the nodes to the cell shown in Fig.I.5. we can describe the

mathematical model of the photovoltaic cell.

The current supplied to a cell is given by :

Icell = Iph_cell - Idl_cell - Idz_cell - IRp_cell (LS)
With :

( VeelltRs_ o lcell
-1

Iar .., = Ion <e n1kT/q

) VeelltRs_ o lcell
— KT, —
lag.., = Ioy (e m2kt7a 1

_ Vcell+Rs_CellIcell

IRp R
\ P—cell P—cell

(L.6)

The current within the photovoltaic cell is therefore modalized by the following

relationship :
Vcell"'Rs_ceulcell Vcell+Rs_cellIcell
nikT n2kT Veett +Rs_ ”Icell
Ieen = Iph_cen = To1 | € a =1 |-\ e a -1 —Rp—“’ (1.7)
—cell
With :

Icen: The current supplied by the cell.
Io1: The reverse saturation current of the diode di cer -
lo2: The reverse saturation current of the diode dz cei -

q: The electron charge (g =1.6x1071°C).
k: Boltzmann's constant (k =1.381x10%%J /K).

nl=1 and n2=2: The coefficients of ideality of the PN junction.
T: The effective temperature of the cell in kelvin.
1.4.3. Model with ohmic losses :

1.4.3.1 Current model :
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If we assume that the parallel resistance is infinite (R, = o) , we obtain the model
with ohmic losses of Fig. 1.6. This model is usually the most used in the design but in
case a very high precision is required the model with two diodes in parallel is often used

[10].

In this case the cell current is given by the following equation :

(L8)

VeelltRs celtlcell
nKT
leen = Iph_cell — Iy <€ /a - 1>

Y
°

Y I cell R

I d _cell s_cell

d _cell XZ Vcell

Fig.1.6: Equivalent circuit of the model with ohmic losses of a photovoltaic cell.

1.4.3.2 Voltage model:

The voltage model of the cell shown in Fig.1.6. can be deduced from equation

(I.8), which results :

nKT
Vee = q ln(

Iphce”_lcell""lo
Iy

) = Replcen (19)

1.5.Calculation of the current of a cell under the temperature reference conditions

Tier and irradiation Go :
1.5.1. Calculation of the saturation current at T :

The reverse saturation current of the diode is calculated in the point where the
current of the cell is equal to zero (Icen = 0 ) while the no-load voltage of the cell
(Voc cel) 1s equal to the open circuit voltage of the module given by the manufacturer

(Voc_module ) divided by the number of cells in series ( Ns) so :

_ Voc_module

Veerr = Voc cett =
cell oc_cell Ny (1.10)

Iph_cell = Isc_cen |Tref
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Where Isc module |1 represent the short circuit current of the module given by the

manufacturer. The saturation current at Trer is expressed from (1.8) and (I1.10) by :

Isc_cell lTref

lolr,, =7 (L.11)

nKTref
e /q—l

1.5.2. Calculation of the series resistance to Ths:

The series resistance of the cell is calculated in the point  where

_ Voc_module

Veeu = Voc cenu = . ) by evaluating the slope of the I-V curve in the point

Voc module - By differentiating the equation (1.8) and then rearranging it in terms of Rs cen

[9] [11].
The differentiation of the equation (I.8), gives :

VeetttRs celtlcell
nKT.
chell+Rs_celld1cell e ref/q

dlcen = 0 — Iy |r,,, s (1.12)
/a
So from equation (I.12), the series resistance is written as :
NnKT
Rs con = o _ Ve (113)
s_cell / VeelltRs celllcell\ dlcenn ’
nKTTef/
[ e a |

\ J

Then, by evaluating the equation (I.13) in an open circuit defined by: Vet = Voc cent and

IceH: 0 we find:

NKTref
/q AL

R =
s_cell / Voc_cell\ dlcelr Voc cell
nKTref/

q

(1.14)

| e |IO |TT€f

aVeenl

Where —<

T |Voc cell is the slope of the I-V curve in the point Vcenn = Vo cenl (calculate from
cell - _

the I-V curve in the module data sheet (datasheet) then divide by the number of cells in series).

av

module
av dl module dv . .
—cell 0= nidule and the value —module |, dule 18 given by the
dlcell oc.ce Ng Adlmodule modute

manufacturer.
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1.6. Calculation of the current of a cell at a temperature T and an irradiation G

Some :

The previous equations are valid only for an optimal operating mode. To
generalize our modeling for different illuminations and temperatures, we use the model

that moves the reference curve to new locations.
1.6.1. Calculation of the short-circuit current at any temperature and irradiation:

- The variation of the short-circuit current of a cell as a function of the temperature is

given by [11] [12] [13] [14]:
Isc cenlr = Isc_(:elllTref[1 + a(T - Tref)] (I.15)

With :

Isc_module lTref

Isc ceulr, . = — where the value of I moquie is given by the

|Tre f
manufacturer. The current Isc mogutelr,, y is measured under the irradiance of 1 kW/m?

and a temperature Trer=298 K, (25°C).
a: The coefficient of variation of the current as a function of temperature.
Tre: The reference temperature, 298K.

T: The current temperature of the cell in Kelvin.

. . I . .
- The variation of the short-circuit current of a cell (Is; ey = %"d”le ) is proportional
D

to the intensity of the irradiation in accordance with the following relationship:

G
Isc_ceutle = Isc_celllGO Go (I.16)

With :
G: The current solar irradiation in kW/m?2 .
Go: The standard solar irradiation: Go = 1kW/m2

Isc_ceulg,: The short-circuit current under the reference conditions (Trer, Go) .
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Then from (I.15) and (I1.16) the variation of the short-circuit current as a function of

any temperature and irradiation is expressed by :

G
Isc_celllT,G = Isc_celllTref_GO G_o [1 + Cl(T - Tref)] (117)

1.6.2. Calculation of the saturation current at any temperature:

The variation of the reverse current of the diode is calculated by [9] [13] [14] [15]:

3 ~—4Eg 1

1
IO |T = IO |Tref (L> e nk <T Tref> (1.18)

Tre f

With :
Eg: The width of the forbidden band.

(Io|T ¢ ): The reverse current to Trer; given by equation (I.11)

Finally, to calculate the current of the cell it is necessary to solve the equation (I.8) of

the nonlinear characteristic, for this we use the Newton method described by :

f(xn)
xn+1 = xn - f’(xn) (1'19)

Where :

f" (x) : The driving of the function f (xn) .
x n : The current value of x .

Xp4+1: The next value of x .

By applying Newton's method on equation (I.8), he comes :

( Veeu*Rs celilcelt
nKT
Jf(lcem = Isc_ceutlr — Lo,y |7 <e /q B 1> — lcen

R VeeutRs cetilcelt (1.20)
4 s_ce nKT
[ f(lceu>=o—10|rn,<-T/Z<e 7 >_1

The application of Newton's method described by (I.19) makes it possible to calculate

the value of the current at any temperature and irradiation ( T, G ) for each iteration

(), so:
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Veetlll+Rs_ o1l cenil]
Isc olT.6—TolT| € "q -1 |~Icenli]
sCeenl!T, olT cell

VeetlUl+Rs_ o1l cenil]
R KT
i
=Ip |TnKC’1§/q e /a -1

L.7.  Characteristics of a photovoltaic cell :

Ieenlj] — (1.21)

The main characteristic of the solar cell is the I-V characteristic which shows
how a photovoltaic cell will respond to all possible charges under a particular set of

sunshine and temperature conditions as shown in Figure (1.7) [5].
There are three important points in this curve:
- The optimal operating point at which the cell provides its maximum power (point 5) ;

- The point where the voltage is equal to zero and the current is at maximum (short

circuit current, point 4) ;

- The point where the current is equal to zero and the voltage is at maximum (open

circuit voltage, point 1).

Also the I-V characteristic can be divided into three ranges:
- A range where the cell is considered as a voltage source (1-2) ;
- A range where the cell is considered as a current source (3-4) ;

- A range where neither the voltage nor the current are constant (2-3).
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Fig. 1.7: Typical I-V characteristic of a solar cell.

I.7.1. Open circuit voltage:

If a solar cell is placed under a constant light source, without any receiver at its
terminals, it will produce a DC voltage called open circuit voltage V oc _ cell (it varies
slightly with technology and illumination). This value corresponds to the cut-off voltage
of a diode, which confirms the fact that a solar cell can be assimilated to a P-N junction.
To obtain a higher voltage at the output of the module, it will be necessary to associate

the cells in series.
1.7.2. Short circuit current :

Unlike the previous case, if a cell is placed in short-circuit, it will deliver a
maximum current at zero voltage; this current is called short-circuit current. The
photocurrent provided by the cell is proportional to the light intensity and to the surface
of the panel used. Thus, the higher these two parameters will be, the greater the intensity
produced will be. As for the voltage, it will be necessary to associate the cells in parallel

to significantly increase the value of the intensity at the output of the module.
1.7.3. Power-Voltage Characteristic :

The maximum power delivered by the cell Pax celi is the point of corded to (Vimp cell ,
Imp_cenl) 1s given by the product between voltage and current as this is indicated by the

following formula:

Prhax cett = Vmp_cell X Imp_cell (1.22)
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1.7.4. Form factor of a PV cell :

The form factor is identified by the ratio of the maximum power to the product

of the short-circuit current and the open circuit voltage [5] :

FF — — Pmax cel (1.23)

Voc_cettXloc_cell

L.7.5. efficiency :

The efficiency is the ratio between the maximum power and the power of the

incident luminous flux (the surface S of the cell multiplied by the illumination G) [16].

P
My = =t (1.24)

Where S: the effective area in m? .
I.8.  Grouping of cells :
1.8.1. Grouping of cells in series :

By adding identical cells in series as shown in Figure (1.8), the current of the
branch remains the same but the voltage increases in proportion to the number of cells

in series [17].
1.8.2. Grouping of cells in parallel :

By adding identical cells in parallel as shown in Figure (1.9), the voltage of the
branch is equal to the voltage of each cell and the intensity increases proportionally to

the number of cells in parallel in the branch.

L L
117777 (TT1777 —
:jjjjj: :Ijjjj: series connection
[ 1111 [ 1111
117307 e
111177 111277 :
1112177 111277 3
| 1111 111 11|
<V— T .
cell : . cell one cell two cells
tension: 2 .y |

current -1

Voltage Voc1 Voc1+Voc2

Fig.1.8: Cells connected in series with their current-voltage characteristic.
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Iceﬂ ]CEH parallel connection
[ [ T [ I+ 1, two cells
T nm( i —
— 1 b b b . -
NuunEl coomna) o tension Vo
e | Vg Feema | Vg S :
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— =11 === current : 21 cell fx
EEEEEN = =1=1—1— S
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Fig.1.9: Cells connected in parallel with their current-voltage characteristic.
1.9. Photovoltaic module (panel):
A module represented by Fig. (I.10) consists of a set of elementary photovoltaic

cells mounted in series and/or in parallel in order to obtain desired electrical

characteristics such as power, short-circuit current or open-circuit voltage.

Fig.1.10: Photovoltaic module.

1.9.1. Modeling of the photovoltaic module:

1.9.1.1. Current model :

The model developed for a cell can be understood in the case of connecting the
cells in series and in parallel in order to obtain the model of a photovoltaic module
(assuming that all these cells are identical inside the module) [18]. Figure (I.11) shows

the equivalent model of a photovoltaic module.

If we consider that the photovoltaic module contains N s cells in series and Np cells
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in parallel, the current model of the module is based on the following equation [18]:

IModule = ph_Module — Id_Module (125)
> AN
I = I }V _ ‘'
d_module d_cell” " p ]_Module RS _ Module — Rs_c‘eﬂ _i\,?' N
P
— T y
Iph_Module - Iph _ceI{‘Np A
G
N
- v ,
. _ Module Module

.

Fig.l.11: Equivalent circuit of the model of a photovoltaic module (panel).
With :
Iph_Module = ph_celle = Isc_cell |7 Np

VeelltRs_ o lcell
KT (1.26)
Iy moaute = la_ceulNp = Iolr (e e — 1) N,

Then the current model of a photovoltaic module is written as:

Vcell+R5_Ce”Icell
nKT
Inodute = ph_Module — NplolT e /a -1 (1.27)

1.9.1.2.Model in tension :

The voltage model of the module shown in Figure (I.11) can be deduced from

equation (I.27) by observing the following changes :

_ VModule
Vcell - Ns
. (1.28)
I 0= Module
ce
Np

By replacing equation (I.28) in equation (1.27), the voltage of the photovoltaic module

can be deduced as follows:

1 odule—IModule IModule
VModule — NS [nKT/q ln( ph_Module !Modul )] _ Rs_module IModule (129)

Nplo|T Ng

Ns

Where Rs module represents the serial resistance of the module (R yodquie = Rs ceur N
- - 14

)
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For our case, based on the voltage model of the cell described by (1.9), it is possible to

calculate directly the module voltage at any temperature T:

I l7=I cerr+ 10|
Virodute = NsVeen = Ng [TlKT/q ln( ph_celilr—Iceti+Io T)] _ Rs_celllTIcell (130)

Iylt

I.10. Electrical characteristics of a photovoltaic module :

In our work we have adopted the BP SX 150 photovoltaic module from BP
Solaire. BP Solaire's SX series provides cost-effective photovoltaic power for general
use by direct exploitation of direct current loads, or alternating current loads on systems
equipped with inverters. The module is composed of 72 multi crystalline silicone solar

cells connected in series to produce a maximum power of 150W.

