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Abstract: This study introduces a novel architecture of a dual-fluid photovoltaic—thermal (PVT) hybrid solar system equipped with fins,
integrating a compound parabolic cylindrical concentrator, a dual-mode cooling system (water and air), a Maximum Power Point
Tracking (MPPT) algorithm based on the Perturb and Observe (P&O) method, a Buck-Boost converter, and battery storage. The
objective is to maximize the conversion of solar energy into both electricity and heat, while ensuring a reliable and autonomous energy
supply for the needs of the LPADER university laboratory in Mahajanga. The methodology is based on rigorous mathematical modeling
and numerical simulations performed in MATLAB, taking into account the local climatic conditions. The results highlight the potential
of this architecture to ensure stable electrical generation, while efficiently recovering heat for domestic or agricultural applications. The
dual-fluid CPVT hybrid field thus represents a sustainable and high-performance solution for decentralized electrification, particularly
in rural areas or regions with unstable grids, thereby contributing to local sustainable development.
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I. INTRODUCTION

la As in many countries around the world, Madagascar faces a strong dependence on fossil fuels, particularly hydrocarbons, which
represents a major energy challenge. This dependency leads to critical consequences such as frequent power outages, a continuous
increase in energy costs, and heightened vulnerability in the absence of sustainable alternative solutions [1]. In this context, the
development of renewable energy has become an urgent necessity.

Madagascar possesses significant natural resource potential, particularly solar energy, benefiting from abundant sunlight throughout
the year. Harnessing this renewable resource represents a strategic opportunity to meet the country’s energy needs [2]. However,
the efficiency of photovoltaic (PV) systems remains limited, mainly due to the overheating of solar cells, which significantly reduces
their performance. This limitation justifies the use of hybrid technologies and advanced cooling strategies.

Among promising approaches, such as photovoltaic (PV) solar fields and concentrated photovoltaic (CPV) fields [3], dual-fluid
concentrated photovoltaic—thermal (CPVT) systems stand out for their ability to simultaneously generate electricity and heat [4].
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Building upon previous research, the dual-fluid CPVT system represents a more integrated and versatile solution for the optimized
utilization of solar energy. The integration of a solar concentrator into a dual-fluid PVT system (using both water and air as heat
transfer fluids) enhances thermal energy recovery while maintaining high electrical efficiency. This configuration thus constitutes
an advanced technological solution to maximize the high-efficiency exploitation of solar energy.

The objective of this study is to analyze and optimize the energy performance of a dual-fluid CPVT concentrator system for efficient
and autonomous electricity production. The proposed system is equipped with a Maximum Power Point Tracking (MPPT) algorithm
coupled with a buck—boost converter and battery storage to reliably supply the energy demand of a university laboratory (LPADER).
Beyond electricity generation, the system also enables the efficient use of recovered heat: hot water can be used for domestic or
industrial purposes (heating, hot water supply), while hot air can serve for agricultural product drying, thereby improving overall
energy efficiency.

The adopted methodology is based on rigorous mathematical modeling of each component, followed by comprehensive simulations
in MATLAB to evaluate the system’s performance under local climatic conditions. This study demonstrates the feasibility and
advantages of such a solution for sustainable energy development in Mahajanga.

II. MATERIAL AND METHODS
2.1. Description de la configuration du systéme examine

The dual-fluid PVT hybrid collector is composed of several layers: a top glazing, photovoltaic (PV) cells, an EVA film, a Tedlar
sheet, an upper absorber equipped with longitudinal rectangular fins, a network of parallel tubes carrying water and embedded
within the air circulation chamber, a lower absorber, and thermal insulation. The collector is positioned between two symmetrical
compound parabolic cylindrical concentrators, enabling the capture of both direct and reflected solar radiation. These reflectors
focus solar energy onto the collector, thereby increasing the received irradiation and improving overall efficiency.

The PV cells generate electricity, while part of the solar radiation is converted into heat. This thermal energy is recovered by the
heat transfer fluids circulating beneath the module [5]:

—  Hot water is stored for thermal uses (heating, sanitary hot water).
—  Hotair is directed to a drying chamber through a fan, ensuring uniform heat distribution for efficient product drying

A dual-fluid CPVT system has been designed to form a hybrid solar field. In the framework of this study, the field will consist of
several CPVT units interconnected in series and parallel configurations:

—  The thermal circuit (water/air) is connected in parallel.
—  The electrical circuit is connected in a mixed (series/parallel) configuration to optimize voltage and current

A Maximum Power Point Tracking (MPPT) control adjusts in real time the load connected to the PV generator in order to maximize
the extracted power, regardless of solar irradiance or temperature conditions [6],[7].

