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Abstract. This paper examines the design principles of smart photovoltaic power sources. It explores the devices
that transform traditional photovoltaic sources into smart electrical energy systems and describes the hardware
required to implement these intelligent functions. The study investigates the structural principles of photovoltaic
sources with reconfigurable internal topologies. It demonstrates the feasibility of employing switched connections
instead of fixed wiring for interconnecting solar cells within a panel, noting that such connections can be dynami-
cally controlled. The use of field-effect transistors is identified as the most suitable switching element. The paper
contrasts the conventional approach, where source topology is modified by connecting or disconnecting individual
photovoltaic cells, with an alternative method utilizing a switching unit to arrange elements in parallel or series
configurations. A practical implementation of a photovoltaic panel is proposed, featuring cells interconnected via
commutation cells under the control of a programmable microcontroller. Furthermore, the principle of forming an
electrical grid incorporating these smart photovoltaic panels is presented. Two distinct configurations are realized:
one utilizing traditional communication networks and another employing hybrid power-communication lines and
devices. Key advantages of smart photovoltaic sources are highlighted, emphasizing that power systems equipped
with such sources benefit from the dynamic optimization of generation parameters. Finally, the principles for de-
veloping a data exchange communication protocol between smart photovoltaic sources are described, followed
by concluding remarks.
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AHomauyia. Y pobomi posansdaromeca npuHyunu nobydosu iHmenekmyasnsbHUX pomoenekmpuvHUx oxcepet.
PosznsaHymu npucmpoi, 3a 0ornomozoto AKUx, mpaduuiliHe ghomoenekmpuyHe Oxcepesno cmae iHmenekmyane-
HUM OxcepesioM eseKmpuyHoi eHepeii. OnucaHo HeobxioOHe 061a0HaHHA 014 peanizauii Oxcepen 3 iHMenekmya-
AbHUMU hyHKYiamU. Po3z2asHymi npuHyunu nobydosu ¢homoenekmpuydHuUx Oxepen 3i 3MiHHO 8HYyMpPIiWHbOHO
mononozieto. [TOKA3aHA MOXAUBICMb 30CMOCY8AHHSA 0118 3'€OHAHHA (homoenemeHmis 8 naHesi 3amicme ikco-
BGHUX 3'€OHAHb, KOMyMOBAHUX 3'€0HAHbL. BiOMiYeHO Ujo MakKi 3'€OHAHHA MOX(Yymb Kepysamucs OUHAMIYHO. Bio-
Mi4eHo, W0 8 AKOCMI Kstouie 00oUisibHO 8UKOPUCMO8Y8aMU Mosb608i mpaH3ucmopu. lokazaHo mpaduyitiHuli nio-
Xi0, 8 AKOMY monosoeis 0xepena MiHAEMbCA 3a PAXYHOK MPUECHAHHA Ma 8i0’€OHAHHA homoenekmpuYyHUX
esniemMeHmis, @ MAKOM MOKA3AHO aAbMepHAMuU8BHUl Wsax nobyoosu Oxcepesn 3 BUKOPUCMAHHAM KOMymau,iliHo2o
8y31a, AKUl 3’€0HYE ennemeHmu napanenbHo Yu nocsnidoeHo. 3anpornoHO8aHa peanizayia pomoenekmpuyHoi na-
Hesli 3 eneMmeHmi8, AKi 3’€0HAHI 30 O0MNOMO20t0 KOMyMAy,iliHOI KOMIPKU 1i0 KepyB8aHHAM NPo2PaMHO Kepos8aHO20
MIKpOKOHMponepa. MoKa3aHo NPUHYUN ymeOPEeHHSA enekmpu4Hoi Mepexi, AKa Micmume iHmeanekmyanoHi ¢o-
moeneKmpuyHi naHeno. PeanizoeaHo 08a sapiaHMu, 0OuH 3a 00rNoOMO20t0 MPAOUYilIHUX KOMYHIKauiliHUx me-
pexc, iHwul 3a 00Nomo20t0 KOMBIHOBAHUX eneKMpPUYHO-KOMYHIKaYiliHux niHiti ma 3acobis 368°a3ky. AKueHmo-
B8GHO HA K/HOYOBUX Mepesazax iHmesneKmyasnbHUX homoesnekmpuyHux oxcepen. BiomiueHo, wo nepesazoro
eHepaemu4HUX CUCMEM 3 MAKUMU Oxcepenamu € OUHAMIYHA OnMuUMI3ayia eeHepayiliHux napamempis. OnucaHi
npuHyunu nobydosu KOMyHIKayiliHo2o NPomoKosy 0bMiHy OaHUMU MiXC iHmesneKkmyasnbHUMU ¢homoenekmpuy-
HUMU Oxcepenamu. 3pobrneHi 8UCHOBKU.
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Introduction