The electrical characteristics of this photovoltaic module are given by the manufacturer

(BP Solar's SX series) in Table (I.1).

Electrical Characteristics'

SX 150 SX 140°

Maximum power (P, 4. ) 150W 140W
Voltage at P .y (Vmp) 345V 34.0V
Current at P, oo “mp) 4.35A 4.11A
Warranted minimum P4y 140W 130W
Short-circuit current (I5.) 4.75A 4.5A
Open-circuit voltage (V) 43.5V 42.8V
Temperature coefficient of I, (0.065+0.015)%/°C
Temperature coefficient of voltage -(160£20)mV/°C
Temperature coefficient of power -(0.5£0.05)%/°C
NOCT® 47+2°C
Maximum series fuse rating 20A (U version)

15A (S, L versions)
Maximum system voltage 600V (U.S. NEC rating)

1000V* (TUV Rheinland rating)

Table I.1: Electrical characteristics of the photovoltaic module BP SX 150.

The current-voltage characteristic illustrated in Figure (I.12) describes the
behavior of the photovoltaic module under the influence of specific weather conditions

(illumination level G=1000 and ambient temperature T=25°C.) [17].

The I-V curve of the photovoltaic module passes through three important points which

are :
- The short-circuit current Isc mModule in C.
- The open circuit voltage Voc Module in S.

- The maximum power Pmax in M.
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Characteristic 1{v) of the BP SX 150S photovoltaic modules
C T T T T T T T T T

Current (A)
M
4]
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Tension (V)

Fig. 1.12: I-V characteristic of a photovoltaic module.
1.10.1. Inﬂuence Of sunlight on Isc_Module ,Voc_Module and Pmax .

Figs. (I.13) and (I.14) represent the variations of the current and of the power as
a function of the voltage for different levels of illumination at a constant maintained
temperature. It should be noted that the value of the short-circuit current is directly
proportional to the intensity of the radiation [9]. On the other hand, the open circuit
voltage does not vary in the same proportions, it remains almost identical even at low

illumination [19].
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Influence of the illumination on the I-V curve of the BP SX 150S module
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Fig.L13: I-V curves of a panel with various sun exposure.

Influence of the illumination on the P-V curve of the BP SX 150S module160
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Fig. 1.14: P-V curves of a photovoltaic module with various sun exposures.
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1.10.2. Influence of temperature on Isc mModule s Voc Module aNd Prax

Figs. (I.15) and (I.16) show the curves I-V, P-V for different operating
temperatures of the photovoltaic module at a constant irradiation. We note that the
temperature has a negligible influence on the value of the short-circuit current. On the
other hand, the open-circuit voltage drops quite sharply when the temperature rises

(This decrease is of the order of 2 mV per degree [4]).

The increase in temperature also results in a decrease in the maximum available
power (this variation is of the order of 0.35% per degree [4]). Therefore, when
dimensioning an installation, it is imperative to take into account the variation in the

temperature of the site.

Influence of the temperature on the I-V curves of the BP SX 150S module
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Fig. L15: I-V curves of a photovoltaic module for different temperatures at G=1000 W/m'.
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Influence of temperature on the P-V curve of the BP SX 150S module
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Fig. 1.16: P(V) curves of a photovoltaic module for different temperatures at G=1000 W/m?.

1.10.3. Influence of series resistance :

Fig. (I.17) shows the influence of the series resistance on the I-V curve of the

photovoltaic module, this influence resulting in a decrease in the slope of the I-V curve

and a decrease in power produced by the power module as shown in Fig. (1.18).



Chapter I Modeling of a photovoltaic generator

Influence of the series resistance on the I-V characteristic of the BP SX 1508 module
5 -

35+

Module Current (A)

Module Voltage (V)

Fig. 1.17: Influence of the series resistance on the I-V characteristic of the photovoltaic module .

Influence of the series resistance on the P-V characteristic of the BP SX 150S module
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Fig. 1.18: Influence of the series resistance on the P-V characteristic of the photovoltaic module.

I.11. Photovoltaic generator :

I.11.1. Constitution of a photovoltaic generator :
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To obtain higher powers, it is necessary to associate several modules in series
and / or in parallel as shown in Figure (I.19). The operating curve of a series-parallel
association of the modules is a curve similar to the curve of the base cell, with of course
different electrical parameters. Note here that, similarly for the cells, it will be necessary

to associate in series and in parallel only identical modules [20].

I

B B

| [ |
\W/‘V

Fig.1.19: Photovoltaic modules connected in series and in parallel.

=
=
=
=
=
==

Fig.1.20: Grouping of photovoltaic modules.

1.11.2. Modeling of a photovoltaic generator :

1.11.2.1. Current model :

The model of a photovoltaic generator (GPV) can be represented by the
equivalent circuit of Fig. (1.21) [13] [18] [21] [22].
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I, I oanM I,

_Gpv = _module~"™" p
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Fig.1.21: Equivalent circuit of the model of a photovoltaic generator.

If it is assumed that the photovoltaic generator contains Ms modules in series
and M, modules in parallel, and each module contains N cells in series and N, cells in
parallel, then the mathematical model can be developed in the same way as the

photovoltaic module.

Indeed, the current delivered by the photovoltaic generator is given by :

IGpv = Iph_Gpv — Id_Gpv (I.31)

The relationships between the magnitudes of the generator and those of the module

arc :

{Iph_gpy = ph_ModuleMp (I1.32)

Id_Gpv = Id_Module Mp

On the other hand, the relations between the quantities of the module and those

of the cell are expressed by the equation (1.26).

Substituting (1.26) in (1.32) we find :

Iph_Gpv = Isc_cell |TNpMp
VeelltRs celtlcell

! 1.33
Iy pv = Dol <e “a - 1) N, M, (39

By replacing the first and the second equation of (I.33) in (I.31), we obtain the

mathematical model of photovoltaic generator :

Vcell'”;gi‘celllcell
IGpv = Isc_cell |T(NpMp) - (NpMp) Iolr (e /a - 1> (1.34)

1.11.2.2. Voltage model :
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The generator voltage model shown in Figure (I.21) can be deduced from

equation (I. 34) by observing the following changes :

V. g = VModule — Vapy
ce Ng NsM;
I — Imodule — Iepv (135)
cell Ny Np M,
By replacing (1.35) in (1.34), we obtain :
Vepv 'R IGpy
NgMg ' s_cell NpMp
KT
IGpv = Is¢ cenr |T(NpMp) - (NpMp) Llr| e a -1 (1.36)
Which leads to:
— KT Isc cettlT(NpMp) —Ig
Vops = (0 KT i (S0 4 1) = Re ] a3
Where Rs_gpv represents the generator series resistor with ( R gpy = Rs moduie % )
14

I1.12. Conventional protections for a photovoltaic generator :

When we design a photovoltaic installation, we must ensure the electrical
protection of this installation in order to increase its service life by avoiding in particular
destructive failures related to the association of the cells and their operation in case of
shading. For this, two types of protections are conventionally used in current

installations:

- protection in case of parallel connection of photovoltaic modules to avoid negative

currents in the photovoltaic generator (anti-return diode) ;

- protection during the series connection of photovoltaic modules making it possible

not to lose the entire chain (bypass diode) and avoid hot spots.

Fig. (I.22) shows the schematic conventionally adopted for the protection of the
elementary GPV [5].
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PV1

Diode Bypass
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Fig.1.22: Schematization of an elementary photovoltaic generator with bypass diodes

and anti-reverse diode.

1.13. Conclusion :

Photovoltaic solar energy comes from the direct transformation of part of the
solar radiation into electrical energy. This energy conversion is carried out by the
photovoltaic cell based on a physical phenomenon called the photovoltaic effect. The

voltage generated can vary depending on the material used to manufacture the cell.

The association of several cells in series and / or in parallel gives rise to a
photovoltaic module. The modules can also be connected in series and/or in parallel to

build the photovoltaic generator in order to increase the voltage and the intensity of use.

In this chapter we have represented the principle of photovoltaic conversion, the

modulization of a cell, a photovoltaic module and a photovoltaic generator.

We have also presented the influence of climatic conditions (solar irradiation,
degree of temperature) and the influence of the series resistance on the I-V and P-V

curves of the photovoltaic module.
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Chapter 11
Modeling a battery

I1.1.Description of battery

An integral component of the hybrid system, batteries provide the ideal
assistance for power delivery and support FCs in the event of an unexpected load [23].
These electrochemical devices fall into two categories: main batteries, which are non-
rechargeable, and secondary batteries, which are rechargeable [24]. For the latter,
electrical energy can be transformed into chemical energy while charging, and the
chemical energy can be transformed back into electric energy when discharging [25].
These batteries, which include lead-acid, lithium-ion, and sodium-sulfur batteries, are
used to store and supply electricity to and from renewable energy and clean energy-
based power systems. They should also be dependable, long-lasting, and safe [26].

The term "cell” refers to batteries made up of a single electrochemical cell. To
achieve the required voltage and storage capacity, these cells can thus be put together

in parallel or series to create batteries [24].
11.2.Components of battery

e Negative and positive electrodes

The redox processes take place between the two electrodes [27]. Additionally,
the positive electrode is made of metal oxides, whereas the negative electrode is
made of a mixture of carbon-based compounds.

e Electrolyte

The electrolyte, which can be a liquid, polymeric, or solid, permits ions to pass
through and flow only. Liquid electrolytes are currently the most widely used for a

variety of purposes [28].

e Separator

In cases where the electrolyte is liquid, separator insulation—a microporous

membrane that allows only ions to flow—must be placed between the electrodes to
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prevent internal short circuits [27].[29].
Cylindrical, pouch, or prismatic cells are examples of many battery forms [30], as
shown in Figure (11.1).

Al

) + /
+ :@’/ ' g Cathode
e :‘90"" / Separator
\ e
%\ ; “— Anode
| ' Cell can 8 LiFePO, Al Cu
Separator 6 Cu ! ‘\:'
(a) (b) (©)
Fig.11.1: Representation of the shape and components of various Li-ion battery
configurations.Cylindrical (a), prismatic (b), and pouch cell (c) [31].
11.3. Classification of batteries
Depending on the materials used for electrodes one can find many promising
batteries technologies [32] [33] [34] , as described in Table (11.1).
Type Lithium-ion Lead-acid Nickel-cadmium | Nickel-metal
Negative electrode Graphite Pb cd MH
Positive electrode LiCoO, PbO, Ni(OH), Ni(OH),
Electrolyte Organic H,S0, KOH KOH
Nominal voltage (V) 36 " 125 1.25
Energy density (Wh/Kg) 110-160 30-50 45-80 60-120
Power density (W/Kg) 1800 180 150 250-1000
Overcharge tolerance Very low High Moderate Low
Self-discharge rate Very low Low Moderate High
Operating temperature
(°C) -20 to 60 -20 to 60 -40 to 60 -20 to 60
Number of cycle life 500-1000 200-300 1500 300-500

Table 11.1: Classifications of battery.
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11.4. Lithium-ion battery (Li-ion battery)

The lithium-ion battery is the best commercially available battery in terms of
power density because of lithium's lightweight and fast response [35]. It has three
layers, negative and positive electrodes, and electrolyte, and it works similarly to a

capacitor.

As seen in Figure (11.2), graphite is commonly utilized as an intercalation
material of lithium (LiC6) at the negative electrode. To put it another way, graphite,
one of the allotropic forms of carbon, has a hexagonal shape, making it the most
thermodynamically stable phase. It also creates planar layers that enable the wedgeing

and storage of lithium between the layers. Intercalation is the technical word for this
[33].

)
J " °
9 .
9 ° @ Carbon

% 0 Lithium

Fig.11.2: Representation of Li-ion battery negative electrode [60].

There are three primary types of positive electrode materials. Lamellar
transition metal oxides, metal oxides with polyanionic structure (found in olivine-like
structural materials, iron phosphates), and oxides of spinal structure are the most
researched [33]. According to the latter, the most often utilized positive electrode
material in commercial and rechargeable lithium batteries is LiCoO2 (lithium cobalt
oxide) [36]. As seen in Figure (11.3), this material has a lamellar structure with a
rhombohedral crystalline mesh made of oxygen atoms with alternating layers of cobalt
and lithium ions [37]. This shape makes it simple to incorporate lithium ions into the

matrix.
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® Oxygen
® Lithium
@ Cobait

Fig.11.3: Representation of Li-ion battery positive electrode [38].