The Buck—Boost converter plays a key role in regulating the voltage and current delivered by the CPVT field. It dynamically adapts
the generator’s output to match the levels required by downstream devices, particularly:

—  The battery, which stores energy for later use.
—  The inverter, which requires a stable input voltage.

The converter thus enables adjustment of the output voltage (either higher or lower than the input), ensuring compatibility with the
specifications of both the battery and the inverter. In case of low solar irradiation, an auxiliary thermal system powered by alternating
current can be activated to maintain the desired drying temperature.

The energy stored in the battery supplies the inverter, ensuring continuous electricity delivery even in the absence of sunlight. The
DC-AC inverter converts the energy from the CPVT field or the battery into alternating current to power electrical loads.
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Figure 1 illustrates the architecture of the dual-fluid hybrid CPVT solar field, integrating the MPPT controller, Buck—Boost
converter, battery, inverter, and loads.
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Figure 1. Systeme configuration dual-fluid CPVT field solar
A cross-section of a dual-fluid hybrid CPVT solar collector is shown in figure 2 [4],[8].
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Figure 2. Front view sketch of dual-fluid CPVT system
2.2 Mathematical modeling
2.2.1 Study hypothesis
The mathematical models used to simulate the dual-fluid CPVT system are based on the following assumptions [4],[8],[9],[10]:

—  The sky can be assimilated to a black body with an equivalent temperature calculated;
—  Heat transfer is considered to be one-dimensional through the layers of the system;
—  The ambient temperature is the same around the sensor;

—  The floor temperature is taken to be equal to the ambient temperature;

—  EVA's transmission coefficient is 100%;

—  The ohmic losses of the solar cells are neglected;

—  The mass flow rate is uniform in the air layer duct;

—  Fluid flow in the tubes is assumed to be uniform;

—  The wind speed on the face of the collector is assumed to be constant;

—  The thermo-physical properties of water and air vary with temperature;

—  The thermal and geometric properties of the two absorbers are equal;

—  The thermal properties of the fins and tubes are equal to those of the absorber;

—  The effect of shading and dust on the collector is negligible;

—  The batteries are assumed to be fully charged as supplied by the manufacturer

—  Self-discharge and aging phenomena have not been taken into account.

2.2.2 Equation the system

The mathematical model of the dual-fluid CPVT system is formulated based on energy balance equations applied to the individual
control volumes, as presented in references [5],[8],[9],[10],[11],[12],[13],[14]:

Node 1 : outer face of glass

dT
mngg (%} = AgGiC - h;‘i‘;’Ag (Tg,ext N Ta) - hgmdAg (Tg,ext - Tg,int ) N h;aiiskyAg (Tg,ext - TSkY) ()

Node 2 : inner face of glass pane
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cp.| e |2 A o Gorhemia (T, = Ty )~ DA, (T — Tt ) 2
mg pg dt - ga’g i g g g,ext g,int g—cel® tg g,int cel ( )
Node 3 : PV cell

Cpy | Lot |2 o GC+h® A (T, — T )= A (T = T ) - 3
Incel pcel dt - celtga‘cel i + g—cel” “cel ( g,int cel) cel—ted” “cel ( cel ted) Qélec ( )
Node 4 : tedlar layer
dTe d d

mtedcp ted ( dtt d j = hggF—tedAted (Tcel - Tted ) - hfgcrll—abshAted (Tted - Tabsh ) (4)

Node 5 :top absorber layer

dT cond conv
mabs Cp abs ( 2bsh ) = hted—abshAabs (Tted - Tabsh ) - habsh—airAabsh—air (Tabsh - Tair ) - Uﬁn (Tabsh - Tair )
(5)
cond rad
- habsh—tubeAabsh—tube (Tabsh - Ttube ) - habsh—abslAabsh—absl (Tabsh - Tabsl )
with [41,[14]: Ugy =hs e Mo -Ausn-air ©)

tanh Lc‘ m
x‘ﬁneﬁn

T]fm = conv 4 Ikdbshfajr :N(Z'Hﬁn'LC)+AabSh +Atube, Lc =L +eﬂ and P:2(L+eﬁn) (7)
L . % 2
’ x‘ﬁn'eﬁn

Where : Aabsh—air ,Le, Pande ; are respectively the total available area, corrected length, perimeter and thickness of a fin.

