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The article presents the design conception of a high mobility energy generation and storage system
with intelligent energy conversion and storage systems for use in military and civilian purposes in regions
with damaged infrastructure, where access to electricity and hot water is limited or threatened due to
man-made actions or natural damage. The proposed system main feature is modular design which com-
bines a heat collector, electrical energy converter, and related energy storage systems. The modular, relia-
ble design and ease of deployment of the proposed system, the size of which allows to carry out in standard
shipping containers, enables rapid and flexible scaling of a deployed solar power plant, production and
storage of electricity and hot water. The design of the module of the proposed system is based on the use of
highly efficient multi-junction III-V solar cells in combination with economically and reliable plastic made
system for concentrating solar radiation. At the same time, the cooling of solar cells to maintain their op-
erating temperature provides heating of water to the minimum values required in domestic conditions.
Also, the modular principle is the basis of the system for storing and distributing electrical energy, which
is supposed to be made of highly efficient Li-Fe based rechargeable batteries, which today have one of the
best indicators in terms of the ratio of volume and accumulated energy. An intelligent control system based
on microcontrollers provides accurate positioning of solar cells, the implementation of the MPPT algorithm
to maximize power generation and maintain a balance between supplying consumers and charging batter-
ies. Modularity makes it possible to form emergency power supply complexes of different power (45 W of
electric power and 50 W of thermal energy per one module) for provide emergency and permanent power
supply of most electronic devices according to the standard protocols PD 3.0, QC 3.0, 12V, 220 V as well as
supply consumers with warm water for basic needs.
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1. INTRODUCTION

For Ukrainian civilian and military users, damage
of the country's energy infrastructure caused by the war
has limited the reliable supply of electricity and hot
water. Similar needs also arise as a result of natural
phenomena, such as hurricanes and the effects of global
warming, and are relevant for some US states and
countries in Africa and Asia. Currently available solar
heat generating and combined cogeneration systems are
designed to work in conditions of unconcentrated sun-
light, as a result of which a typical energy supply sys-
tem of an average household or a small civilian or mili-
tary point has a photoreceiving surface area of 10-15 m2
or more and consists of expensive, heavy and fragile
solar panels based on silicon. In the conditions of war on
the territory of Ukraine, as well as during the liquida-
tion of the consequences of natural disasters, the mass
deployment of such systems for the energy supply of the
civilian population and military consumers is not opti-
mal, since the dimensions of such systems do not ensure
their rapid transportation and deployment.

Using concentrated sunlight, it is possible to sig-
nificantly reduce the number of solar cells needed to
achieve the same level of electricity production [1, 2],
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by developing a system that combines a heat collector,
an electrical energy converter, and the corresponding
energy storage systems.

The purpose of the article is to develop and analyze
the design of a high mobility energy generation and
storage system with intelligent energy conversion and
storage systems for military and civilian use in regions
with damaged infrastructure, where access to electricity
and hot water is limited or threatened due to man-made
actions or natural damage.

2. DESIGN CONCEPTION OF A HIGH MOBILITY
ENERGY GENERATION AND STORAGE SYSTEM

In recent years, there has been a steady trend
among photovoltaic system researchers to introduce
mass production of photovoltaic systems that use con-
centrated solar radiation, and one of the most obvious
advantages of such systems is usually a radical im-
provement due to a reduction in the weight and size of
the system. The implementation of such developments
became possible thanks to the introduction into mass
production the highly efficient solar cells (SC) based on
GaAs, capable of working in conditions of concentrated
solar radiation, the efficiency of the best samples
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among which exceeds 40 % [3-5]. The reduced size of
the solar battery from such SC significantly simplifies
the solution to the problem of efficient heat transfer
from the SC to the heat exchanger, in particular, the
contact of such elements can be made by soldering. It is
assumed that with such design, the long-wave compo-
nent of solar radiation passes through the SC practical-
ly without loss and is absorbed directly in the heat-
receiving unit, thereby reducing the operating temper-
ature of the SC without losing the efficiency of thermal
energy collection [6, 7].