There is a conductive copper layer added to graphite [39] and a conductive
aluminum layer adjacent to the cobalt oxide [40] since graphite and cobalt peroxide
materials are not good at spreading or collecting electrons. We refer to these two levels

as collectors.

Lithium salts can also be dissolved in organic (non-aqueous) solvents to
produce an electrolyte [28]. Since it provides a good balance between ionic
conductivity, stability, and cost, lithium hexafluorophosphate (LiPF6) is the most
commonly used salt on an industrial scale [41]. Other salts are abbreviated as lithium
hexafluoro arsenic (LiAsF6), lithium perchlorate (LiClO4), and lithium
tetrafluoroborate (LiBF4). The most often utilized solvents are ethylene carbonate (EC)
and propylene carbonate (PC) shortened solvents. Diethyl carbonate (DEC) and
dimethyl carbonate (DMC) were co-solvents. The commonly utilized composition,
designated "LP30" [33], is based on LiPF6 dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC), as shown in Figure (1.8 (a)).

Li+ ions bind to the oxygen atoms of the DMC, forming and breaking bonds in
fractions of a second, and are aggregated in ion pairs with PF-6. Li+ is therefore mostly
coordinated with polarizable carbonyl groups. According to Figure (1.8 (b) and (c)), the
presence of a Li+ ion that is coordinated with a carbonyl group will cause the associated
EC or DMC molecule with its carbonyl group to be oriented slightly towards the next
layer [42].
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v

. - .,
9
EC DMWC PFe
(@ Sketches of the molecules of the individual species comprising the investigated LiPF6

in EC: DMC electrolyte solution, the arrows indicate the molecular size, and include

the molecules’ van-der-Waals radii [42].
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Fig.11.4: Representation of Li-ion battery electrolyte.

The principal contributors to the (Li+) ion transport: are purple: Li; orange: P; cyan: F; red:
O; grey: C; white: H.

Since the electrolyte is an organic solvent, it contains a crucial component for ensuring
its high safety, known as the plastic separator; more precisely, polyethylene (PE) is the most

prevalent material in Li-ion batteries [44].
I1.4.1.0perating principle of the Li-on battery
The following describes the Li-ion battery's [28] working principle in detail:

According to the subsequent oxidation reaction shown in equation (IL.1), during

discharge (use), the negative electrode will release electrons to the external circuit through
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an electrochemical oxidation reaction. This process also causes the deintercalation of lithium

ions from the graphitic planes.
Li,Co — 6C + xLi* + xe~ (IL1)

According to the subsequent reduction reaction seen in equation (I1.2), Li+ ions are
thus generated with the electrode negative during the discharge process, then moved from
one electrode to another through the ionic conductive electrolyte and consumed by the

positive electrode via an insertion reaction.
Liy_,Co0, + xLi* + xe™ — LiCo0O, (IL.2)

Because an external generator is used to impose an opposite current during the
charge, the opposite phenomenon—oxidation to the positive electrode (lithium
extraction) and reduction to the negative electrode (lithium insertion) will occur.

Equation (11.3) describes the general equation for this process.

Li.C, +Li_ (00, === LiCo0, +6 C (11.3)
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Fig.11.5: Operation of the Li-ion battery [45].

11.4.2.Advantages and limitations of Li-ion batteries
11.4.2.1. Advantages
= High energy density [46].
= Relatively low self-discharge [46].
= Low-down maintenance [46].
= Adequate performance even in low temperatures [48].

= Long longevity of service [47].
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11.4.2.2.Limitations
= Expensive to fabricate than other kinds [46].
= Require costly surveillance criteria; utilized to evade

explosion when their temperature is too hot [47].
I1.5. Mathematical model of battery

The batteries considered for this study are of the Li-ion type because they
have been shown to exhibit high energy density and efficiency compared to other
battery types (such as lead-acid, NiCd or NiMH); this feature makes them more

attractive for automotive or aircraft applications [49].

11.5.1. Li-ion battery voltage

The battery voltage is expressed as :

Vbat = Epat — Rintlpat (11.4)

The open circuit voltage Ena: for charge and discharge is expressed as:

E,— Kﬁi* - K%it + Aye Bt Wheni* > 0 (discharge mode) LS
E e = i —i ' )
bat E, — Ko.1§—it i*— Kﬁit + AjeBit When i* < 0 (charge mode) (I15)
= EQ :isthe battery constant voltage (V ).
» K :isthe polarization constant V / (Ah).
» Q:isthe battery capacity (Ah).
= i*:isthe filtered battery current ( A),
» it :isthe actual battery charge (Ah).
= Ag:isthe exponential zone amplitude (V).
= B isthe exponential zone time constant inverse (Ah)'1 .
» Rjnt :isthe battery internal resistance ( Q).
The term Kﬁ it from equation (11.5) referred as polarization voltage , while The
term K%it Is the polarization resistance (Polycs).

During charging mode, the battery voltage increases abruptly after being
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fully charged, this behavior is represented by modifying the polarization resistance
(only during charging) as follows:

9
K o010 (11.6)

The transfer function of the current filter is as follows :

G=_1 (11.7)

T 6.675+1

Figure (11.6) shows block diagram of the battery model implemented in SPS.

I_..
Than
Internal
Resistance
. I'
E R /+>{' ontrolled bart
g/ voltage |
SOHrCe
O
f
] E = E-K.(0/(Q-it)).it + Ag.exp(-B.if) - Pol,ys.i* |dmmit f "
fi
A T
'-:E F 3
Current filter
Pol, = K.(Q/AQ-it)).(1-u(t)) + E(QAit-0.1Q)).uft) ft=—nu(t) =f |

Fig.11.6: Li-ion battery model [50].

In mode charge u(t)=1 and in mode discharge u(t)=0.
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11.5.2. State of charge

The remaining available capacity in the battery, expressed as a percentage of
the rated capacity, is known as the state of charge (SOC), and it is frequently
shortened to SOC (State of Charge). This is a crucial feature to understand because
it tells us, in percentage terms, the battery load level; the ability to estimate charge
status prevents deep discharges or overcharges that could harm batteries [51].

soc(%) = 100(1 — é J; Ipae (0))dt (11.8)

11.6. Conclusion

In this chapter, we have discussed the advantages and limitations of lithium-ion (L1 ion)
batteries, highlighting their high energy density, long cycle life, and relatively low self-
discharge rates. We have also examined the key challenges associated with Li-ion

batteries, such as cost, safety concerns, and performance degradation over time.

Additionally, we have presented a mathematical model of a Li-ion battery, emphasizing
the importance of understanding battery behavior under varying operating conditions.
This model incorporates electrochemical and thermal dynamics, providing insights into
the performance and optimization of battery management systems (BMS), and

contributing to the efficient design and development of energy storage systems.
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Chapter III

Control of a system PV /BATTERY by PI

II1.1.Introduction

The current energy transition encourages the development of renewable energy
sources, in particular solar energy, which is emerging as a clean, silent and abundant
solution. However, the natural intermittency of sunlight poses major challenges in terms
of energy regulation and storage [52]. In this context, the integration of a photovoltaic
system coupled to a battery not only makes it possible to store the excess energy but
also to restore it according to needs [53]. To ensure an effective management of this
architecture, it is crucial to adopt a reliable control strategy. The proportional-integral
regulator (PI) presents itself as a tool of choice thanks to its simplicity of
implementation and its ability to improve the stability of the system while reducing the
static error [54]. This study explores the application of the PI regulator to optimize the
operation of a PV / battery system, by ensuring an efficient regulation of the voltage or

current according to energy requirements [55].
II1.2.Power converters modeling

The PV system and the battery are connected to DC-DC converters. This allows
voltage conversion (from low voltage to high voltage and vice-versa) as well as full
control of the PV system/battery current and DC-bus voltage. The PV system is
controlled by a DC-DC boost converter [65]. Similarly, the Li-ion battery is controlled
by bidirectional DC-DC buck-boost converters, since during operation they are
charging and discharging [57]. The converter operates in boost mode when the battery
discharges and it works in Buck mode for it charge [51]. DC-DC converters can be
represented by two types of models, which are: the switching models and the average-
value models. The switching models are mainly used for design purpose and to
investigate types of pulse-width-modulated (PWM) schemes with regards to switching
harmonics and losses. These models require small sampling time to observe all the
switching actions, which makes the simulation very time consuming [58]. In the

averaged model, the power electronic switch and diode are replaced by a combination
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of controlled current and voltage sources. This gives the same performance as the

detailed circuit model at less time [59].

111.2.1: DC-DC boost converter model and control
111.2.1.1:Model of boost converter
In this subsection, a unidirectional DC-DC boost converter is considered to
convert the DC power generated by the PEM fuel cell stack to an output controlled DC
power [60]. As illustrated in Figure (I11.1), the DC-DC boost converter circuit consists
of a semiconductor power switch, diode and inductor to transfer the energy from input
to output. Control circuitry is added to the boost converter to handle the energy transfer

and to maintain the current and/or voltage in normal operating range [61].

L D
(GO0 — ~) > >
" I:_[ =1 i:d' JTe:rm'
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Sl S p— C == [12
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Fig.111.1: Structure of a classic boost converter.

There are two ways the DC-DC converter can operate, depending on the form
of the inductance's current:
e Discontinuous conduction mode (DCM): the inductance current is periodically
canceled.
e Continuous conduction mode (CCM): the inductance current is never cancelled
[68].
Kirchhoff's voltage and current rules in continuous mode are used to derive the
mathematical model of the DC-DC boost converter that has been used. Based on
the switching position function (S=1 (Figure (111.2)) or S=0 (Figure (111.3))).
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Fig.111.2: Equivalent circuit of the classic boost converter when the switch is closed.

When the switch position function is set to S=1, the following equations are
obtained [62].

diy,

Vin =V, = LE (IL.1)
¢ Wout — _ WVour (111.2)
dt R
_ iL _ T AVout _ _
y =0 [Vout] = Ri; = CRE2 = —V,,, (I11.3)

Using the matrix form, the above equations can be rewritten as:

diy,

0 0 i 1
a | _|° [ 'L ]+ v 111.4
M lo E‘| Vout 0 in ( )
dt ~———— [
Aq Bq
y=l_-11|," ] (I1L.5)
" LVout
1
I
{000] Py -
H d -[ 'flﬂl'f
- ¥ -
3 ] !
h -
&=t —~—/ C = N []R
: KS = ()
/
~ —_—

Fig.111.3: Equivalent circuit of the classic boost converter when the switch is open.
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When the switch position function is set to S=0, the following equations are

obtained:
Lﬂ =VL =Vin = Vou (IIL6)
o _ ie = i1 = Lour '
dt
Y =Vour = Riou (I1L.7)
foue =iy —lc =iy — CE2E =~V (I11.8)
Using the matrix form, the above equations can be rewritten as:
A =1 4 Vout] [ l : (IL9)
dt c Rc]
~———
Az
ip ]
y=1[0 1] [V (111.10)
T out

Assuming the duty ratio of the converter is D ( 0 < D <1), the state space average model

can be expressed as:

o [DA; + (1 — D)A,]x + [DB, + (1 — D)B,]Vip, (IIL.11)
y=[GD+C;(1-D)lx (I11.12)
Where x = [V ] the detailed model of boost converter is expressed by:
out
ai
=V = (1= D)Vou
dVout . (IIL.13)
C? =1 —-D)i, —iou
With
Vou
Lout = -
y=[0 @a-2D)]|, ] (111.14)
out

To make controller design easier, switching converters which are nonlinear
systems need to be linearized. One benefit of such a linearized model is that it is time

invariant for a constant duty cycle. Only the DC components of the waveforms are
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modeled, and there is no switching or switching ripple to control. To do this, a tiny

signal model is obtained by linearizing and perturbing the average model around a

quiescent operating point [63].

Introducing small AC perturbation and separation of AC and DC components,

it yields:

By introducing these perturbations in (2.35), it yields:

X = A% + ((Ay — A2)x + (By — Bx)Vip)d + BV,

B = BlD + BzD’
0 —-(1-D) 1
pelfe 2o
c RC 0
Finally, one can get:

-(1-b)

1
~ 0 ~ 0 - . 1
ilr) | P R P A ERa A
—lg |= T d+ ||V
dat out ﬂ _i] Vout R — 0 VOU.t 0 tn
c RC

1
(o

(I11.15)
(111.16)
(11.17)
(111.18)

(I1.19)

(111.20)
(II1.21)

(111.22)

(111.23)

where L, C, R denote the inductance of the input circuit, capacitance of the output filter

and the output load resistance, respectively.

A voltage-controlled source at the low voltage side and a current-controlled

source at the high voltage side basically replace the switch in the circuit depicted in

Figure (I11.4), which represents the averaged-value model of the boost converter.
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Fig II1.4: Equivalent circuit of averaged-value boost converter.

