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In this paper, we propose innovative autonomous solar cookers (hot plates and box ovens)
supplied by batteries. The electrical energy is produced by photovoltaic panels (PV) and
stored in a battery (24 V, 520 Ah). Hence, the cookers are powered through a Direct Cur-
rent /Direct Current (DC/DC) boost converter (400 W) composed of three identical cells in
parallel. The power switches are controlled by a digital circuit that generates three Pulse
Width Modulation (PWM) signals at 20 kHz with an adjustable duty cycle «. The experi-
mental results show that, for electrical power of 375 W and a duty cycle o = 0.7, the aver-
age inductor current of each cell is equal to 3.8 A. Moreover, the DC voltages and currents
at the input/output terminals of the converter are worth 24 V / 11.5 A, and 75 V [ and 5
A, respectively. Under these conditions, the efficiency of the power supply system used in
the cookers is of the order of 90% and the temperature of their thermal resistors reaches
700 °C. All the electrical quantities are in accordance with the results obtained through
simulation using the Orcad Pspice environment. These innovative cookers including hot
plates and box ovens are tested experimentally in different cases: heating one liter of wa-
ter, cooking food (1 kg of fries), and baking bread. The obtained heating times are about
25 min, 20 min, and 30 min, respectively. Moreover, according to which cooking case, the
“consumed” battery capacity is worth 4.2% - 5.52% of the capacity of the fully charged bat-
tery. All these results show, on the one hand, the proper operation of the three-cell DC/DC
boost converter powered by batteries, and, on the other hand, the feasibility of heating
water and cooking food using the autonomous solar cookers proposed in this work.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction

In the last decade, half of the meals of the 6 billion inhabitants of the Earth were cooked every day over a wood fire
[1,2]. This method of cooking is responsible for serious environmental and ecological problems such as, e.g., deforestation or
soil erosion. It also leads to the emission of greenhouse gasses into the atmosphere [1-7] and may cause health problems,
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such as burns, eye disorders, and lung diseases [2]. Currently, government guidelines in most countries and the activities
of non-governmental organizations (NGOs) are moving towards the use of solar energy, especially in the areas with a high
level of sunshine over the year (Africa, Latin America, etc.) [2,8,9]. Ovens powered by with solar thermal energy and located
outside homes have been proposed in [4-6]. However, due to their limited performance (heating temperature less than
140 °C), the available cooking modes do not meet users’ needs, in particular during periods of low sunlight and at night.
Therefore, a sustainable and effective cooker alternative is required that can be used inside and outside homes [10-12], all
day long and at night, whatever the period of the year.

In this context and motivated by the decline in world prices for photovoltaic (PV) panels (less than $0.56 per installed
kilowatt peak), a lot of research is being carried out on autonomous cookers powered by photovoltaic solar energy [12,16,17,
26-28]. The present contribution targets the implementation of innovative systems for cooking during the day while storing
electrical energy in a battery in anticipation of periods of lower sunlight and nights [9,13,14]. In literature, the main works
concern:

/ A box-type solar PV cooker powered by a 60 Ah battery that can heat a volume of water from 30 °C to its boiling point
of 100 °C in 105 min [12]. The batteries are charged directly by 200 W peak PV panels.

+/ A hybrid box-type solar cooker powered by thermal energy and PV panels of 75 W peak [13,14,30]. These PV panels are
used to charge a battery of 45 Ah. The operation of such a cooker supplied by the batteries shows that the boiling of
water is reached (at 90 °C) after 80 min, during a day of maximum sunshine of 836 W/m?2 [13,14].

/A solar PV-T cooker is formed mainly by [15] a photovoltaic panel and parabolic reflector. The concentrator is employed
to concentrate the sun rays and heat an absorbent plate placed inside the box oven. Heating is carried out by the direct
supply of the cooker by the electrical energy stored in the batteries. With this type of cooker (using reflectors and
photovoltaic energy) the maximum temperature reached after 250 min of operation is approximately equal to 160 °C.