Based on the results of the exploratory research,
the concept of a high mobility energy generation and
storage system using concentrated solar radiation,
highly efficient solar cells based on SC from gallium
arsenide, and intelligent systems for converting and
storing electrical and thermal energy was developed.

The key features of the proposed system are porta-
bility and potential for rapid response due to the possi-
bility of transportation in a standard container.

Structurally, the solar concentration system is a
size-critical component of the complex, and therefore
must be able to be packaged to a minimum size and
weight and then deployed with minimal effort and
time.

To solve this problem, a modular design of a high
mobility solar system is proposed (Fig. 1), the main
elements of which include a generating module (GM) -
where solar cells based on GaAs and a solar concentra-
tor based on Fresnel lenses [8, 9] will be installed on a
light aluminum or composite structural frame and
storage and conversion module (SCM) - in which the
schematic solution of an intelligent energy conversion
and storage system provides the ability to work with
the required number of batteries based on high-
efficiency lithium-iron-phosphate batteries and hot
water tanks.

Each of these modules is a structural unit by vary-
ing the number of which we can scale the power of the
system.

As can be seen from Fig. 1, by using repeated solar
energy conversion units of about 0.16 square meters
each, we have the ability to vary the size of the de-
ployed array of these units to provide the required
volume of electrical and thermal energy production.
The proposed surface area of this solar energy system
will be comparable to typical silicon-based solar panels.
Such a result can be achieved by using Fresnel lenses,
which are characterized by a small focal length, at the
level of the diameter of the lens itself, to concentrate
solar radiation.

In turn, the energy storage module due to the exist-
ing power reserve of the conversion and charging board
has the ability to work with different numbers of bat-
tery cells, which is directly dependent on the number of
generating modules and depends on the needs of the
system customer.

This solar concentrating design requires a tracking
system to keep the device pointed at the sun during the
day. For this, can be used compact, high-performance
mounts for satellite communication or radar system
which manufactured in accordance with MIL-STD
requirements for resistance to adverse weather condi-
tions and other external factors.
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Fig. 1 - Scheme of a high mobility energy generation and
storage system

3. POWER GENERATION MODULE

The main element of the proposed system should be
a heat-electricity generating unit whose design is based
on the principle of modular design, which allows the
flexible adjustment of the installation's power to meet
energy needs in a specific place of its use.

For this, the heat-electricity generating unit will
consist from separate generating modules (GMs) that
have a conceptually complete design and can generate
up to 150 W of energy under lighting conditions of
800 W/m?2, of which 45 W are electric and 50 W are
thermal energy, having in total near 70 % generation
efficiency. Fig. 1 shows the schematic design of GM, the
main design features of which are the use of a battery
from highly efficient (up to 40 %) solar cells based on
gallium arsenide, which work in conditions of concen-
trated solar radiation, created using Fresnel lenses, the
construction of which is made from plastic and imple-
mented in a large-scale production.
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As can be seen from Figure 1, this design of GM pro-
vides its closed design, which is a significant advantage
compare to systems that use parabolic mirrors to concen-
trate solar radiation. Removal of excess heat from the
SC and generation of thermal energy is provided by
installing the SC on a heat exchange element which is
connected to a typical double-circuit heat exchanger
tank.

During the development of the proposed system, we
performed preliminary studies aimed at confirming the
effectiveness of the GM concept shown in Fig. 1.

Solar cells based on gallium arsenide, produced in
the USA and studied in [10], was chosen for the genera-
tion of electrical energy, which, according to the specifi-
cation, have an efficiency of up to 29.5 % under illumina-
tion conditions of 50 W/cm?2 and can work effectively at
an operating temperature of up to 75 °C. The appearance
of such a SC is shown in Fig. 2a, and its cross-section is
shown in Fig. 2b. A feature of the design of such SCs is
that due to the presence of a grid like electrode on the
back surface, they are able to directly transmit the long-
wave component of solar radiation to the heat exchange
unit, which reduces the heat load on the SC itself.
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Fig. 2 — Appearance of SC based on gallium arsenide (a) and
its cross section (b)
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In the process of preliminary testing and develop-
ment of the technology of connecting SCs with contact
electrodes, a series of illuminated voltage-current char-
acteristics measurements of such SCs was carried out
using the measuring stand shown in Fig. 3.