Node 6 : tube layer

dT be d \4
mtubecptube ( dt: j = h:ﬂ(;:h—tubeAabsh—tube (Tabsh - Ttube ) - hfr.:l(x)l?e—watAtube—wat (Ttube - Twat )
(®)
- hfl(l)lx)l':—airAtube—air (Ttube - Tair ) - hzze—abslAmbe—absl (Ttube - Tabsl )
Node 7 :heat transfer fluid water
C oo | _ hoow A T T, n,, C T T 9
M0t CPwat dt — Ytube—wat* * tube—wat ( tube ~ ~wat ) — Myt C Pyt ( wat,out - wat,int ) ©)
Node 8:heat transfer fluid air
dTair conv conv
maircpair dt = habsh—airAabsh—air (Tabsh - Tair ) + hair—abslAair—absl (Tabsl - Tair ) (10)

+ h conv A

tube—air* ™ tube—air (

T - Tair ) + Ufm (Tabsh - Tair ) - Ii’lair(jpair (T

tube air,out - Tair,int )
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Node 9 :lower absorber layer

dTa S conv rad
mabslcpabsl ( - j = hair—abslAair—absl (Tair - Tabsl ) + habsh—abslAabsh—absl (Tabsh - Tabsl)
dt (11)
rad cond
+ htube—abslAtube—absl (Ttube - Tabsl ) - habsl—isAabsl—is (Tabsl - Tis,im )
Node 10 : inner face of the insulation
dTis,int cond cond
miscpis dt = habsl—isAis (Tabsl - ‘Tis,int ) - his Ais (Tlis,int - ’Tis,ext ) (12)
Node 11 :outer face of the insulation
dT.
m, Cp,. | —= = h™ A (T — Tooe )= DA (To o = T, ) - Wi A (To o = T 13
is plS ( dt j is is ( is,int is,ext ) is—a” tis ( is,ext a ) is—sol” “is ( is,ext sol) ( )

The physical properties of air are assumed to vary linearly with temperature, in accordance with the relations established by Ebrahim
and Alfege [4], [5], [10].

The thermophysical properties of water are likewise considered to vary linearly with temperature [4],[8],[15],[16],[17].
A comprehensive description of all mathematical models is available in [4], [8].
2.2.3 Compound Parabolic Cylindrical Solar Concentrator [11],[18],[19], [20]

The compound parabolic cylindrical concentrator is an advancement of the simple parabolic trough concentrator, providing
improved solar radiation capture and a more homogeneous distribution of energy over the dual-fluid PVT receiver. This reduces
hot spots and enhances both the thermal and optical efficiency of the system. The energy concentration of a solar collector is defined
as the ratio between the solar energy intercepted by the concentrator aperture and the energy actually received by the dual-fluid
PVT receiver. It depends on the optical efficiency and the geometric concentration factor [4], [8].

Ce

Co = Cyx Mgy = (1/5i0(0,)) % (Pecp )Nr xm,, With n,, =1-e (14)

Where : 0,, p,,, N, et n,, denote the acceptance angle, the mirror reflectivity, the average number of reflections experienced
by a ray before reaching the dual-fluid PVT receiver, and the intercept factor, respectively.
2.2.4 Electrical model of a dual-fluid PVT system

The electrical behavior of the PVT system is strongly influenced by the intensity of solar irradiation and the temperature of the
photovoltaic cells. For a single-diode model, the expression for the electric current leaving the photovoltaic collector is written as
follows [9],[21] :

Voo +10. V., + 1 .R
PV PVRSJ_1i|_ PV " PV (15)

Ly =N,.Ly =N {exp(q AN KT R
St sh

Where: Ipn, lo, Rs, Rah, q, Ns, Np, n and K are respectively photon current, diode saturation current, series resistance, parallel
resistance, electron charge, number of cells in series, number of cells in parallel, ideality factor, Boltzmann constant.