I11.2.1.1.a.Sizing of inductance L and the capacitor C

When the switch is closed S=1, the inductance current is given by:

iL(6) =2t + I (II1.24)
The maximum value of the current is calculated by:

Iimax = iy (DTy) = “2 DT + Iy (I11.25)
The current ripple is defined by

Aiy = "2 DT, (111.26)
When the switch is closed S=0, the inductance current is given by:

iL(6) = =2t + Ippgy (111.27)
The minimum value of the current is calculated by:

Imin = i1((1 = DIT) = =22 (1 = DIT, + Iymax (II1.28)
The current ripple is defined by:

Yout (1 _ )T, (I11.29)

Ai, = —
L L

AsVy, = (1 — D)V, , one can write:

_ Vout(1-D)D

AiL = Lf

(111.30)

From equation (II1.30) and as the current ripple Ai; is maximal for D = 0.5,

the inductance L must satisfy the following inequality:

L > -ou (IL31)
4f5AiL

Where Ai; is generally fixed in the interval of [1%i. ,10%i. ].
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I11.2.1.1.b.Inductance value ensuring a continuous operation

In continuous mode, the current flowing through the inductor is not zero over

a switching period 75 .

In this situation the mean boundary current flowing through the coil verifies:

- 1T — lmax _ Al
L= Jy i dt = == (I11.32)

The continuous conduction limit being reached for i;,,;, = 0 :
. _ Vin
lmax = = DT (II1.33)

The average value of inductance current becomes:

[, = ZR AT, (111.34)

And we have :

Vin = (1 = D)Voue (IIL.35)
From (III.34) and (III.35), the average current of the inductance is expressed as
follows:

- _ Vout(1-D)D
L, =——

T, (111.36)

By replacing the duty cycle value D =1/2 in (II1.36), the maximum value of the average

current of the inductance 1;,,,, can be calculated as follows :

= Vou
Limax = 22T, (111.37)

The minimal value of the inductance, which guarantees that the converter always runs
in the continuous conduction mode, can be determined using equation (II1.37) . The

following formula can be used to get this inductance's value:

Ly = —24 T, (111.38)

8l max

T, =1 (111.39)

The voltage ripple across capacitor C can be calculated as follows:
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AQ _ ioutDTs

AVyr = - c (I11.40)
As i, = (1 —D)i,, we can write :

i,(1-D)D
AVout = ? (IH41)

Equation (I11.41) can be used to calculate the value of the capacitor as follows:

7.(1-D)D
fAVout

C= (I11.42)

Where , AV, is generally fixed in the interval of [5%V,,;, 20%V,: ] -
111.2.1.2. Control of boost converter

Maintaining a steady bus voltage and/or current in spite of changes in the input (fuel
cell, battery, or supercapacitor) and the load is the goal of converter control [60]. The
system current should be regulated because the control system must safeguard power

components like switches, which are susceptible to overcurrent [64].

Simple PI controllers can be used to regulate the converter's reduction to first order

transfer functions.
» Voltage control

A proportional-integral (PI) type regulator is used to modify the converter's
output voltage (load voltage), and its transfer function is represented by Cy(s). The
reference current to be applied to capacitor C is provided by the output of this regulator.

The voltage controller's transfer function is provided by:

vS+Kiv

Cy(s) = 2250 (I11.43)
The capacitor voltage in Laplace domain is given by:
Ve = -k tout (II1.44)

cs

Figure (111.5) shows the boost converter output voltage regulation loop.
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Voltage Regulafor Plant Model
r ________ P SN S S S U S—
| o |
I’au.rref K +& Lﬂﬁr I fl,refl . E'H.L }‘_ l I’am
ms Vi I I Vout Cs I

Fig IIL5: Voltage regulator of the boost converter.
The closed loop transfer function is given by:

Kpy

(s)=—C €
52+K—ZC’”S+K—£"

iy
s+—2
c (I11.45)

Vclose

To calculate the PI regulator gains (K, and K; ), the pole placement method is used

. We want that the transfer function (II1.45) exhibits the same dynamic behavior as a

second-order system of the following function :

w12m
Hy(s) = 5" (111.46)

52428, wyn+wiy

The proportional gain K, and integral gain K; are determined by identifying term by

term the tow characteristic equations of (I11.45) and (I11.46) , which result in :

K, = 2&,w,nC
{ P TovR (I11.47)

Kiv = a)EnC
where w,,, is the natural frequency and &, is the damping coefficient.
» Current control

The error between the measured currents and their reference can be corrected by a
proportional-integral (PI) type regulator, whose transfer function is represented by
Ci(s). Each regulator's output enables the determination of the voltage reference that

should be applied to the indictor's terminals.

The transfer function of current controller is given by:

S+K;.
i i

Ci(s) = KPT (111.48)

The inductor current in Laplace domain are given by:
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gy = Zn==Pout (IT1.49)

Figure (I11.6) shows the boost converter output current regulation loop.

Current Regulator Plant Model
L7 ki 1
KP,'+ e >

Fig IIL.6: Current regulator of the boost converter.

The closed loop transfer function is given by:

(s) = —L—Lr (I11.50)

lclose

To calculate the PI regulator gains (K,,, and K; ), the closed loop transfer function

(IT1.50) has to exhibit the same dynamic behavior as a second-order defined by the

following transfer function :

win
Hy(s) = —2n (IIL51)

52428, wyn+ w2y

The proportional gain K,, and integral gain K;; are determined by identifying term by

term the tow characteristic equations of (II1.50) and (II1.51) , which result in :

K, = 2&w;,L
{ poo o (I1L.52)

Kii = wLZTLL
where w;, is the natural frequency and ¢;is the damping coefficient.

111.2.2. DC-DC Buck converter model and control

111.2.2.1.Model of Buck converter
The Buck converter, which is a straightforward and popular voltage step-down
device with great efficiency, is shown in Figure (l11.7) A buck converter usually

consists of a switching element like a MOSFET or an IGBT and a filter made up of an
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inductor and a capacitor. The on-state and off-state of the switch S are the two states in
which the buck converter operates.

(500) : :
S - ir Tout

Y

lin

.J‘!

S
8]
Il
||
L [
—
S

Fig.IIL.7: Structure of a buck converter.

As shown in Figure (II1.8), when the switch is closed, the current flowing through the
inductor increases linearly. The diode is reverse biased and there is no current flowing

through it.

L
1 Tout
V7 -
— ™ "
/ Al
\S =1)| .
+ < g
—n S/ ] C == = I]R
1 ~ - o <=

Fig.II1.8: Equivalent circuit of the buck converter when the switch is closed.

When the switch position is set to S=1, the following equations are obtained:

(Z_i: =Vin =Vour =V,
cWout _ ;i _ ;i _ Vou (111.53)
e e h R
Y =Vour = Rioue (I11.54)
, . . . dVoy 1
foue =l —le =i, — C—2* =~V (111.55)

These equations can be rewritten in the following matrix from:
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diy, —1]
add 0 —
dt _ L
Wour [ ~ |1 -1 Vout Vin
dt C Rcj
| —
Aq

y =10

lL
1 [
‘*—’] Vout-
2

(111.56)

(11L.57)

When switch S is opened, the inductor functions as a source and keeps current

flowing through a load resistor, as seen in Figure (II1.9). The current keeps flowing via

diode D in the inductor during this time. Both the energy stored in the inductor and the

current flowing through it decrease when the magnetic field weakens. In continuous

mode, diode D is opened prior to the inductor being fully depleted, and switch S is

closed.
L
o— _550) -
| - onr
~— | 5 I
/ ~
S=0)1-
+ / ; 3
N N = c=— | [|r
I
Fig.I1L.9: Equivalent circuit of the buck converter when the switch is open.

When the switch position is set to S=0, the following equations are obtained:

% =V, ==Vour

cWout _; _ i Vou (IT1.58)

dt ¢~ R
y = Vout = Riout (11159)
. . . . av 1
lout =1l —lce =1 — Cd—(;m = Evout (I11.60)
These equations can be rewritten in the following matrix from:

O 0
dVout L4 [Vout] [ Vin (IIL61)
le kel

Az
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y=10 1" | (I1L.62)

2

Combining (2.83) with (2.78) and (2.84) with (2.79), state space average model can be

obtained by:
Z—i = [DA; + (1 = D)Azlx + [DBy + (1 — D)B,]Viy, (111.63)
y =[CiD + (;(1—-D)]x (I11.64)

Where x = [VlL ] Is the state space vector and D is the duty cycle.
out

The detailed model of buck converter is expressed by:

diy,
LE =DVin = Vour
w o (IIL65)
C at l, — lout
i
y=[0 1]," (I11.66)

The final averaged model exhibits nonlinear and time-invariant behavior. To derive a
small-signal representation, the model is linearized around a specific operating point.
This procedure yields a linear time-invariant (LTT) small-signal model, as detailed in

[65].

Introducing small perturbation, it yields:

Vin = Vin + Vi (IIL67)
x=X+% (111.68)
D=D+d (I11.69)
D)=D'-d-D'=1-D (I11.70)

By replacing these perturbations in equation (2.85), it yields:

X = A% + ((A4; — A)x + (B; — B,)Vy,)d + BV, (I11.71)
Where
A=AD+A,D' (I11.72)

B =B,D + B,D’ (111.73)
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= 1
A= HiB = H (I11.74)
— 0

alm O

The following equation represents the small signal model.

out] l _J [Vout] H"md +H in (I11.75)

Figure (I11.10) shows the block diagram of the buck averaged-value model.

. (500} - —

: 7
Tin L

I
|
&
vV
PN
¥
9
I
Vour
"

fi'u = -Di}_ aur =DV, n

Fig.II1.10: Equivalent circuit of averaged-value buck converter.
I11.2.2.1.a .Sizing of inductance L and the capacitor C
The LC filter is used to smooth the output voltage and current ripples.
When the switch is closed S=1, the inductance current is expressed by:
i (6) = 2 (111.76)
This current reaches its maximum at ¢ = D75 , which results in:

Vln

. _Vou
Imax = i, (DTy) = “DTs + Ipmin (111.77)

The current ripple Ai; is the difference between the maximum and the minimum values

of the inductance current as in:
. Vin_Vou
AlL = ILmax - ILmin = TtDTS (11178)

When the switch is open S=0, the inductance current is expressed by:

iL(6) = =22t + gy (111.79)

This current reaches its maximum at ¢ = (1 — D) 75 , which results in:
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Lmin = i1((1 = D)T) = =22 (1 = DIT; + Iymax (I11.80)

In this case, the current ripple Ai;, is calculated by:

Y (1 — D)T, (1IL81)

AiL=_

The current ripple is directly proportional to the duty-cycle and inversely proportional
to the inductance, as can be seen from equations (II1.78) and (IIL.81). Therefore,

choosing the right inductor can control the current ripple.

he expressions for the maximum and minimum inductor currents are written as:

Ai Ve Ve
Iimax = loue + % = OTut + Z_lth (1 - D)T; (I11.82)
Lmin = Toue = 5 = "2 — 2% (1 — D)T, (I11.83)

There is always a non-null current flowing through the inductor while the buck
converter is in the continuous conduction mode. Imposing IL min 0 will yield the
minimum inductor value that guarantees continuous conduction mode. Thus, it leads

to :

_ (a-D) .. _ (1-D) , _ (1-05)
Limin = 2 RTs = 2fs R= 2%25000

x 10 = 0.0001H (111.84)

The output voltage ripples depend on the capacitor connected to the load. The voltage

ripple AV, is written as:

AQ _ ALTy _ Vour(1-D)TZ

AVye =2 = =17 = Tout o (IL.85)
Therefore :
_ 2
= LoD _ 5 7 % 10-6F (I11.86)

8LAVpyt
Wlth Avout = S%VO‘LLt
111.2.2.2. Control of buck converter

By adjusting the duty cycle Dguck , the current flowing through the indictor is indirectly
controlled. This is accomplished by subtracting the current from its reference value. A
PI compensator whose output matches the duty cycle Dauck cancels out the ensuing

mistake. DC voltage regulation is carried out similarly.
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Simple PI regulators can be used to control the converter's first order transfer functions.
» Voltage control

A proportional-integral (PI) controller is employed to regulate the converter’s
output voltage. The controller's output determines the reference value for the capacitor
current.

The transfer function of voltage controller is given by:

1;5+Ki1;

Cy(s) = 220 (I11.87)
The capacitor voltage in Laplace domain is given by:
Ve = Lbout (I1L.88)

cs

Figure (III.11) represents block diagram of the output voltage regulation loop of the
buck converter.