Fig. 3 —- Measuring stand of illuminated current-voltage char-
acteristics of SC

The stand includes a solar radiation simulator
USO-3, developed at the Micro- and Nanoelectronics
Department of NTU "KhPI" and capable to provide SC
irradiation with a frontal surface area of up to 25 cm?2 in
conditions that correspond to the AM1.5 mode in terms
of spectral and energy characteristics (1000 W/m2). The
current-voltage characteristics were measured by a
Keithley—2400 source meter connected to a PC with the
LabView software, due to which the measurement was
carried out in a fully automatic mode during a time that
excludes the influence of SC heating on its characteris-
tics.

A typical current-current characteristic for the test-
ed SC samples is shown on Fig. 4a.
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Fig. 4 — Typical current-voltage characteristic of SC based on
gallium arsenide, measured for illumination conditions K; =1
(a) and current-voltage characteristics of similar SCs given in
[10] for illumination conditions K; = 1 and K; = 500
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As can be seen from the analysis of the obtained re-
sults, the tested SE has a very high value of the cur-
rent-voltage characteristic fill factor, so even in subop-
timal lighting conditions (such SC are designed to work
at K; up to 500), their efficiency is at the level of 25 %.
Comparing our results with presented in [10] reference
current-voltage characteristic (Fig. 4b), it can be con-
cluded that the processes of connecting the SC to the
measuring circuit did not have a negative effect on the
SC characteristics, and as can be seen, the current-
voltage characteristic measured by us at a single con-
centration coincides with the one provided by the man-
ufacturer.

It is obvious that the research of such SCs is of the
greatest interest precisely in the range of their working
concentrations, for the implementation of which a full-
scale experiment using a concentrating system can be
best suited. In the developed system as a concentrator
of solar radiation in one GM, it is planned to use a
Fresnel lens, the appearance of which is shown in
Fig. 5. Also, Figure 5 shows the appearance of the focal
spot of the lens during field tests.

Fig. 5 — Concentrating system based on a Fresnel lens
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Such a Fresnel lens has geometric parameters — 40
by 40 cm, and the size of the focal spot in which
Ki =200 is provided is about 2 x 2 cm. It is made on the
basis of transparent acrylic plastics, which are charac-
terized by low cost of production (the cost of one lens is
$ 10) and durability to the influence of external factors,
both mechanical and chemical. Optical features of the
Fresnel lens — the focal distance is equal to the size of
the sides of the lens, allows to minimize the geometric
dimensions of the GM and make it in the form of a
closed box to prevent external influence on the SC.
Since a plastic lens has a small weight compared to a
glass one, the structural elements of such a box can be
made by an economical method of 3D printing from
ABS plastic, which is strong enough for this purpose
and is also resistant to atmospheric effects. The use of
3D printing when working out the structural solution
of GM allows to quickly test different design approach-
es and, if necessary, change the design of elements
without using machine tools or toxic glues.

Another important element in the GM design is the
heat exchange unit, which ensures the removal of heat
from the SC during their operation and the transfer of
thermal energy to the coolant with its further utiliza-
tion. The use of SC based on gallium arsenide allows
maintaining a higher coolant temperature compared to
SC based on silicon, but at the same time narrows the
temperature range in which the SC should be main-
tained and makes the speed of heat removal from the
SC more important. In order to meet such require-
ments in the developed system, it is planned to use the
previously created design of the heat exchange unit
with so-called microchannels in the area of the coolant
flow. The mathematical model of heat exchange unit
solution is created in the Solid Works Flow Simulation
software environment and wused for optimization
studies is shown on Fig. 6.