/A PV cooker without energy storage, consisting of two PV panels (460 W peak), two DC/DC boost converters, and a
thermal resistor of 14 © [16]. The operation of this innovative cooker, under an illumination varying from 630 W/m? to
730 W/m? and an ambient temperature ranging from 14 °C to 24 °C, allows reaching temperatures of the heating resistor
and oil respectively to 580 °C and 265 °C after 30 min.

All work in the literature, on solar cookers with photovoltaic energy, shows the total lack of power supply the cookers
(thermal resistor) by solar batteries, equipped with a power system, adaptable to the needs of users. The heating power and
temperature are very low and do not allow the cooking of daily dishes, during badly sunny days and at night.

This bibliography synthesis shows that solar cookers powered by solar batteries operate at a very low electrical power,
and do not allow the desired heating and cooking. This is due to the low voltage of the batteries (12 V, 24 V), which directly
feed the thermal resistances of the cookers [13,22,24]. This results in a very low maximum cooking temperature (below
80 °C) and a very long cooking time (over 105 min) [13,14]. On the market, there are AC cookers powered by photovoltaic
panels and a DC/AC inverter, of high power (over 2 kW) connected to the AC electrical grid (hybrid inverter) [18]. The cost of
this installation is very excessive and cannot be realized by the inhabitants not connected to the grid (rural world, isolated
area, ...). In addition, for these installations, the absence of electrical energy from the grid causes the solar cookers to stop
working completely, even on sunny days.

In order to remedy this installation problem and to overcome the problem of powering the cookers (or other applications)
by the batteries, we propose a simple system that uses a DC/DC converter of the Boost type, dimensioned according to the
cooking powers of the users. The operation of this converter is based on the user of power switches, controlled by PWM
signals in a non-linear regime. It should be noted that in the case of use requiring important powers, important electric
currents are delivered by the batteries. In order to protect the power switches from these high currents, we propose the
use of several branches at the input of the DC/DC converter. Each branch is formed by an inductor and a power switch. The
system realized during this work is controlled by programmable digital electronic cards. We have chosen and programmed
digital components to ensure optimal operation of the cookers, taking into account any malfunctions (overvoltages and
overcurrents).

In this contribution, in order to improve the performance of the cookers powered by photovoltaic energy and ensure
their operation adapted to the users’ needs (days and nights), the design and realization of a 300 W cooker (hot plate and
box oven) are proposed. The innovative cooker is supplied by a battery (24 V, 520 Ah) through a DC/DC converter consisting
of three interleaved boost converter cells the whole system is also equipped with an electronic control block. it should be
noted that the operation and performance of the system depend only on the charge of the battery. So, it is independent
of weather variations and the absence of the sun. The remainder of this paper is organized as follows. First, we present
the structure and operation of the proposed cooker system. Second, the time-waveforms of the main electrical quantities
(voltage, current, and power) of the DC/DC boost converter are analyzed for the given PWM duty cycles applied to the three
cells. For both types of cookers (hot plates and box ovens), particular attention will be paid to: 1) maximizing the power
transfer from the battery to the thermal resistor; 2) assessing the efficiency of the system, and 3) validation of the proposed
solution for some typical applications, namely water heating and cooking food (fries and bread).
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Fig. 1. Synoptic diagram of the cooker (Hot plate and oven box) and electrical circuit diagram of the three cell DC/DC boost converter, powered by a
battery. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Structure and operation of the solar cooker powered by a battery

Fig. 1 shows the synoptic diagram of the proposed cooker system powered by a battery and the electrical circuit diagram
of the power block equipped with the control circuit. This system is designed for a power level within the range of 300 -
400 W with a view to heating thermal resistors at a temperature as high as 1000 °C. The different blocks of this system
are:

./ Photovoltaic panels of 400 W peak provide the electrical energy and store it in the battery via a charge/discharge regu-
lator.

/A 24 V/[520 Ah battery that provides electrical energy to the cooker system.