Voltage Regulator Plant Model
I
Vonrref I k..,
K, + 8
s
I L_m' i r'nl
I Vout

Fig.IIL11: Voltage control of the buck converter.
From the diagram in Figure (III.11), the closed loop transfer function is written as:

Kpy

(S) =—C C_
sz+%s+l{—é”

K,
s+—2
& (IT1.89)

Vclose

To calculate the gains of the voltage regulator, the transfer function (III.89) has to
exhibit the same dynamic behavior as a second-order system of the following transfer

function:

win
H,(s) = ——2m (I11.90)

52428, wyn+wiy

The proportional gain K, and integral gain K; are determined by identifying term by

term the tow characteristic equations of (II1.89) and (II1.90) , which result in :
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K, =2&w,,C
{ bo = 280 ®om (1IL.91)

Ki = w','z;nC
where w,,, is the natural frequency and ¢, is the damping coefficient.
» Current control

Figure (III.11) represents block diagram of the inductance current control loop of the

buck converter. Using Laplace transform, the inductor current is given by:

I, = DVnL—-SVut (I11.92)
Current Regulator Plant Model
7y . i
Lref K+ k| 1 L

Fig.IIL.12: Current control of the buck converter.

From the diagram in Figure (I11.12), the closed loop transfer function is written as:

“pi Kig
() = bl
= Kp. K.
s24—Pigy i

L L

(111.93)

lclose

To calculate the gains of the PI regulator, the transfer function (I11.93) has to exhibit the

same dynamic behavior as a second-order system of the following transfer function:

win
Hi(s) = —2m (I11.94)

52428, wyn+way

The proportional gain K,,, and integral gain K;; are determined by identifying term by

term the tow characteristic equations of (II1.93) and (I11.94) , which result in :

Kpi = 2§;wiy L
Kii = wlzTLL

where w;, is the natural frequency and ¢;is the damping coefficient.
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I11.2.3. Bidirectional DC-DC converter modeling

In this study, the average model of the bidirectional DC-DC converter is obtained jut
by connecting in parallel the boost and buck converters as shown in Figure (II1.13), in

which each converter is modeled in its turn by its average model.

i L . . I
~ L+ I Boost average | 1+ |~
= i model | :
! * ?
| I
| I
I
I Buck average I
| model
I I
I

Biderctional DC-DC converter

Fig.Ill.13: Equivalent circuit of the averaged model of the bidirectional DC-DC converter.
II1.3. DC Microgrid modeling and control

Hybrid photovoltaic (PV) battery in DC microgrids offer enhanced power conversion
and distribution efficiency. In this microgrid systems, battery is critical since they is
responsible for lightening the difference between generation and consumption, serving
the dual function, which supplying energy during generation-consumption deficits and
absorbing excess energy. However, these advanced systems present significant control
challenges due to complex dynamic interactions between DC microgrid voltage, PV,
and battery output currents, especially under system disturbances like irradiance

variations, PV cell temperature changes, and load fluctuations[ 66].
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Fig.IIlL.14 : Schematic diagram of a DC microgrid based on PV with battery.

I11.3.1. Modeling and control of boost converter for PV array

The figure (II1.15) show the detailed model of boost converter for PV . So with using
of Kirchhoft's law we can find the dynamics of both the voltage of PV and input current

of boost converter.

[ Ipv "oy va D Iy
A ] +
| Cgc
Uddvel (4 Ve
Seicibe T
DDBC DCMG-bus

Fig.II1.15:Schematic circuit of the boost converter for PV.

I11.3.1.1. Dynamics of PV voltage

According to the figure (III.15) we can get :

dVpy 1 . 1 ¢, .

= gyt = 5 (lopy = lip) (I1:5)
where iqy and iz, indicate the PV output current and boost converter input inductance
filter current, respectively; and C,, is the PV output capacitor and ic,, indicates its

current. The PV output filter capacitance (Cp,) is essential for BOOST CONVERTER
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input current reference estimation, voltage regulation, and ripple attenuation of the PV

output voltage (V).
I11.3.1.2. Dynamics of the input boost converter current

And according to the figure (II1.15),we can get also :

dippy 1 3
= 1y Vov = Udave = Toviipo) (I11.96)

Where L, is the boost converter inductance filter and r,, is its resistance.

And we have :

Ugape = (1 — Daapc)Vac (I1L.97)
Where Daarc s the cyclical report of the BOOST CONVERTER.

Substituting (I11.97) in (I11.96) , we find

dippy

1 .
ar- = 1 (oo = Vac + DaaveVac = Tyvitpy) (I11.98)

1I1.3.1.3. Control of boost converter-based PV

In the control of boost converter for PV applications, a double-loop control strategy is
commonly employed to enhance system performance, stability, and dynamic response.
This structure consists of two main loops: an inner current control loop for regulating
the boost converter input current (inductor current) and an outer voltage control loop

for regulating the voltage of the PV.

» PV voltage control loop

The outer loop regulates the voltage of PV (Vpv ). This loop operates at a slower
bandwidth than the inner loop and generates the boost converter input current reference

iref fOr the inner loop.

In MPPT-based systems, the outer loop ensures that the PV panel operates at its
maximum power point by adjusting the voltage reference Vpurer. The outer loop's main
objective is to maintain the desired voltage level, contributing to the overall power
balance and energy efficiency of the system. In this control loop , we use an regulator

Pl as follows :
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From the circuit in the figure (II1.15). we have:

lpy = lpy — lcpy (111.99)
Where

. AVpy

lcpy = Cpy d’t’ (II1.100)

Substituting (I11.100) in (I11.99) , we find :

av, . .
Cpy ﬁ = lpy — lcpw (II1.101)

using Laplace transform , equation (I11.100) becomes :
lcpy = CpuS Voy (II1.102)

The transfer function of the PV-output capacitor system is given by :

Yov 1 (I11.103)

Iva vaS

From this transfer function it can be seen that the regulation of the PV output voltage

can provids the PV output capacitor reference current (i¢,, ) , and using the PV output

current as feedforword, we obtain the input current reference of the boost converter.

The schematic of the PI-based outer PV voltage loop is given as in the figure (I11.16).

%
* v lc 1 vV
va , - pv pv

P_pv +

)

pvS

Fig.II1.16: The schematic of the PI within the PV voltage control loop.

According to the schematic of the PI within the outer PV voltage control loop in figure
(ITI1.16) and equation (II1.99), we obtain the input current reference of the boost converter

as follows :
izpv = ip,, — iépv (ITI.104)

The parametres of the PI regulator (kp ,,and k7 ,,,,) in this control loop are determied

using the pols placement method as follows :
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From the diagram in Figure (IIL.16), the closed loop transfer function is written as:

v v
kP_va+ki_pv

Frverose (8) = C,f—c” (I1L.105)

P kY
s24—PVgy PV

va va

To calculate the gains of the voltage regulator, the transfer function (II1.105) has to
exhibit the same dynamic behavior as a second-order system of the following transfer

function;

pvy2
HPY (5) = — (@ (I11.106)

s2+2&P7 bV +(why

The proportional gain K, and integral gain K; are determined by identifying term by

term the tow characteristic equations of (II1.105) and (II1.106) , which result in :

— prv PV

= (0)C,

where w! is the natural frequency and &~"is the damping coefficient.

(I11.107)

»> Boost converter input current control loop

The inner loop is responsible for regulating the input current of the boost converter
(ipv). It 1s designed with fast dynamic response, as the current changes more rapidly
than voltage. This loop ensures that the inductor current accurately tracks a reference
signal provided by the outer loop. By controlling the current directly, it improves system

stability, enhances disturbance rejection, and ensures better transient performance.

The output of this loop is typically the duty cycle Daarc of the boost converter's

switching device. We use an regulator PI as follows :

From the circuit in the figure (II1.15). we have:

Uaabe = Vov — Urpy (ITI.108)
Where:
Upv = Lpw dz:v (IT1.109)

Substituting (I11.109) in (II1.108) , we find :
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diLpy

Lpy— 2% = Vo = Ugapc (ITL.110)
Using Laplace transform; equation (II1.109) becomes :

Upv = LpvS lipy (IIL111)

The transfer function of the boost converter-input inductor system is given by:

Dpy 1 (IIL.112)

ULpv Lypyps

From this transfer function it can be seen that the regulation of the input current of the
boost converter can provids the inductor voltage reference of this converter ( Up,,,), and
using the PV output voltage as feedforword, we obtain the input voltage reference of

the boost converter.

The schematic diagram of the PI-based input boost converter current control loop is

given as in the figure (II1.17).

. * .
kb o+ —
P pv

=~

pvS

Fig.IIL.17: The schematic of the Pl-based input boost converter current control loop.

According to the schematic of the PI-based input boost converter current control loop
in figure (III.17) and equation (III.108). we obtain the boost converter input voltage

reference as follows:
Ugabe = Vov — ULpy (I11.113)

The parametres of the PI regulator (k,i;_pvand kii_pv) in this control loop are determied

using the pols placement method as follows :

From the diagram in Figure (II1.17), the closed loop transfer function is written as:

k}’_pvs_}_k%_pv
F, (s)=—2r ‘fev (IIL.114)
PVclose }; » k% » :
g2 Ppv  Cipy
Lp]; Lp];
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To calculate the gains of the current regulator, the transfer function (III.114) has to
exhibit the same dynamic behavior as a second-order system of the following transfer

function;

HP(s) = (wh)) (11L.115)

s2426P P+ (wP7)?

The proportional gain K;,, and integral gain K;; are determined by identifying term by

term the tow characteristic equations of (III.114) and (III.115) , which result in :

;= pr" pv

K, = wni ) va (II1.116)
where w 7 is the natural frequency and $ P¥is the damping coefficient.
And from the same circuit we find as in figure (I11.15) :
If the switch S = 0; Uggpe = Vg else S =1; Uzgpe = 0.
So:
Ugape = (1 = D) Vg (I11.117)
Substituting (I11.107) in (II1.101) , we get :
Ui = Lpy S22 = V,,, — (1 - D) Vg (IIL118)
So the duty cycle becomes :
Duave = ”L V”" +1 (II1.119)

This hierarchical control strategy allows for precise control of power flow and voltage
levels while ensuring the converter operates efficiently and stably under varying load

and environmental conditions.
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Fig II1.18:Regulation of both the PV output voltage and boost converter input current using PI

controllers.

I11.3.2. Bidirectional dc-dc converter-based battery Modeling and control

Figure (I11.19) show the detailed model of bidirectional dc-dc converter-based battery.
So with using of Kirchhoff's law we can find the DC Microgrid voltage dynamics and
the output current of battery.

Pridc
<>

Ipdde

DCMG-bus
Fig.IIl.19: Equivalent schematic diagram of the bidirectional dc-dc converter-based battery.

II1.3.2.1. The dynamics DC voltage

According to the figure (II1.19) we can get :

AVge 1 . 1 (. ) Ve
d—f = lcde = o (lbddc +igape — 2 — IL) (III.120)

Rioss

where icde, ipade, and iqape denote the microgrid-bus capacitor current, the bidirectional
dc-dc converter output current, and the boost converter outputcurrent, respectively. I

represents the current consumed by the DC loads connected to the microgrid-bus, and

Vic

represents the bidirectional dc-dc converter switching and its input inductance
loss

filter power losses.
I11.3.2.2. Dynamics of battery output current

And according to the figure (II1.19),we can get also :
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dip,

1 :
dr ;(Vb — Tpip — Upaac) (IIL121)

And we have :
Upaac = (1 — Dpaac)Vac (I1.122)

Where Dpaac is the cyclical report of the bidirectional de-dc converter.

dip _ 1 ,
f = (Vs — iy — DpaacVac) (I11.123)
b

111.3.2.3.Control of bidirectional dc-dc converter

The integration of a Battery into a DC microgrid is typically achieved using a
bidirectional DC-DC converter. To ensure reliable and stable power exchange between
the battery and the DC bus, a double-loop control structure is implemented, consisting

of an current control loop and an voltage control loop.

» DC voltage loop

The outer loop can be configured for various control objectives depending on the

operational mode of the battery:

e Involtage control mode, it regulates the DC bus voltage Vqc, supporting voltage
stability during load variations or renewable generation fluctuations.
e In power control mode, it regulates the power exchanged with the DC bus (Py

or Pbddc), depending on the energy management strategy of the microgrid.

The outer loop operates with slower dynamics, and its output is the reference current

ibref fOr the inner loop. We use an regulator P1 as follows :

According to the figure (II1.19) we can get :

Pin baac = Pout badc (I11.124)
ipVp = Vaclpaac (I11.125)
Where

) : . Vae .

lpddc = lcdc — U — R—ds — ladbc (IT1.126)

Substituting (I11.120) in (ITI1.119) , we get :
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) Vac ( . Vae .

lp = V_‘Z (lCdC - 1, — R_‘z — lddbc) (111127)
And we have :

icge = Cyo 22de (IIL.128)

dt

Using Laplace transform, equation (II1.122) becomes :
icac = CacS Vac (I11.129)

The transfer function of the DC bus output capacitor system is given by :

Yae - L (111.130)

icdc Cdcs

From this transfer function it can be seen that the regulation of the DC bus output
voltage can provids the DC bus output capacitor reference current (is,4.) , and using the

DC bus output current as feedforword, we obtain the battery output current reference.