As you can see from the figure, the microchannels
are made on the back side of the heat receiver and are
located parallel to the flow direction of the coolant.
Experimentally [10, 11] it has been confirmed that
such a design provides a turbulent flow of the coolant,
which is characterized by a very high intensity of heat
transfer and allows the efficient heat removal even in
the case of SC operation in conditions of highly concen-
trated solar radiation. This design was tested in a pre-
viously developed system which was designed for the
use of silicon multi-junction "photovolt" type SCs. Un-
like silicon SC devices based on gallium arsenide have
a higher efficiency, which allows to significantly reduce
the area of the heat-receiving surface and make it from
the optimal material, which for such units is copper.
Reducing the use of copper makes it possible to reduce
the cost of the developed photoelectric system as a
whole.

In the proposed design of the heat exchange unit, it
is important to ensure heat transfer from the SC itself
to the heat exchange unit. Previously, for this purpose,
SCs were usually attached to the heat exchanger by
soldering, which is not technological enough and can
negatively affect on to SC characteristics. Thermal
interfaces on an adhesive basis have a number of dis-
advantages, the main ones of which are insufficient
coefficient of thermal conductivity and low durability in
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conditions of constant heating. At present, thermal
interfaces based on metal compounds, known under the
general name "liquid metals", are introduced into wide
production. Typical samples of such compositions have
a high coefficient of thermal conductivity up to
100 W/(m*K), are stable when working outdoors and
allow minimizing the thickness of the thermal interface
layer, which is optimal for both technological and eco-
nomic reasons.

Fig. 6 — Heat exchange unit with microchannels

The proposed GM design allows to create a techno-
logically complete product, using which scaling of the
system power will be carried out by varying the
amount of GM in its composition, and not by increasing
the area of the mirror concentrator as in known cogen-
eration systems. Thus, according to preliminary calcu-
lations, to meet the needs of an average military out-
post or a place of temporary residence, it is sufficient to
use a system consisting of 8 — 10 GM in combination
with the flexible capacity developed energy storage.
AND

4. ENERGY CONVERSION

MODULE

STORAGE

For rapid accumulation of electrical energy, the
most optimal solution is using of lithium or lithium-
iron-phosphate accumulator batteries. However, their
use in power supply system’s requires the implementa-
tion of specialized energy-efficient converters of electri-
cal energy: matching — which provide communication
between the battery and the conversion system [12]

JJ. NANO- ELECTRON. PHYS. 15, 05009 (2023)

and service — which ensure a safe operation mode of the
accumulators (equalization of voltage levels on serially
connected accumulators, control over compliance with
the limit values of the voltage levels on each battery
cell) [13, 14]. It is known that lithium-based batteries
have a number of advantages over lead-acid batteries,
but require stricter compliance with the voltage on a
single battery cell. Thus, the voltage ranges of the Li-
Ton battery regulated by the developer is 2.5-4.2 V [15].
Exceeding the lower limit causes premature "aging" of
the battery, and exceeding the upper limit can cause
the final failure of the storage device.

Powerful storage batteries for electric power supply
systems are used in the form of assemblies consisting
of a series-parallel connection of single storage units.
During their operation, the problem of uneven dis-
charge or charge arises, to compensate for which it is
necessary to balance the voltage levels in the stack
batteries. There are a large number of circuit solutions
that perform voltage equalization. Conventionally, they
can be divided into two large groups: passive (resistive)
and active balancing systems.

The first group is sometimes called "resistor balanc-
ing". This method is mainly used in a cheap device.
Virtually all excess energy from overcharged batteries
is dissipated as heat, which is certainly the main dis-
advantage of the passive method. In the active balanc-
ing method [16, 17], capacitors or inductances with
negligible energy losses are used to transfer energy
from overcharged batteries to less charged batteries.