/ A DC/DC converter consists of three interleaved boost converter cells. The power switches are controlled by a digital
electronic block generating three identical PWM signals. The form of these PWM signals is improved on the rising and
falling edge by three drivers. Each cell of the DC/DC converter is formed by an inductor, a switch, and a diode. This
structure makes it possible to limit the currents that circulate in the inductors following the strong currents flowing by
the battery. The inductors are sized with L; =L, = L3 = 100 wH so that the converter operates in continuous-conduction
mode under the given specifications, i.e. an output power of 400 W, a switching frequency of 20 kHz, a 24 V input
voltage, and 75 V output voltage. Hence, the maximum value of the average output current is equal to 5.33 A. The ripple
of the currents of the inductors Aij is not exceeding 5 A [18-21]. Note also that the input and output capacitors in the
converter are selected to be Ce = 1000 uF and Cs = 1000 wF, respectively.

+/ An electronic block formed by a digital circuit (Raspberry Pi Pico) [32] generates three identical PWM signals to control
the power switches (T1, T2, T3), of the three boost converter cells, in switching mode. This digital circuit is equipped
with analog and digital components, passive and active, in order to carry out the acquisition of the electrical (voltages,
currents, and powers) and thermal quantities (temperatures of the cooker thermal resistor). All the measured quantities
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Fig. 2. Automated measurement bench set up in the laboratory.

are displayed on an LCD display by playing on a rotary encoder. The digital and analog (active) components are polarized
by voltages 3.3 V and +12 V, from the battery.

./ Hot plate and Oven Box heated by a thermal resistor placed in a ceramic, designed to withstand a temperature of 1400 °C

and a power of 600 W.

Experimental results and discussion

Measurement bench

The measurement bench set up during this work is shown in Fig. 2. It is composed of the equipment necessary to

experiment with the proposed cooker system (Fig. 1):

Photovoltaic panels of 400 W peak, whose role is to provide electrical energy and store it in the battery via a
charge/discharge regulator.

An open lead type battery (520 Ah, 24 V) intended to supply the DC/DC boost converters with a 24 V DC input voltage
and an input current of a maximum of 30 A. These values are consistent with the characteristics of the thermal resistor
Rrperm USed to conceive the cookers.

A digital oscilloscope HPS40 to visualize all the electrical quantities in the proposed system,

The cooker (i.e. the load of the system) consists of a hot plate or oven box suitable for daily cooking by users. It comprises
a 600 W thermal resistor (Ryperm= 15 €2) of maximum temperature equal to 1000 °C [23]. In the case of the box oven,
the battery feeds either a thermal resistor placed at the bottom of the oven or a resistor mounted at the top of the oven.
The three-cell DC/DC boost converter (see Fig. 1), whose role is to match the operation of the battery to the load, ac-
cording to the common duty cycle « of the switch PWM control signals Note that here, considering the power level of
the application, MOSFETs are used as power switches [18-21]. The converter is designed to operate at the frequency of
20 kHz, maximum power of 600 W, and average input current of 25 A. As already mentioned, the ripple of the current

4
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in the inductors Aij is less than 5 A. Moreover, the ripple in the input and output voltages (denoted AV. and AVs) do
not exceed 1 V and 2 V, respectively.

The governing equations of the three-cell boost DC/DC converter can be expressed as follows [20,25]:

Vs 1
Vo 1-a R
ki_q_a )
I
. oV
Ay = ﬁ (3)
Is —(0,5-a) Vs —(0,5—a)
AVg = = 4
s Gs.f (1 — &) Rrherm Gs.f )
Moreover, since:
V
Igar = Iy + Iz + I3=3I;; and Igge = % (5)
we also have
_ Isi
IBut =3 (1 —0() (6)
Is = Ipqe (1 — o) (7)
RBat = (1 - a)z RThermique (8)

- An electronic block, formed by a digital circuit (Raspberry Pico) and active and passive components, which generates
the PWM signals to control the DC/DC boost converter, in switching mode. This block is programmed to carry out the
acquisition of all electrical (voltages, currents, and powers) and thermal (temperature of thermal and cooking resistor)
quantities. All digital and analog (active) components are polarized by DC voltages +12 V, +3.3 V, and +5 V, using a
dedicated card realized during this work and powered by the battery.

- Switches (ON/OFF) to power the system.