The schematic diagram of the PI-based outer DC bus output voltage control loop is

given as in the figure (II1.20).

-

Vie %% Lede 1 Vac
y  Mae | )
P_dC s Cdcs

Fig.II1.20: The schematic diagram of the Pl-based outer DC bus output voltage control loop.

According to the schematic diagram of the Pl-based outer DC bus output voltage
control loop in figure (II1.20) and equation (III.121), we obtain the battery output

current reference as follows :

e Vac (o o Vae .
Ip :V_i(lCdc =i —R—ds— lddbc) (IIL131)

The parametres of the PI regulator (kp 4.and k7 ;.) in this control loop are determied

using the pols placement method as follows :

From the diagram in Figure (II1.20), the closed loop transfer function is written as:
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v v
kP_ch_+_ki_dc

_ _Ca Cq
Faci50(8) = —5—— (II1.132)
2 P_dc idc
24 GLgy LAC
Cac Cac

To calculate the gains of the voltage regulator, the transfer function (III.126) has to
exhibit the same dynamic behavior as a second-order system of the following transfer
function:

2
(wfif)

2
s2+280wif+(wfp)

HJe(s) =

(I1.133)

The proportional gain K, and integral gain K; are determined by identifying term by

term the tow characteristic equations of (I11.126) and (II1.127) , which result in :

K,, = 288w C
{ Py = 285" Wy Cac (I11.134)

Kiv = (wgs)zcdc
where wZis the natural frequency andé%¢is the damping coefficient.

» Battery current control loop

The inner loop is designed to regulate the inductor current (battery current) (i) of the
bidirectional converter. This loop operates with high bandwidth to ensure fast dynamic
response and accurate tracking of the current reference iwrer. By shaping the current
flowing to or from the battery, it enhances system stability and improves the transient

performance of power flow control. We use an regulator PI as follows :

The duty cycle of the converter’s switches is calculated in this loop based on the current

error, and it determines the power flow direction:

e Spadc=1: discharging mode

e Spadc=0: charging mode

From the circuit in the figure (111.19). we have:

Uiy = Upaac = Tolp — Vp (111.135)
Where
Uy = Lb% (I11.136)
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Substituting (I11.129) in (II1.130) , we get :

Lb(fi_itb = Upgac — pip = Vi (111.137)
The Laplace transform; equation (II1.130) becomes :

Up = Lps iy (TI1.138)
The transfer function of the battery-ouput inductor system is given by :

Jp = L (I1.139)

Urp Lyps

From this transfer function it can be seen that the regulation of the battery output current
can provids the battery inductor reference voltage( U;},), and using the battery input

voltage as feedforword, we obtain the DC bus output voltage reference.

The schematic diagram of the PI-based output battery current control loop is given as

in the figure (I11.21).

l;; ki Uzb 1 ib
ki + i_dc —) —
Pdc ™ T Lys

Fig.IIL.21: The schematic diagram of the Pl-based output battery current control loop.

According to the schematic diagram of the PI-based input boost converter current loop
in figure (II1.21) and equation (III.129). we obtain the PV output voltage reference as

follows:
U]fb = Ui;ddc - rbib - Vb (111140)

The parametres of the PI regulator (k,‘;_dcand kii_dc) in this control loop are determied

using the pols placement method as follows :

From the diagram in Figure (II1.21), the closed loop transfer function is written as:

kf, dc k;: dc
L. STL,
Fcgps(8) = — i —5— (IL.141)

Kt Kt
52+des+L_dC
L Lgc
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To calculate the gains of the current regulator, the transfer function (II1.135) has to
exhibit the same dynamic behavior as a second-order system of the following transfer

function;

Hi<(s) = (i) (I11.142)

Z
52+2€i‘icwgf+(wgic

The proportional gain K;,, and integral gain K;; are determined by identifying term by

term the tow characteristic equations of (III1.135) and (II1.136) , which result in :

— dc,.dc
Kpi - Zfi Wi de

K, = (wﬁf)zde (II1.143)

where w% is the natural frequency and £&¢is the damping coefficient.
And from the same circuit we find as in figure (I11.19):

If the switch ;;::()1, Upaac = Vac elseizzlo 5 Upaae =Vp — Uy .

So:

Upgac = (1 = D) Vg, (I11.144)
And so :

U, =Vy = Upgac =Vp — (1 —D) Vg, (II1.145)
So the duty cycle becomes :
Dpaac = UZV;CV” +1 (I11.146)

This hierarchical control approach guarantees the converter runs effectively and
steadily under a range of load and environmental circumstances while enabling fine

control over power flow and voltage levels.

IL
\ I L PN v 1 D S
4 ede (N “bdde V5 [k i idc
=9 +‘r TR () Vﬂf.,@%ﬁg/wv\_bg
7
de Vae I, v, 1

R

5
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Fig.IIL.22: Regulation of both the MICROGRID voltage and battery output current using Pl

controllers.

The global schematic control of the PV/battrey based DC microgrid using traditional PI controllers is

given as shown in Figure 111.23

DCBUS

> T s h—
PV| Vo ’-: oo (!% Sadbe

3

1-§
B Ly iy e
MPPT o B | PG @ —
W Cac
) Vy ’C) Spadc ==
va Lopy T Ve

Fig.I11.23: glopal diagram of the control by PI regulators.

II1.4. Simulation results

In this simulation, the system (DC microgrid based on PV and battery) is controlled
using PI regulators to maintain stable operation. The regulators adjust the control
signals to keep currents, voltages, and power levels within desired ranges. We also
monitor the State of Charge (SOC%) of the battery, which indicates the remaining

available energy.

The results show that the PI controllers perform effectively, maintaining stable voltage
and current levels with minimal fluctuations. The SOC changes predictably based on

load demand, confirming proper system regulation. Overall, the simulation
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demonstrates reliable control under the tested conditions. The result was as follows:

320

V)

—V

dc

Vdcref

A%

= 300 r"vv V

i, (A)
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0 1 1 1 |
g 80000 0.5 1 1.5 2 2.5
= T T T T P
o] o —
2 .
% 0 j‘. ._ f’ —
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0 0.5 1 1.5 2 2.5

Time (s)

Fig.I11.24:Simulation results of the systeme under load changes.

Figure (II1.24) illustrates the simulation results of the system under various load
changes. Initially, the system operates with a resistive load of 40 Q. Subsequently,
additional resistive loads of 40 Q, 40 Q, and —20 Q are introduced sequentially,
followed by an additional load of 30 Q. Despite these successive load variations, the
system successfully maintains its performance, and the control strategy ensures that the
DC voltage remains stable and the power balance is preserved. As a result, the system
returns to its previous steady-state performance, demonstrating the robustness and

effectiveness of the implemented control approach.
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Fig.II1.25:Simulation results of the systeme under solar iradiation changes.

Figure (II1.25) presents the simulation results of the system under varying solar
irradiation levels. Initially, the solar irradiation is set to 1000 W/m?. It is then decreased
successively to 600 W/m?, 400 W/m?, followed by an increase to 800 W/m?, and finally
returns to 1000 W/m?. Throughout these fluctuations, the control system effectively
maintains the stability of the DC microgrid. The DC bus voltage remains regulated, and
the power balance is preserved. After all changes in solar irradiation, the system
successfully returns to its previous steady-state performance, demonstrating the
robustness and adaptability of the implemented control strategy under varying

environmental conditions.



Chapter I1I Command of a system PV/battery by PI

305 A A A 1
> 300 AVV I\~ I\~ 1N |-
>
- 1
> 295 _Vdc
290 ) ) vdcref—
0 0.5 1 1.5 2 2.5
20 . ; : ,
NI l
._.Q
_20 1 1 1 1
0 0.5 1 1.5 2 2.5
20 1

i, (A)

0 1 1 1 1
~ 0 0.5 1 1.5 2 2.5
< 4000 - ’_l P —
z bk Progal "pv [
= 2000 v z :
2 ] /
Q I P
= 2000 - . .
o = 1 1 1
= 0 0.5 1 1.5 2 25

Time(s)
Fig.II1.26.Simulation results of the systeme under PV cell temperature changes.

Figure( I11.26) illustrates the simulation results of the system under variations in the PV
cell temperature. The initial temperature is set to 20°C, and it subsequently changes to
25°C, then 30°C, followed by a return to 20°C, and finally back to 25°C. These
temperature variations directly affect the output characteristics of the photovoltaic
source. Despite these changes, the control system effectively maintains the stability of
the DC bus voltage and ensures power balance within the microgrid. After all
temperature fluctuations, the system successfully returns to its previous steady-state
behavior, confirming the robustness and efficiency of the applied control strategy in

managing environmental disturbances.
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Fig.I11.27: State of charge (soc(%)) of the systeme under load changes.

Figure(I11.27) illustrates State of charge (soc(%)) of the systeme under load changes.
The state of charge is following the power balance in our system Which occurs due to
changes of charge (B,, = cte); when P,,q <PF,, (the battery was in charge mod
), and when Pp,,q > P,, ( the battery was in discharge mod ); becouse the battery

compensates the lack of power in the PV (B,,,).
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Fig.I11.28: State of charge (soc(%)) of the systeme under solar iradiation changes.



Chapter I1I Command of a system PV/battery by PI

Figure(I11.28) illustrates State of charge (soc(%)) of the systeme under solar iradiation
changes.in this case the state of charge is following the power balance in our system
Which occurs due to changes of the solar iradiation (PLoaa = Cte) ; when
Proaa < B,y (the battery was in charge mod ), and when Pp,.4 > B, ( the battery
was in discharge mod ); becouse the battery compensates the lack of power Which

creates when Pp,qq >< B,y.
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Fig.II1.29: State of charge (soc(%)) of the systeme under PV cell temperature changes.

Figure(II1.29) illustrates State of charge (soc(%)) of the systeme under PV cell
temperature changes.in this case the state of charge is following the power balance in
our system Which occurs due to changes of the PV cell temperature (P;,,q = cte) ;
when  Pp,qq < Py, (the battery was in charge mod ), and when Pp,,q > P, (the
battery was in discharge mod ); becouse the battery compensates the lack of power

Which creates when Pp,qq >< Byy,.
I1.5.Conclusion

Proportional-Integral (PI) controllers are employed to regulate a DC microgrid system
composed of photovoltaic (PV) panels and battery energy storage. The control strategy

is designed to ensure stable operation of the microgrid by maintaining the DC bus
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voltage within acceptable limits and achieving real-time power balance between

generation, storage, and load demands.

The simulation results clearly demonstrate the effectiveness of the implemented PI
control approach. The system successfully maintains voltage stability across the DC
bus and ensures dynamic power balance despite variations in solar irradiance and load
conditions. Moreover, the control strategy significantly improves battery current quality
by reducing ripple and suppressing undesirable fluctuations. This not only enhances
energy efficiency but also contributes to extending the operational life of the battery

system.

While PI controllers offer the advantages of simplicity and ease of implementation, they
may face limitations in handling fast transients, nonlinearities, and uncertainties that
are inherent in renewable-based DC microgrids. Therefore, in next chaptre, we aim to
explore advanced control methodologies such as Super-Twisting Controllers, which are
part of the higher-order Sliding Mode Control (SMC) family. These controllers are
known for their robustness against disturbances and model uncertainties, and their

ability to provide finite-time convergence without chattering.

The application of such advanced control techniques is expected to further enhance the
performance of the DC microgrid, particularly in terms of voltage regulation, power
quality, and system robustness under varying operational scenarios. Future studies will
focus on validating these methods through comprehensive simulations and, potentially,

experimental implementation .
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Chapter IV

Control by super twisting

IV.1.Introduction

In order to ensure zero static error and a fast reaction, nonlinear control techniques are
typically used to tackle some of the traditional control problems, such as parametric
variations. This results in a stable and reliable control system. Sliding mode control
(SMC) i1s renowned for its robustness and simplicity among these nonlinear control

strategies.

V. Utkin created SMC in the early 1950s, and it has since been acknowledged as a
useful tool for designing durable controllers in intricate high-order nonlinear dynamic
plants that operate in a variety of unpredictable circumstances. SMC, which is based
on the variable structure system control theory, offers ways to ensure robustness under
parameter uncertainties that arise when PID controllers are utilized, as well as ways
to overcome issues with instability or poor performance [66][68] [69]. The main
benefit of SMC is its low sensitivity to disturbances and changes in parameters, which

eases the need for precise system modeling [69][70].

The goal of this chapter's first section is not to go into great detail on the sliding mode
control approach, but rather to provide a quick overview of it and then use it to control
the PV and battery based DC microgrid system. The goal is to use the advantages of
the super twisting algorithm technique to improve the control of all controlled
varaiables within the overral control circout of the PV and battery based DC microgrid
system, including the PV output voltage, the input boost converter current, the DC

voltage, and the bettrey current will receive particular attention in chapter.