Current and voltage values vary with solar irradiation intensity and cell temperature, as shown in the following equations

[81,[9].[21]:
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G,C G,C
= Output current variation: I(GiC, T, ) =L +Al=1; +k; (G—IJ AT + [—1 - ljlsc’ref (16)
ref ref
- Output voltage variation: V(G,C, T, ) = V., +AV=V_; +k -AT-Ry-Al (17)
o - G,C
- Short-circuit current variation: I (GiC, Tcel) = X (ki AT + Isc’ref) (18)
ref
oo - G,C
—  Short-circuit current variation: V_, (GiC,Tcel) =Vieret Tky AT +n-In| —— (19)
ref

With: AT=T_ -T

ref (20)
Where k; and ky are respectively the coefficient of variation of current and voltage as a function of temperature.
2.2.5 Performance of the PVT dual-fluid hybrid collector

The electrical power and thermal power produced by the PVT dual-fluid hybrid solar collector are given by the following equations
[4].[5L.[91.[22],[23] :

Qulec = Tg-G;-C.S g Nyer -€XP [B(Tcel =T ):' , where Giis the global solar irradiance. (21)
che,wat = ril'prat '(Twat,0ut - Twat,int ) and che,air = ril'Cpair'(Tair,out - Tair,int ) (22)
che,PVbei—ﬂuid = che,wat + che,air (23)

The electrical and thermal efficiencies of the PVT dual-fluid hybrid solar collector are determined by the following two expressions
[24],[25],[26] :

Quhe VT bi-fuid
and MNye pyr bicfuid = o o o (24)
- S.-G,-C

cel " Mi° cel

Qelec

T]elc = g

The overall efficiency of a dual-fluid PVT is the sum of the thermal efficiency and the thermal efficiency equivalent to the electrical
efficiency [24],[25],[26],[27]:

— cwith - _ MNelec
nPVT_bi—ﬂuid = Nthe + nelec,the ; with : 1/]elec,the - C ’ (25)
f

Where Crrepresents the thermal energy conversion factor, with a typical value of 0.38 [27].
2.2.7 Buck—Boost Converter Modeling

To derive the mathematical model of the converter, it must be analyzed in its two operating phases (switch closed and switch open)
by applying Kirchhoff’s laws to the corresponding equivalent circuits [28],[29],[30].

During the first interval DT, the switch k is closed during the second interval (1-D)-T, the switch k is open.
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d d
Ie, (1)=C, VP+T“) Loy (-1, (1) Ie () =CIVP+TM -1, (1)
1o, (0=, Yol (26) 1o, (9=C, oo (01,49 @)
V(=L =V () V(0= Vier (0 Ve 1)

Rearranging the terms of the previous equations yields the dynamic model of the buck-boost converter:

1 dv, t
L (9= 5[t SR ) )
1-D
Voue (1) = 7= Vpyr () R.. =R (]
dVv t out _ PVT €q b

foue (1) =—(1-D}1, (9-C, Youl) (a9, (1-D) (30) and “L D @31

T (=2 (1) D You
1 dl (t out D
VPVT(t):D[_(l_D)Vout (t)+L (Lh( )] Vvt + Vou
The component values to be selected are determined as follows [30]:
Lo DVpyr C = Loy —D.IL and C,= D’ Vpyr (32)
f.AI 1 2.AVPVT (I—D).f R AVout

Where: D,f,Al ,AV.,

out ?

Req represent, respectively, the duty cycle, the switching frequency, the inductor current ripple, the output
voltage ripple across the capacitor, and the equivalent load reflected by the boost converter as seen from the PV side.

2.2.6 Algorithme de commande P&O

Figure 3 illustrates the Perturb and Observe (P&O) MPPT control algorithm [31]
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Figure 3. MPPT algorithm based on P&O method

2.2.8 Battery charge modeling

Prvr(k-1) =Ppvr(k) . Vevr(k-1) = Veyr(k) » D=d

Battery charge modeling involves determining the energy required to recharge the battery after a period of discharge [32],[33].

- Energy required by the load (kWh): E, =P xt (33)
E

—  Energy supplied by the battery to the inverter: E, . = ch (34)
E, x1000 C .

—  Usable and actual capacity (Ah):C ,, =—2——— ,and C_, = —utile_ (335)

batt DOD
: Ebatt
—  Recharge time (h): t,_, = (36)
chcc X T]mppt X nconv x nch_batt
C xDODx YV, XM yeen X Niny

_ Discharge time: tdech — total _batt total _batt dech inver ( 3 7)
1000x P,

—  Overall efficiency : 1 ;... = Npyr-Neony Nimppt - Ninver (38)
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Where: C =N xC and V

total _batt parl batt _unité total _batt = N serie X Vbatt _unité (39)

Where Py , Mo, » Ebart , DOD, Viotal batt : are respectively the total power of the load, conversion efficiency (inverter), energy

actually available in the battery, depth of discharge allowed, and total voltage available in the system (battery).
2.3 Study site

The data used were obtained from the ASECNA meteorological station in Mahajanga, located in the northwestern region of
Madagascar (15°43' S, 46°19' E). The Page model was employed to estimate solar irradiation based on insolation data collected
between 2010 and 2024.