The cost of the complete autonomous cooker proposed in this work depends on the costs of the batteries, the photo-
voltaic panels which charge these batteries, and the electronic control block. A preliminary economic study has shown us
the overall cost of our system is clearly interesting compared to the efficient thermal solar cooker operating on the son of
the sun [17,28]. A more in-depth study on high-power systems (1.2 kW) is in progress.

Operation of the three-cell DC/DC boost converter

In order to validate the operation of the DC/DC converter, experimental measurements are carried out on the system
shown in Fig. 2. The typical waveforms are depicted in Figs. 3 and 4 for each cell of the converter: the PWM signals with a
duty cycle «=0.7, the voltages across the power devices (MOSFETs and diodes), the voltage across each inductor, as well as
the battery voltage and the voltage at the output of the converter. These results show:

/ ldentical PWM signals for controlling each switch (PWM1, PWM 2, and PWM 3), with a frequency of 20 kHz and an
amplitude of 12 V. The shape and amplitude of the signals are consistent to control the power switches (MOSFETs) of
the boost converter in nonlinear regime [18-21].

/ When the PWM signals are in the high state (+12 V), the switches behave like short circuits (Vps= 0 V ideally), and
the current flowing through each inductor increases (under the applied voltage V= Vbat = 24 V). During that operating
sequence, the diodes are blocked (Vp= Vs= —70 V),

/ When the PWM signals are in the low state (0 V), the switches behave like open circuits (Vps= Vs = 75 V), and the
inductor currents decrease (under Vi = Vp,; -Vs = _46 V). During this sequence, the diodes are conducting (Vp = 0 V
ideally),

»/ The battery voltage and the voltage at the output of the converter reach the average values Vy,; =24 Vand Vs =75V
(Fig. 3). Moreover, due to the smoothing effect of the capacitors (Ce and Cs), the ripples in the corresponding voltages
are equal to 1 V and 2 V, respectively.

/At the given power (400 W), the average current flowing through each inductor is approximately 5.3 A, with a ripple of
5A.

Note that the comparison of these results with simulations conducted in Orcad-Pspice has shown a very good agreement.
Moreover, the efficiency of the DC/DC converter is 90%. From the above, it can be concluded the proper operation of the
three-cell DC/DC boost converter conceived in this work (Fig. 2).

5
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Operation of the hot plate cooker supplied by the battery

In order to prove the feasibility and reliability of the 'Hot plate’ cooker (Fig. 1) developed during this work, experimental
tests are first conducted on the prototype shown in Fig. 2. The considered scenarios are:
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Fig. 5. Electrical quantities, experimental and simulated (A to D), at the input and at the output of the complete system, when heating one liter of water.
A Input and output voltages; B Input and output currents; C Converter input and output power; D Efficiency of the converter; E Energy supplied by the
battery, energy consumed by the thermal resistor while heating and capacity “consumed” by the battery; F Temperature of the thermal resistors and water.

- Heating one liter of water until boiling,
- Cooking food (here 1 kg of fries) at high temperature (typically above 120 °C).

We chose these two applications to experiment with our system in two situations requiring medium (100-140 °C) and
high (> 200 °C) cooking temperatures. These situations correspond to the daily lifestyles of the beneficiaries, in the rural
and urban world. For each experiment, the electrical quantities (voltage, current, power) at the input and output of the
DC/DC converter are recorded as well as the electrical heating energies, electrical energy supplied by the battery, the DC/DC
converter efficiency, the temperatures of the thermal resistor and that of the water and oil is heated. For the voltages,
currents, powers, and efficiencies, the theoretical results (obtained according to Eqs. (1) to 6) are also reported on the
graphs.
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Fig. 6. Electrical quantities, experimental and simulated (A to D), at the input and at the output of the complete system, in the case of cooking 1 kg of
fries. A Input and output voltages; B Input and output currents; C Converter input and output power; D Efficiency of the converter; E Energy supplied by
the batteries, energy consumed by the thermal resistor while cooking and battery capacity “consumed”; F Temperature of the thermal resistors and oil.