IV.2.First Order Sliding Mode Control



Chapter IV Control by super twisting

One specific method of working with systems that have changeable structures is the
sliding mode control technique. According to a well-defined switching logic, a system
with a changeable structure is one that can alter its structure by alternating between two
states, as shown in figure (IV.1).

”nmx ~

h
Y

Plant +——»
u '

min

S(x)

Fig.IV.1: Variable structure regulation system with a change of structure by switching.

The switching between two values is defined by the following law:

u = {umin forS(x) >0 (aV.1)

Umax forS(x) <0
A good characterization of the switching logic and a reasonable selection of each
structure's characteristics are essential for systems with variable structures. The system
is in sliding mode when switching occurs at a relatively high frequency under specific
circumstances. S(x) = 0 defines the system's dynamic behavior; S(x) is the sliding
surface. The goal is to move the system's state trajectory in the direction of this surface
and keep the sliding regime going until the system reaches equilibrium [68][69]
[71].Robustness against parameter or disturbance changes is a major benefit of
variable-structure control in sliding mode [71]. Other benefits of sliding mode control
are its simplicity and ease of implementation. Because of these benefits, using this
control is highly intriguing and ideal for grid-connected voltage source converters.
Sliding mode control's "chattering" oscillation phenomenon, however, has a significant
disadvantage in that it can excite high-frequency switching dynamics, which makes it
undesirable as it frequently results in control inaccuracy and significant heat loss in

electric circuitry [72][70].

Choosing the manifold in the state space that permits the trajectory of the
system's state variables to converge towards the desired point of equilibrium is the first
step in designing the control law in sliding mode. Next, the condition of the sliding

mode's existence is established, which is connected to the convergence of the state
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trajectory, and the control laws that have the responsibility of preserving the sliding
conditions (attractiveness) are determined. In other words, the process of

conceptualizing the law of control by sliding mode is completed in three steps [70][71]:
Step 1: Choice of sliding surface.

Step 2: Development of the convergence condition.

Step 3: Determination of the control law.

IV.2.1.Choice of Sliding Surface

For a system defined by equation (IV.2), the vector of the surface S(x) has the same

dimension as the control vector u .

= f(x)+ B (IV.2)

The sliding surface is a scalar function such that the variable to be adjusted slides on
this surface and tends towards the origin of the phase plane [68] [73][71]. A general
form proposed by J.J. Slotine that ensure the convergence of the variable to settle

towards its reference is given by [74]:

d r—1
S@=(5+12) e@ (IV.3)
e( x) :Represents the difference between the variable to be regulated and its reference.

A : is a positive constant.

r : is the relative degree of variable; it represents the number of times one takes to

differentiate the output to bring up the control.

Maintaining the surface at zero is the control's goal. One way to think of the
sliding surface is as a linear differential equation, with e(x) = 0. This comes down to a
tracking the trajectory problem for an appropriate choice of controller gains, which is
the same as an exact linearization of the difference while adhering to the convergence

condition [74][73].
IV.2.2. Conditions of Existence and Convergence

The system's dynamics can converge towards the sliding surface when the

condition of convergence or attractiveness is met; this is accomplished by creating a
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scalar function of Lyapunov V (x) > 0 for the system's state variables. This function
must be reduced by the control law. The answer is to create a control so that the square
of the sliding surface corresponds to a Lyapunov function and to select a scalar function

S(x) to ensure that the variable to be controlled is attracted to its reference value.

Lyapunov's function is defined as follows:
V(x) =552(x) (IV.4)

The derivative of this function is:
V(x) = S(x)S(x) (IV.5)

The function V(x) can be forced by making sure that its derivative is negative.
According to equation (I1V.4), the square of the separation between a certain point on
the phase plane and the sliding surface, represented by S 2 (x), continuously diminishes
as long as The Lyapunov function's derivative is always negative, which forces the
system's path to move from both sides in the direction of the surface. An ideal sliding

regime with an infinite switching frequency is assumed by this condition [75].
IV.2.3. Determination of the Sliding Mode Control Law

To achieve a sliding regime, a discontinuous control is necessary. A continuous
component can be added to this discontinuous control if it is necessary [71]. The
discontinuous control is used to confirm the attractiveness conditions when there is a
disturbance. The sliding mode controller structure is composed of two sections: the

stabilizing (usw) and the accurate linearization (ueq) sections. It is determined by:

U= Upg + Uy (Iv.6)

The variable to be controlled on the sliding surface S(x) = 0 is maintained using the
similar instruction put forward by Filipov and Utkin [71]. If this variable is not on the
sliding surface, it is driven towards its reference using discontinuous control [73][76].
Verification of the convergence requirement is then established.

IV.2.3.1. Equivalent Control

Consider the previous system (IV.2), an equivalent control vector can be developed by

setting the derivative as a function of time of the switching function equal to zero:

st =(3) @, £+ B(x,t) + ==0 (IV.7)
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Hence, we can find the equivalent control defined by:

wo == [() Beo] {(3) reun+3)
(IV.8)

With the condition of existence:

as\¢
[(a) B(x, t)] %0 (IV.8)
1V.2.3.2. Discontinuous Control
A control that can bring these trajectories closer to its references is required
when the state trajectories are not on the sliding surface S(x) = 0 because of disruptions
or modifications in the system parameters. This condition can be met by a discontinuous

function (two-level switch), which is defined by:

Ugy = —ksgn(S(x)) withk >0

(IV.10)

With :
1 S(x)>0

sgn(S(x)) ={-1 S(x) <0 (IV.9)
0 S(x)=0

IV.2.4. Integral Sliding Mode Control
In this approach, the sliding surface can be improved by inserting an integral

action in its expression, this surface is then defined by [71]:

s =(1+ i)r_1 e(x) + k; [ e(t)dt
dt

(IV.12)
where £; is a positive integral gain.
This method has the benefit of using a plane that passes through the origin as the sliding
surface. When the system is second order, r = 2, the solution is found on a plane,
however in the classic sliding mode, the solution is found on a line [71][76][77].
IV.3.Second-Order Sliding Mode Control

A promising method for handling the chattering issue while retaining the
primary benefits of the traditional SMC in terms of resilience, order reduction,
simplicity, and ease of implementation is higher-order sliding modes (HOSM).
[78][79]. Furthermore, in the presence of switching delays and measurement noise, it
is claimed that the practical application of HOSM yields a greater accuracy than the
standard SMC [80]. A continuation of the conventional sliding mode theory is HOSM.
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In this context, first-order sliding mode control (1-SMC) is typically used to refer to the
classical SMC that was previously presented. The 1-SMC is restricted to situations
where the sliding variable and the relative degree inside the system must be one, which
may restrict the sliding variable's selection [81]. This is another reason for the
development of this approach. Prior to applying the actual control signal, integrators
are added to the input channel with the primary goal of increasing the order of the
controlled system. As a result, unlike in 1-SMC, the discontinuous control component
affects the sliding variable's higher-order time derivative rather than its first-time
derivative. To put it another way, this new approach can much lessen the chattering
effect because the higher derivative of the sliding variable actually contains the
discontinuous control action [81], [73], and [82]. HOSM can be achieved using a
variety of algorithms. To zero the outputs with relative degree two or to prevent
chattering when zeroing the outputs with relative degree one, the second order sliding
mode controllers (2-SMC) are specifically used. The sub-optimal controller, terminal
sliding mode controllers, twisting controllers, and super-twisting controllers are
examples of second-order algorithms. Specifically, the method for twisting forces the
S(x) knowledge is necessary to slide a variable of relative degree two into the 2-sliding
set. Although the sliding variable has relative degree one, the super-twisting algorithm
does not require that. Because it gets rid of chattering, the super-twisting algorithm is
currently preferred over the traditional siding method. This section presents a brief
review on the super-twisting algorithm, which has been successfully implemented to
solve the chattering problems.

IV.3.1. Basic Concepts Second-Order Sliding Mode Control: Super Twisting
Algorithm

Considering an uncertain nonlinear system whose dynamics is described by:

{X" = f(x) + g(x)u
S=5x)

(IV.10)
where S is the sliding variable, f (x) and g(x) are some smooth and uncertain vector
functions, t is the time, u € R is the control input, and x € R"is the state vector. In
order to guarantee convergence in an unlimited amount of time, the sliding surface is
built with a relative degree r with regard to the control variable u, and it is defined to
satisfy the necessary control parameters. Driving the intended sliding variable S to zero

in a finite amount of time is the control goal in 1-SMC. In contrast, 2-SMC requires

that the sliding variable S and its derivative S be driven to zero in a finite amount of
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time. The second derivative of the sliding variable S is subjected to a discontinuous
control action in order to accomplish this [73]. This technique, despite being a 2-SMC,
was first created for systems with relative degree one in order to circumvent the
chattering issue associated with the use of 1-SMC [78]. That is, only when the system's
relative degree is one can this technique drive the sliding variable and its derivative to
zero in finite time. The sliding mode control's control signal is typically divided into
two sections: one that relates to the equivalent control, which handles the system's and
the sliding surface's dynamics, and another that relates to the switching control, which
is in charge of preserving the system's dynamics on the sliding surface.

Defining the sliding surface as:

S(x)=e (IV.11)

where e is the tracking error defined as follows:

€ =X — Xpes (Iv.12)
where x;.r1s the desired trajectory, and x is the actual trajectory.

The sliding mode control is given:

U= Upg + Uy (IV.13)

where u., 1s the equivalent control proposed by Filipov without regarding the system
uncertainty and external disturbance. It serves to keep the variable to control on the
sliding surfaces. The equivalent control is derived by considering that the derivative of
the surface is null S(x)= 0 .u,w is the discrete control, which ensures convergence such
that S§>0 .

In Super-Twisting sliding mode control, switching control is usually adopted as:

Ugy = —/’IISI%sign(S) + uy (IV.14)
u = —asign(S)
Therefore, the time derivative of the sliding surface S(x) is:
S(x) = é = X — Xpes (IV.15)
Equation (IV.13) can be rewritten:
g = TS 16

The switching control law is designed based on the Super-Twisting algorithm, the

algorithm is as follow:

1
= —1|S|zsign(S) — [ asign(S) dt (IV.17)

uSW

where a and A are positive constants.
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The final control law can be obtained as follows:

u= % = —AISI%sign(S) — [asign(S) dt

(Iv.21)

IV.3.2. Stability Analysis

In order to achieve an explicit relation for the controller design parameters, the work
published in [83][84] proposes quadratic like Lyapunov functions for the super-twisting
controller. We shall return this analysis in the lines that follow.

S=w(S)+u (IV.18)

Where" (S ) is an unknown bounded perturbation term and globally bounded by:

1
|W(S)| < 6|S|z for some constant § > 0 . The super-twisting sliding mode controller

for perturbation and chattering elimination is given by:

1
Ug, = —A|S|zsign(S) + uy
u, = —asign(S)
(IV.23)

System (I'V.22)closed by control (IV.23)results in:

X 1
S = —A|S|zsign(S) + u; + ¥(S)
u, = —asign(S)

(IV.24)

Proposing the following candidate Lyapunov function:

1
V = 2alS| +ui + (/1|5|zsign(s) - ul) =¢TP¢

(IV.25)
Where
1
§7 = (Ilzsign(),u,) (IV.19)
_1(4a+21* -1
P=2( SV ) (IV.20)

The time derivative of (IV.25)is:

av

= QTP = ETPE +£TPE (Iva1)

Equation (IV.28) can be rewritten in the following form:
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V= —@eﬂgf + |fffj| q"é
(IV.29)
Where :
_A2a+21* -2
0=2( = 1) (IV.22)

T _ 12 _1
q" = (2a+342 —22)
(Iv.31)
Applying the bounds for the perturbations as given in [83][84], the expression for the

derivative of the Lyapunov function is reduced to

1

V= —MfTQf

(IV32)

Where

g <2a+12 ~(%+2)s —,1+25>
~A+26 1

(IV.33)

V is negative if Q = 0, which is valid if the controller gains @ and A satisfy the
following conditions:

5A5+4682
2(A-26)

A>26, and a> A (Iv.23)

IV.3.3. Super twisting control of the DC microgrid

In this section, to improve the performance and dynamic responses of the four control
loops within the overal control circuit of the DC microgrid, as well as the robustness
to parametters variations, the super twisting technique is used instead of the PI
controllers.

I11.3.3.1.Super twisting control of the boost converter

In the control of boost converter for PV applications, a double-loop control strategy is
commonly employed to enhance system performance, stability, and dynamic response.
This structure consists of two main loops: a current control loop for regulating the input
current of the boost converter (inductor current) and a voltage control loop for
regulating the voltage of the PV. After discussing the theoretical basis of the super
twisting control technique, the control law will be driven for the boost converter for PV
system. The control of this system must enable PV voltage regulation as well boost

converter input current control.
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» Super twisting control of PV voltage

For the purpose of PV voltage controller design, we define the following surface.