2.4 Electrical characteristics

The polycrystalline silicon photovoltaic collector described in Table 1 has been evaluated to international standards at 1000 W.m™
, AM 1.5 and 25°C.

Table 1: Electrical characteristics of a KC200GT photovoltaic module [4],[21],[34].

Experimental peak power Pmax 200 W

Voltage at point of maximum power Vpm 263V

Current at point of maximum power Iym 7.61 A

Open circuit voltage V. 329V

Short-circuit current I 821 A

Voltage temperature coefficient ky -0.123 V/°C

Current temperature coefficient k; 0.00318 A/°C

Operating temperature —40 °C to +85 °C

Number of cells in series Ng 54

Number of parallel cells N, 1

Reference yield 15%

Dimensions (L x1x h) 1425 mm % 990 mm x 36
mm

Table 2 illustrates the electrical characteristics of Titan Lithium Iron Phosphate (LiFePO4) batteries.

Table 2: Electrical performance [35]

Voltage range 584V —432V
Nominal Capacity 300 Ah
Maximum charging 150 A

current

Maximum discharge 200 A

current

Table 3 shows the electrical characteristics of the Quattro inverter (48V/10000VA —230V).

Table 3: Electrical characteristics of a Quattro inverter [36]

Supply voltage range 37.2-68V

Output Output voltage: 230 VAC + 2% 50Hz or 60 Hz +
0.1 %

Maximum efficiency 95/96%

12/24/48V (%)
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2.5 Component characteristics of the PVT dual-fluid hybrid module
Table 4 shows the characteristics of the various sensor components.

Table 4. Characteristics of the PVT dual-fluid hybrid collector components [4],[9],[10],[22].

Glass | PV Tedlar | Absorber | Tube | Insulation | Unit
onents cell
Features
Density 2200 | 2330 1300 2700 2700 | 60 (kg'm-~3)
Specific heat 670 836 1400 900 900 700 (J ke 1=y
Thermal conductivity 0.93 148 0.033 | 237 237 0.04 (W.
K—l.m—l)
Emissivity 0.88 0.93 0.88 0.04 0.04 | 0.85
Thickness 0.003 | 0.0003 | 0.0005 | 0.005 0.001 | 0.004 (m)
Absorption coefficient | 0.066 | 0.85 0.5 0.75 0.75 | 0.066 ---
Pipe outside diameter 0.014 (m)
Inside pipe diameter 0.012 (m)
2.6 LPADER load

For the daily requirements of the LPADER, the table below presents the amount of energy needed to meet the demand.

Table 5. LPADER energy requirements

Quantity | Nominal power | Power (W) | Usage (hours) | Daily consumption
Equipment (W) (kWh/day)
Long lamp 2 20 40 12 480
LED bulb 2 13 26 5to08 130 to 260
Video projector 1 1000 100 5t08 5000 to 8000
Desktop computer | 10 300 30 5to 15 12,000 to 28,800
500 L refrigerator | 1 150 150 20 3600
Oscilloscope 1 70 70 5 350
Printer 1 40 40 5to 8 200 to 320
Fan 2 60 120 10 1200
Total 3846 21.16 to 58.56
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III. RESULTS AND DISCUSSION

3.1 Variation of solar irradiation and ambient temperature in Mahajanga
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Figure 4. Temporal variation of solar irradiation and ambient temperature in Mahajanga

Figure 4 presents the simulated evolution of the monthly average solar irradiation and ambient temperature over a typical day of
the considered month, based on a 14-year dataset (2010-2024).

In October, solar irradiation gradually increases from sunrise, reaching a peak of 938 W.m™ around 12:14 p.m., before steadily
decreasing until sunset. The ambient temperature follows a slightly shifted curve due to thermal inertia, with a maximum of 32.9
°C reached at approximately 12:48 p.m., i.e., about half an hour after the irradiation peak. It is also observed that the morning
temperature is lower than that of the afternoon, illustrating the thermal accumulation effect throughout the day.