The analysis [18] of the mathematical model of the
operation of two types of buffer elements (capacitive and
inductive) made it possible to give a qualitative assess-
ment of their effectiveness (Fig. 7). The first, in compari-
son with inductive ones, not only have worse energy
characteristics, but also do not allow to perform "scaling"
of the device without significantly complicating the con-
trol system. With a large number of storage devices
(more than three), preference should be given to trans-
former balancing systems, as a special case of inductive
topology.
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However, in the case of developing economic solu-
tions with a small capacity, passive balancing systems
are usually chosen.
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For emergency power supply of critically needed
electronics and communication systems, about
50-100 W of electrical energy is usually required per
hour (charging a cell phone — up to 25 W, a laptop - up
to 60 W, a router or PON terminal — 10 W, a Starlink
system - up to 60 W). For the basic needs of emergency
power, taking into account the need for uninterrupted
operation of the specified systems for at least 5 hours,
it is necessary to equip each module of the system with
an electric energy storage device with a capacity at
least 500 Wh.

In order to reduce the cost, the specified battery can
be implemented according to a standard solution with
the possibility of scaling:

— li-ion battery assembly, 32 Ah 4s (16.8V, 537 Wh),
with the appropriate balancing and protection board
(BMS);

— step-up module (to compensate the loss of voltage
in the battery during discharge, the module increases
the voltage to the desired level);

— step-down module CC/CV at 16.8V 150 W (for
charging the battery);

— battery charge indicator.

On the basis of the proposed solution, a laboratory
sample of an electric energy storage device was devel-
oped on the base of common Li-Ion batteries in the
18650 form factor (Fig. 8).

Fig. 8 — Laboratory sample of electric energy storage
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The electrical energy conversion system must be per-
formed based on standard electronics power protocols:

— increasing module Power Delivery 3.0;

— USB Quick Charge 3.0 modules;

— 12 V power supply;

— 220 V inverter.

The specified modules are available in a miniature
version for installation in a common energy storage
and conversion unit (Fig. 9).

b)

Fig. 9 - Power Delivery module XY — PDS 100 with power up
to 100 W (a) and USB Quick Charge module MH-KC24 for
four outputs with a power up to 24 W on each (b)

5. CONCLUSION

As a result of the research work, the design concep-
tion of a high mobility energy generation and storage
system with intelligent energy conversion and storage
systems is proposed for use in military and civilian
purposes in regions with damaged infrastructure,
where access to electricity and hot water is limited or
threatened due to man-made actions or natural dam-
age. For Ukrainian civilian and military users in our
country, the damage to the energy infrastructure
caused by the war has limited the reliable supply of
electricity and hot water. The proposed modular system
combining a heat collector, electrical energy converter,
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and related energy storage systems is a promising
candidate to solve this problem in a rapidly deployable
modular form factor.