Sl = V;w _V;v

(IV.24)

The equivalent control design starts first by defining the sliding surfaces derivatives as
follows:
$,=5=0 (1V.25)

Using the dynamic model of the PV voltage in (111.95), the derivatives of the two sliding

surfaces can be written in the following form:

S1=fi(0) + Grtiegr — Vp = 0 (IV.26)

where

fiG) =2 and g, = -

Cpv Cpv

Setting $; = 0, then the equivalent control law can be obtained as:

—f1(X)+Vpy
Ueg1 = % (|V27)

The switching control law is designed based on the Super-Twisting technique as

follows:

1
Us; = =4S |2sign(Sy) — a; [ sign(S,)dt (1v.28)
Where 4, and a, are positive constants

The final super twisting control law of the PV voltage regulation that represent the boost

converter input current reference is then given by:

Uy = lpy = Usy + Ueqa (1V.29)
1 _ Yk
i1y = —A11S112sign(Sy) — ay [ sign(S;)dt + % (1V.30)

» Super twisting control of boost converter input current

In this section, after providing the input current reference of the boost converter from
the regulation of the PV voltage, a super twisting controller is used for regulating the
input current of the boost converter to provide the duty cycle of the boost converter. So,

for this purpose, we define the following surface.
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So = lppy — lpy (IV.31)

In this, the equivalent control design is starts by defining the sliding surfaces derivatives
as follows:

S, =5,=0 (1V.32)

Using the dynamic model of the boost converter input current in (111.98), the derivatives

of the two sliding surfaces can be written in the following form:

Sy = f(x) + G2lUeq2 — iz;w =0 (IvV.33)
where
f2(x) = L(Vv — Vac — i v) and g, = L

Lyp VP pvilp Lo

When setting S, = 0, we obtained the equivalent control law of the regulation of boost

converter input current u,, as follows:

~F2()+if

g2

Ueq2 =

(IV.34)

In this regulation, the switching control law ug, is designed based on the Super-
Twisting technique as follows:

1
Ugy, = —A5|S,|2sign(S,) — a, [ sign(S,)dt (1V.35)
Where 4, and a, are positive constants

The final super twisting control law of the boost converter input current regulation that

represent the duty cycle of the boost converter is then given by:
U; = U(;dbc = Usp T Ueqo (1V.36)

~f2(0) iy

1
Uiape = =228z [2sign(S;) — a, [ sign(S,)dt + (IV.37)

I11.3.3.2. Super twisting control of the bidirectional converter

In this section, we use the super twisting control technique for regulationg both the DC
voltage and battery current, aiming to improve the stability and performance of the DC
microgrid.

» Super twisting control of DC voltage
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As described in third chapter, the regulating the DC voltage can provide the battery
reference current. So, for the purpose of implemented this regulation using the super
twisting technique, we define the following surface.

§3 = Vae = Ve (IV.38)

In this regulation part, the equivalent control design is first starts by defining the sliding

surfaces derivative as follows:
S3=8;=0 (1V.39)

Using the dynamic model of the DC voltage in (111.95), the derivatives of the two sliding

surfaces can be written in the following form:
S3 = f3(x) + Jalleqs — Ve = 0 (1Vv.40)

where

1 . Vac Vp
() = 2 (taape — 22— 1,) and g, =
f3 Cac ddbe Rioss L g3 CacVac

Setting S; = 0, then the equivalent control law of the DC voltage regulation can be

obtained as:

—f3(x)+V,
Uegz = % (|V41)

The switching control law is designed based on the Super-Twisting technique as

follows:

1
Usz = —A3]S3]2sign(S3) — az [ sign(S;)dt (1IV.42)
where A5 and a5 are the DC voltage super twisting gains, which are positive constants

The final super twisting control law of the DC voltage regulation that represent the

battery current reference is then given by:

Uz = I = Ugz T Uegs (1V.43)

iy = —/13|S3|%Sign(53) — as [ sign(S;)dt + %?V‘;C (1V.44)
» Super twisting control of boost converter input current

In this section, after providing the battery current reference from the regulation of the

DC voltage, a super twisting controller is used for regulating the battery current to
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provide the duty cycle of the bidirectional converter. So, for this purpose, we define the

following surface.
Sy =ip—ij (1V.45)

In this, the equivalent control design is starts by defining the sliding surfaces derivatives

as follows:
S, =5,=0 (1V.46)

Using the dynamic model of the battery current in (111.123), the derivatives of the two

sliding surfaces can be written in the following form:

Sa = fa(x) + Gatleqa — i, = 0 (1V.47)
where

1 . Vac
falx) = L—(Vb —1pip) and g, = T

b b

When setting S, = 0, we obtained the equivalent control law of the regulation of battery

current u,g, as follows:

— (O +iE
Ueqa = # (1v.48)

Similarly, the switching control law u,, is designed based on the Super-Twisting
technique as follows:

1
Usy = —A4|S4|2sign(S;) — ay [ sign(Sy)dt (1V.49)

Where 1, and a, are positive constants, representing the gains of super twisting

controller used for the regulation of the battery current.

The final super twisting control law of the battery current regulation that represent the

duty cycle of the bidirectional converter is then given by:
Uy = U;ddc = Usq + Uega (1V.50)

~f2(0) i}y

1
Upaac = —A2182[25ign(S,) — a, [ sign(S,)dt + (Iv.51)

The ovaral control schematic of the DC microgrid using the super twisting technique is
shown in Figure. IV. 2.
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Fig.IV:2: glopal diagram of the control by super twisting controllers.

IV.4. Simulation results

In this simulation, the system (DC microgrid based on PV and battery)is controlled
using super twisting method to maintain stable operation. The method adjusts the
control signals to keep currents, voltages, and power levels within desired ranges. We
also monitor the State of Charge (SOC%) of the energy storage system, which indicates
the remaining available energy. After we used the regulators PI ,now we use super

twisting method To improve results, so the results was as follows :
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Fig.IV.3: Simulation results of the systeme under load changes control by super twisting.
Figure (IV.3) illustrates the simulation results of the system under various load changes
control by super twisting. Initially, the system operates with a resistive load of 40 Q.
Subsequently, additional resistive loads of 40 Q, 40 €, and —20 Q are introduced
sequentially, followed by an additional load of 30 . Despite these successive load
variations, the system successfully maintains its performance, and the control strategy
ensures that the DC voltage remains stable and the power balance is preserved. As a
result, the system returns to its previous steady-state performance, demonstrating the

robustness and effectiveness of the implemented control approach.

In this case, it is evident that the control strategy based on the super-twisting algorithm
yields significantly better performance compared to the conventional PI regulators. One

of the most notable improvements is the elimination of current ripple, which contributes
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to enhanced system efficiency. Additionally, the voltage response is much more stable,

indicating a more robust and reliable control behavior.
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Fig.IV.4: Simulation results of the systeme under solar iradiation changes control by super twisting.
Figure (IV.4) presents the simulation results of the system under varying solar
irradiation levels control by super twisting. Initially, the solar irradiation is set to 1000
W/m?. It is then decreased successively to 600 W/m?, 400 W/m?, followed by an
increase to 800 W/m?, and finally returns to 1000 W/m?. Throughout these fluctuations,
the control system effectively maintains the stability of the DC microgrid. The DC bus
voltage remains regulated, and the power balance is preserved. After all changes in solar
irradiation, the system successfully returns to its previous steady-state performance,
demonstrating the robustness and adaptability of the implemented control strategy

under varying environmental conditions.



Chapter IV Control by super twisting

The results clearly demonstrate that using the super-twisting control method provides
superior outcomes when compared to the traditional PI controllers. Unlike the PI-based
approach, which often introduces noticeable ripples in the current, the super-twisting
technique maintains a smooth and steady current profile. Furthermore, the voltage
remains consistently stable throughout the operation, reflecting improved dynamic

response and system reliability.
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Fig.IV.5: Simulation results of the systeme under PV cell temperature changes control by super
twisting.
Figure( IV.5) illustrates the simulation results of the system under variations in the PV
cell temperature control by super twisting. The initial temperature is set to 20°C, and it

subsequently changes to 25°C, then 30°C, followed by a return to 20°C, and finally
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back to 25°C. These temperature variations directly affect the output characteristics of
the photovoltaic source. Despite these changes, the control system effectively maintains
the stability of the DC bus voltage and ensures power balance within the microgrid.
After all temperature fluctuations, the system successfully returns to its previous
steady-state behavior, confirming the robustness and efficiency of the applied control

strategy in managing environmental disturbances.

From the observations in this scenario, it's apparent that the super-twisting control
method outperforms the PI regulator approach in several aspects. Most importantly, the
current waveform shows no signs of ripple, which is a common issue in PI-based
control. Moreover, the voltage remains steady without fluctuations, highlighting the
advantages of using a higher-order sliding mode technique in achieving better control

quality.
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Fig.IV.6: State of charge (soc(%)) of the systeme under load changes changes control by super
twisting.

Figure(IV.6) illustrates State of charge (soc(%)) of the systeme under load changes
control by super twisting. The state of charge is following the power balance in our

system Which occurs due to changes of charge (F,, = cte); when P .4 < By, (the
battery was in charge mod ), and when Pp,,q > P,, ( the battery was in discharge

mod ); becouse the battery compensates the lack of power in the PV (B,,,).
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In this case we can see that the results of cammand by super twisting is better than the

commad by regulators PI .
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Fig.IV.7: State of charge (soc(%)) of the systeme under solar iradiation changes control by super
twisting.

Figure(IV.7) illustrates State of charge (soc(%)) of the systeme under solar iradiation

changes control by super twisting. In this case the state of charge is following the power

balance in our system Which occurs due to changes of the solar iradiation (Ppyqq =

cte) ; when Pp,qq < By, (the battery was in charge mod ), and when Pp,qq > Py, (

the battery was in discharge mod ); becouse the battery compensates the lack of power

Which creates when Pp,qq >< Byy,.

This case study highlights the effectiveness of the super-twisting algorithm when

applied as a control control, showing clear advantages over the traditional PI regulator.
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Fig.1V.8: State of charge (soc(%)) of the systeme under PV cell temperature changes control by super
twisting.

Figure(IV.8) illustrates State of charge (soc(%)) of the systeme under PV cell

temperature changes control by super twisting. In this case the state of charge is

following the power balance in our system Which occurs due to changes of the PV cell

temperature (P,qq = cte) ; when  Pr,qq < By, (the battery was in charge mod ),

and when  Pp,,q > P,, ( the battery was in discharge mod ); becouse the battery

compensates the lack of power which creates when Pp,qq >< P,,.

Upon analyzing the system’s performance under both control strategies, it becomes
clear that the super-twisting control significantly enhances system behavior compared

to PI regulation.
IV.4.Conclusion

In conclusion, this chapter provided an overview of the sliding mode control approach
and focused on applying the super twisting algorithm to control the photovoltaic (PV)
and battery-based DC microgrid system. The primary goal was to leverage the
advantages of the super twisting technique to enhance the control of key variables
within the system, such as the PV output voltage, input boost converter current, DC

voltage, and battery current. By utilizing this method, we were able to ensure the stable
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operation of the system, maintaining currents, voltages, and power levels within desired

ranges.

The application of the super twisting method, compared to the previously used PI
regulators, significantly improved the performance of the system. Furthermore,
monitoring the State of Charge (SOC%) of the energy storage system allowed for a
more precise assessment of the remaining available energy, ensuring optimal operation
throughout the simulation. The results demonstrated the effectiveness of the super
twisting method in enhancing the overall control and performance of the PV and

battery-based DC microgrid system.



General conclusion

General Conclusion

This research explored the control of a photovoltaic-based hybrid energy storage system
integrated into a DC microgrid, with a primary focus on voltage stabilisation and
disturbance rejection. Accurate modeling of both the PV system and the battery was

carried out, forming the foundation for control development and performance analysis.

The implementation of a Proportional-Integral (PI) controller offered a baseline for
assessing system performance. While the Pl controller provided acceptable results
under steady conditions, it exhibited limitations in handling dynamic disturbances and
rapidly changing operating scenarios. This aligns with conclusions found in the
literature where Pl controllers often underperform under non-linear or time-varying

conditions.

To address these shortcomings, a super-twisting sliding mode control technique was
introduced. The super-twisting algorithm, based on higher-order sliding mode theory,
is known for its ability to reduce chattering while maintaining robustness against

uncertainties and disturbances.

The comparative analysis demonstrated that super-twisting control significantly
improved voltage regulation and enhanced the system’s robustness to disturbances and
load variations. This advanced method allowed the hybrid energy storage system to
respond more quickly and effectively to non-linear changes in the microgrid, ensuring

stable and reliable operation.

In conclusion, the research highlights the critical importance of combining accurate
system modeling with robust control strategies to manage renewable energy sources in
DC microgrids. The findings support the use of advanced control techniques like super-
twisting control to enhance system resilience and stability, paving the way for more
reliable renewable energy integration. Future work could include real-time
implementation, hardware-in-the-loop testing, and the inclusion of other renewable

energy sources such as wind turbines or supercapacitors.
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