It should be noted that as concerns heating one liter of water, we deduced the heating efficiency n of the proposed
cooker [4,8]. This is done by estimating, for an electrical output power PS of the DC/DC converter, the sensible output
power Py of heating of water of mass m,, from the increase in water temperature AT, during a period At. The power Py and
the thermal efficiency n was calculated using the following expressions:

my x Cp x AT
b = At
Py

7I=E

(9)

(10)
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Fig. 7. Cooking food (fries) using the hot plate of Fig. 2.

_ my x Cp x AT
- Ps. At (1)
Where:

Cp: Specific heat capacity of water at constant pressure (4.18 kj/kg- °C).

Water heating

The typical results obtained when heating one liter of water are shown in Fig. 5. It can be observed that the DC voltages
and currents of the converter are worth respectively 21.8 V and 16 A at the input, and 70.5 V and 4.22 A at the output. The
input and output power of the converter is 350 W and 298 W respectively, corresponding to an efficiency of 85%.

The temperature of the thermal resistor reaches the value of 200 °C after 5 s of heating (i.e. a temperature rises of
40 °C/s) and the maximum value of 640 °C after 20 s. During 5 min of heating, the water temperature varies from 21 °C to
37.5 °C, with a thermal efficiency estimated to be 77% and the water reaches the boiling temperature of 99 °C after 25 min
of heating. The electrical energy supplied by the battery and the energy available for heating is 523 Wh and 444.6 Wh,
respectively which is a capacity of 20.4 Ah of the battery “consumed” (i.e. about 4% of the capacity of the battery when
fully charged)

These results obtained show a very good agreement between the experimental results and simulation. Comparing these
results with those obtained on conventional thermal ovens [4,33-35,37], it can be concluded that the innovative cooker
proposed in this work has good energy performance: reduction in water heating time by 25% and improvement of the
thermal efficiency by 77%. For the considered experiment, this clearly demonstrates the feasibility of the operation of the
hot plate powered by the solar battery and using the above-described power block with PWM control.

Cooking food (Fries)

In Fig. 6, the typical results obtained in the case of cooking 1 kg of fries by the electrical energy supplied from the
battery are presented. It can be observed that the DC voltages and currents of the converter are respectively 22.5 V and 15.6
A at the input, and 70 V and 4.21 A at the output. The input and output power of the converter are respectively of the order
of 351 W and 295 W, i.e. efficiency of 84%, The oil temperature reaches 100 °C after 6 min of heating, that is a temperature
rise of 16.67 °C / min with a maximum temperature of the heating resistor and that of oil are respectively of the order of
640 °C and 230 °C. When adding 1 kg of fries, the oil temperature decreases temporarily to 102 °C. Then, it increases again
gradually while cooking to reach 230 °C, after 15 min.

The energy provided by the battery and the energy used during a time of 20 min of cooking are respectively of the
order of 647.36 Wh and 537.23 Wh, i.e. consumption of 1.34% and 1.47% of the total energy supplied by the battery. The
“consumed” capacity of the battery is about 28.72 Ah, which corresponds to 5.52% of the capacity of the battery when fully
charged).

The comparison of these results with those available in the literature for traditional cookers devoid of thermal and elec-
trical storage (thermal box ovens, heating plates with photovoltaic panels) [16,17,26,29,31,36] shows remarkable perfor-
mances. These are comparable to the results in literature when the cookers (heating plates) are supplied by photovoltaic
panels [16]. It can therefore be concluded to the proper operation of the cooker shown is in Fig. 2, especially for cooking at
high temperatures (>120 °C) (Fig. 7).

Operation of the oven box cooker by solar batteries

In order to show the feasibility and reliability of the 'Box oven’ cooker (Fig. 1) developed during this work, the prototype
shown in Fig. 2 is also tested according to the following two scenarios:
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Fig. 8. Electrical quantities, experimental and simulated (A to D), at the input and at the output of the complete system, when heating 1 liter of water.
A Input and output voltages; B Input and output currents; C Converter input and output power; D Efficiency of the converter; E Energy supplied by the
batteries, energy consumed by the thermal resistor during heating and “consumed” capacity of the battery; F Temperature of the thermal resistor and

water.

- Heat

ing one liter of water until boiling,

- Baking bread at temperatures above 100 °C.