The modular, reliable design and ease of deploy-
ment in the proposed system, the size of which corre-
sponds to numerous units in standard shipping con-
tainers, enables rapid and flexible scaling of a deployed
solar power plant, production and storage of hot water.
Modularity makes it possible to form emergency power
supply complexes of different power (45 W of electric
power and 50 W of thermal energy per one module) and
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VY cTarTi mpeacTaBIeHo KOHIIEIIIHn pO3PO0KH BHCOKOMOOLILHOI CHCTEMH IeHepallil 1 HaKOIMYeHHs eHep-
rii 3 iIHTeJIeKTyaJIbHUMU CHCTEMAMU IIePEeTBOPEHHS Ta HAKOIIMYEHHS eHeprii [ BUKOPUCTAHHA Y BIACHKO-
BHUX 1 IIUBIJIBHUX IIUJIAX Y PErioHax 3 IOIIKOYKEHO00 1H(QPacTPYKTypoIo, JIe JOCTYII 0 eJIeKTpoeHeprii Ta ra-
psiyoi Bogu oOMesKeHUM ab0 3HAXOIUTECS i 3arpo30I0 Yyepea JIIOAUHY a00 MpUpo Hl HonrkomxeHHsa. OcHOB-
HOI0 0COOJIMBICTIO TIPOIIOHOBAHOI CHCTEMH € MOYJIbHA KOHCTPYKILISA, KA MOEIHYe B CO01 TEIIJIOBHI KOJIEKTOD,
IePeTBOPIOBAY €JIEKTPUYHOI eHeprii Ta BIIMOBIIHI CUCTEMY HAKOIUYEHHS eHeprii. MoayibHa, HaaiiHa KOH-
CTPYKILiS Ta IIPOCTOTA POTOPTAHHS 3AIIPOIIOHOBAHOI CHCTEMH, PO3MIP SKOI TO3BOJISIE 3MIMCHIOBATHA TPAHCIIO-
PTYBAHHS B CTAHJAPTHUX TPAHCIIOPTHUX KOHTeMHepax, 3abesleduye MBUIKE TA THYYKe MACIITa0yBAHHS PO-
3TOPHYTOI COHSYHOI eJIEKTPOCTAHINI, BUPOOHUIITBO Ta 30epiraHHA eJIeKTPOeHepTil Ta rapadol Boau. KoHer-
PYKIIisT MOIYJIS IIPOIIOHOBAHOI CHCTeMM 0a3yeThCs HA BUKOPHUCTAHHI BHCOKOE(EKTUBHUX 0AraTOIepPeXiTHUX
coussuaux exeMenTiB 111-V y moegnanHi 3 eKOHOMIYHOIO Ta HAMIMHOIO IJIACTHKOBOI) CHCTEMOI0 KOHIIEHTPAIIIT
COHSTYHOTO BHIIPOMIHIOBAHHA. [Ipy IIbOMY 0XOJIOMKEeHHS COHAYHUX OaTapeil JJIa MATPUMKHM iX poO0odoi TeM-
meparypu 3abesedye HarpiBaHHA BOOM [0 MIHIMAJIBHUX 3HAYEHBb, HEOOXITHUX y I00YTOBUX yMOBax. Taxox
MOMYJILHUN IPHUHIIAIL JIEKATh B OCHOBI CHCTEMHU HAKOIIMYEHHS TA PO3IOILILY eJIEKTPOEeHepril, AKy Iepenoa-
YaeThCA CKJIANATH 3 BUCOKOE(EKTUBHUX aKyMyJIATOPHUX Gartapeit Ha ocHOBI Li-Fe, Akl Ha chorogHi MamoThb
OITHI 3 HAWKpAIIUX MOKA3HUKIB 3a CIIIBBIIHOIIEHHSIM 00 €My T4 HAKOIMYEeHAa eHeprid. |HTeJieKTya bHa CHC-
TeMa YIIPABJIIHHSA HA OCHOBI MIKPOKOHTPOJIEPIB 3abe3lmedyye TOUHE ITO3UINIOHYBAHHS COHSYHUX €JIEMEHTIB,
peauizarito asropurmy MPPT nyist MakcuMasibHOTO 301/IbITEHHST BUPOOJIEHHS eJIEKTPOCHEPTIl Ta MiATPUMKN
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K.O. MINAKOVA, M.V. KIRICHENKO, R.V. ZAITSEV, ET. AL. JJ. NANO- ELECTRON. PHYS. 15, 05009 (2023)

faJlaHCy MiK JKHUBJICHHAM CIIOKHMBAYIB 1 3apSAIK0I0 aKyMyJaaTopi. MoayJibHICTD q03B0JIsTe DOPMYBATH KOM-
IJIEKCH aBapIMHOr0 KUBJIEHHSA PisHol moTyskHOCTI (45 Bt enexTpuuwoi morysxHocti Ta 50 Bt TeriosBoi enep-
Tii Ha OIMH MOJYJIb) JIJIS 3a0e3IeUYeHHsI aBAPIAHOT0 Ta MOCTIMHOTO YKUBJICHHS O1JIBIIOCTI eJIeKTPOHHUX IPH-
cTpoiB 3a cragmapraumu mporokosamu PD 3.0, QC 3.0, 12B, 220B, a Takosx 3a0e3meUnTH CIOKUBAYIB TEII-
JIOI0 BOJIOKO JIJIsI OCHOBHUX TIOTPED.

Knrouogi ciosa: Mo6inbaicts, Constuni 6aTapei, 30epiranus, Barapei, EdexkrurHicTs.
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