In January, a similar trend is observed, although with slightly different values. The maximum irradiation reaches 661.9 W.m? at
12:39 p.m., which represents a significant decrease compared to October, likely due to higher cloud coverage or a less favorable
solar angle. The maximum ambient temperature is recorded at 31 °C around 12:48 p.m., also slightly shifted with respect to the
irradiation peak.

These results emphasize the importance of considering both solar irradiation and thermal evolution in the design and sizing of
CPVT systems, particularly to optimize thermal recovery in accordance with the actual solar hours.
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3.2 Energy Performance of the Dual-Fluid CPVT System
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Figure 5. Electrical and thermal performance of the dual-fluid CPVT system

Figure 5 highlights the remarkable overall efficiency of the dual-fluid CPVT system, achieved through carefully selected geometric
and operational parameters under moderate solar concentration (C = 2). The optimal conditions include: 15 fins, 5 absorber tubes,
a fin thickness of 0.03 m, a fin height of 0.025 m, an air gap of 0.03 m, a fin—tube spacing of 0.046 m, as well as mass flow rates of
0.016 kg.s™! for water (per tube) and 0.022 kg.s™! for air. These values were chosen to ensure a suitable compromise between heat
transfer efficiency and system compactness.

The results demonstrate a remarkable thermal-electrical synergy between the two working fluids (air and water), enabling optimal
utilization of the available solar energy. From the photovoltaic perspective, the electrical power output reaches a peak of 363.97 W
around midday, with a maximum electrical efficiency of 13.75 %. This efficiency remains relatively stable during the period of
strong solar irradiation (approximately between 10 a.m. and 2 p.m.), illustrating the ability of the system to maintain stable electrical
conversion despite the temperature rise induced by solar concentration.

On the thermal side, the system also exhibits balanced and complementary performance between air and water. The thermal power
extracted through air reaches a maximum of 831 W, while the thermal power associated with water amounts to 908.23 W, reflecting
high effectiveness in heat recovery by both fluids. The observed thermal efficiencies are also high and relatively stable between 9
a.m. and 4 p.m., with peak values of 31.3 % for air and 34.32 % for water, demonstrating efficient thermal management during
most of the solar day.

These results clearly demonstrate the potential of the optimized dual-fluid CPVT system for cogeneration applications (electricity
+ heat). Such a solution is particularly well-suited for autonomous or hybrid installations in sunny regions, where it can
simultaneously supply electrical equipment while meeting thermal needs such as water heating, agricultural product drying, or other
domestic uses. The balance achieved between electrical conversion and thermal recovery underlines the strategic interest of the
dual-fluid approach, which maximizes solar spectrum exploitation while reducing heat losses.
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3.3 Electrical Evolution of the Dual-Fluid CPVT System with MPPT and Buck-Boost Converter
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Figure 6. I-V-P characteristics of the dual-fluid

CPVT system with MPPT
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Figure 8. Voltage of the dual-fluid CPVT
system with MPPT and Buck-Boost

Figure 9. Power of the dual-fluid CPVT
system with MPPT and Buck-Boost

Figures 6 to 9 illustrate the electrical performance of the dual-fluid CPVT system equipped with an MPPT algorithm and a Buck—
Boost converter, for two representative periods in Mahajanga: October (high solar irradiation) and January (low solar irradiation).
Figure 6 shows that the maximum power (Pmp) extracted reaches 363.87 W in October compared to 263.23 W in January, this
difference being mainly attributed to higher solar irradiation. The short-circuit current (Isc) is also higher in October, confirming a
greater energy capture. Conversely, the voltage at the maximum power point (Vmp) remains relatively stable, around 25.8 V in
October and 26.18 V in January; this slight variation is attributed to the cell temperature, itself influenced by the ambient
temperature: higher in October, it reduces the output voltage of the photovoltaic cells.

Figure 7 highlights the dynamic behavior of the current at the input and output of the converter: a fast rise (response time < 0.2 s)
is observed, indicating a highly responsive system. The output current of the converter is lower than that of the dual-fluid CPVT,
since the Buck—Boost converter adapts the output voltage (generally higher), which mechanically results in a reduction of the current
in order to maintain power balance. The profile remains consistent between October and January, demonstrating stable operation.
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Figure 8 shows that the input voltage is adjusted by the MPPT to track the maximum power point: in October, it is approximately
25.6 V at the input and 26.5 V at the output; in January, the voltages are slightly lower but remain stable. The MPPT dynamically
regulates the voltage through duty cycle control of the converter, ensuring optimal power extraction despite climatic variations.