For each scenario, an acquisition of the main quantities of interest is performed. These are the electrical quantities (volt-
age, current, power) at the input and output terminals of the DC/DC converter, the heating energy, the electrical energy
supplied by the battery, the efficiency of the DC/DC converter, as well as the temperatures of the thermal resistor, heated
water and on the interior of the oven.
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Fig. 10. Baking bread in the oven box in Fig. 2.

Water heating

Under the same conditions as in paragraph IIl. 3. 1, the box oven is first used to heat one liter of water. It can be
observed that the voltage and current at the input of the converter are respectively 20.6 V and 15 A, at the output are
of the order of 65.1 V and 4.1A, which correspond to the power at the input and output of the converter of 309 W and
266.91 W respectively, i.e. efficiency of 86%.

During 5 min of heating, the water temperature varies from 20 °C to 37 °C (which corresponds to a heating rate of
3.4 °C/min) with a thermal efficiency estimated to be 78%. The energy supplied by the batteries and that for heating is of
the order of 597.27 Wh and 493.96 Wh each, i.e., 4.78% and 3.95% of the total energy stored by the battery. The capacity of
the battery “consumed” during heating is of the order of 23.3 Ah (i.e. 4.4% of the capacity of the fully charged battery).

All the above results show similar performance to the results obtained with the heating plate, and even better perfor-
mances compared to conventional box ovens [16,17,26,29,31,36]. We can thus conclude the proper operation of the box oven
supplied by the batteries and using the power block with the electrical control circuit designed in this work.

Baking bread

Finally, the solar oven in Fig. 2 is used for the application of baking bread (1 kg). The measurements include the electrical
quantities at the input and output terminals of the converter, the temperature inside the oven, and the temperature of the
thermal resistor. It can be observed that the voltage and current at the input of the converter are of the order of 20.6 V and
15 A respectively. The corresponding DC voltage and current measured at the output are 65.1 V and 4.1A which is the input
and output power of the converter of the order of 309 W and 266.91 W (i.e. efficiency of 86%).

The maximum temperature of the heating resistor and that of the medium are respectively of the order of 620 °C and
147 °C with a temperature of the oven reaching 100 °C after 30 min of heating (i.e. a heating rate of 3.33 °C/min). When
adding bread, the temperature of the oven decreases to the value of 102 °C. Then, it increases again gradually while cooking
to reach the final temperature of 140 °C.

The energy supplied by the battery and that available for heating are respectively of the order of 59727 Wh and
493.96 Wh (i.e., 4.78% and 3.95% of the total energy stored by the battery) with the capacity of the battery “consumed”
during 30 min of the cooking time is about of 23.3 Ah (i.e. about 4.4% of the battery capacity when fully charged).

The above results show performance practically comparable to classical cooking with wood [37, 38] or gas [38, 39]. These
performances and the low consumption of electrical energy while cooking (< 5%) demonstrate the feasibility of the box
ovens (Fig. 2), powered by solar batteries, for cooking bread. This system could be applied to other daily cooking (vegetables,
meats, etc.).

Conclusion

In this paper, we have shown the feasibility of the operation of a cooking system (hot plate and box oven) supplied by
solar batteries (24 V, 520 AH). The batteries are charged by the photovoltaic panels (600 W peak), and the cooker is formed
either by a hot plate or a box oven. The heating of the cooker is carried out by these solar batteries that power a three-cell
DC/DC boost converter (equipped with a numerical control that generates the PWM signals at the frequency of 20 kHz and
a duty cycle of 0.7) and a thermal resistor of 15 €.

Experimental tests conducted on this cooker have shown that the temperatures reached while heating one liter of water
or cooking food (Fries and bread) are 99 °C and 150 °C, respectively, after 25 min and 30 min. The efficiency of the conceived
converter is 90% and the thermal efficiency is about 78%. Moreover, the heating or cooking time is of the order of 30 min
and the energy consumed for cooking is less than 5% of the total energy stored in the batteries (when fully charged); These
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results demonstrate the proper operation of the DC/DC converter and its numerical control, and the global cooker (hot plates
and box ovens) designed during work.
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