Finally, Figure 9 shows that the output power of the converter is slightly lower than the input power (363.97 W at the input versus
323.02 W at the output in October; 263.23 W versus 236.05 W in January), which corresponds to inherent conversion losses (about
10%) due to the electronic components and the inductance.

Overall, these figures confirm the efficiency of the system in both transient and steady-state regimes, with a fast response, absence
of overshoot or overvoltage, consistent current management, and no excessive oscillations in the dynamic response. The system
thus achieves stable power extraction, demonstrating the combined effectiveness of the MPPT algorithm and the Buck—Boost
converter

3.4 Operation and Electrical Performance of a Hybrid Solar Field Combining a Dual-Fluid CPVT System and Battery
Storage
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Figure 10. Temporal evolution of the electrical performance of the studied system on a typical day in October and January

Figure 10 illustrates the operation of a hybrid dual-fluid CPVT solar field in Mahajanga during two representative periods (October
and January), integrating an MPPT algorithm with a Buck-Boost converter and a battery storage system.

The load profile of the LPADER laboratory at the University of Mahajanga varies according to the time of day and activity: low
consumption during the night (1.7 kW), a sharp increase to 3.8 kW from 7:00 a.m., a drop to around 2.8 kW during off-peak hours
(around 11:00 a.m.), followed by a rise to 3.8 kW at 2:00 p.m., and then a gradual decrease from 4:00 p.m. The battery bank,
assumed to be fully charged, is sized to supply the load between 4:00 p.m. and 8:00 a.m., delivering 3.2 kW of usable power after
inversion, corresponding to an autonomy of approximately 20 hours. From 8:00 a.m., the battery switches with the dual-fluid
concentrated solar field, which simultaneously supplies the load and recharges the batteries.

The dual-fluide CPVT field, composed of 36 modules connected in series/parallel, reaches a maximum power of 13.1 kW (October)
or 9.5 kW (January) without conversion, which decreases to 11.66 kW and 8.43 kW, respectively, after passing through the
converter due to losses associated with the overall efficiency of the MPPT and Buck-Boost system. The main advantage of this
converter lies in its ability to stabilize the output voltage and optimize energy extraction, despite the slight power reduction. The
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system is designed to intelligently switch between the solar field and the battery, ensuring uninterrupted power supply to the
laboratory, even during low-irradiance days.

Finally, the comparison between October and January shows lower solar power during the wet season, as well as a shift in the
transition time between the battery and the dual-fluid CPVT field, although the overall operating principle remains unchanged. This
shift is primarily due to variations in solar altitude and sunrise/sunset times, which change with the seasons.

IV. CONCLUSION

This work has proposed a new architecture and simulation of a dual-fluid CPVT (Concentrated Photovoltaic Thermal) hybrid solar
system, designed to optimize the conversion of solar energy into both electricity and heat. The proposed system integrates a solar
concentrator, dual-fluid cooling (water and air), a double absorber with fins on one side, a Buck—Boost converter, an MPPT
algorithm based on the Perturb & Observe (P&O) method, as well as a battery storage unit. This configuration ensures stable,
reliable, and fully autonomous energy production, tailored to the needs of the LPADER university laboratory.

The obtained results demonstrate the high performance of this cogeneration architecture. The system simultaneously produces
electrical and thermal energy, with an overall efficiency more than twice that of a conventional photovoltaic field, with or without
concentration. Under an irradiation of 938 W.m™, a power output of 13 kW was achieved with a reduced number of modules,
confirming the effectiveness of the proposed optimization.

The integration of battery storage represents a key advantage: it ensures supply continuity despite solar irradiation fluctuations,
thereby guaranteeing constant energy availability, even in isolated sites or regions with unstable grids. The system therefore
provides an autonomous and intelligent electrification solution, while optimizing energy management.

The P&O MPPT algorithm proved effective for rapid and accurate tracking of the maximum power point, even under variable
conditions. Moreover, the dynamic response of the Buck—Boost converter confirmed the system’s stability, with no overshoot or
oscillations, thereby validating the robustness of the entire device.

Thus, the dual-fluid CPVT system with storage constitutes a sustainable, high-performance energy solution adapted to the needs of
decentralized electrification. It opens promising perspectives for energy autonomy in rural areas and developing countries, while
valorizing the recovered heat for domestic or agricultural applications.
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