The advancement of solar energy and its integration into
various sectors of the economy and industry necessitate
comprehensive and in-depth scientific research focused on
the efficiency and versatility of such power sources [1, 2].
Accordingly, the deployment of diverse energy solutions
driven by industrial and consumer demand prompts re-
search into the flexibility and controllability of power
sources. On the other hand, progress in microcontroller
technology and communication systems enables the inte-
gration of digital intelligence directly into these sources, fa-
cilitating the development of integrated smart energy solu-
tions. Furthermore, solar energy sources are highly
conducive to the implementation of smart solutions, as
they consist of arrays of individual generating units that al-
low for flexible control and management.

The core concept of this research is that a smart solar
source is not merely a silicon wafer generating current, but
a comprehensive system integrated with electronics to op-
timize performance at the level of each individual module
or panel.

Objective

The objective of this research is to leverage variable inter-
nal source topology to develop photovoltaic modules and
panels that align with modern smart technology standards,
specifically regarding versatility, controllability, and com-
munication capabilities.

Methods and materials. System Components and Key
Technologies

For a photovoltaic source to become 'smart," it must move
away from the traditional design principle of fixed output
parameters and be equipped with additional electronic and
power switching hardware. The transition of a conventional
PV source into an 'smart' one is facilitated by the integra-
tion of the following devices: Power Optimizers for Maxi-
mum Power Point Tracking (MPPT); microinverters to con-
vert direct current (DC) to alternating current (AC) directly
within the generator, effectively turning the source into an
independent power plant; and monitoring and communica-
tion systems (such as Wi-Fi, Zigbee, or PLC) for data trans-
mission. Notably, unlike traditional systems where multiple
panels are connected into a single string, smart panels pos-
sess their own 'brains' in the form of MLPE (Module-Level
Power Electronics) [3, 4].

The paper proposes moving away from external electronic
devices by delving into the internal circuitry of the source,
integrating many of the aforementioned devices directly
into the topology of generating electrical circuits, or replac-
ing certain necessary components by modifying output pa-
rameters through changes in internal topology. Thus, the
internal circuitry of a smart source can be either a combi-
nation of a classical semiconductor photovoltaic structure

and an integrated MLPE module [5], or a combination of
switching units with a control module for dynamic topology
modification and a communication device. In other words,
the electronic architecture of a smart PV panel consists of
internal switching elements or external power control ele-
ments, a communication and telemetry unit, and, if neces-
sary, an AC conversion unit.

Internal Cell Commutation.

A standard photovoltaic (PV) panel consists of 60 or 72 so-
lar cells connected in series to form groups known as sub-
strings. In conventional modules, these connections are es-
tablished via a busbar integrated with bypass diodes, typi-
cally featuring three Schottky diodes within the junction
box. In contrast, smart panels utilize active MOSFET-based
bypass controllers instead of passive diodes. These control-
lers exhibit a significantly lower forward voltage drop,
thereby minimizing the formation of hotspots and reducing
power losses under partial shading conditions. This config-
uration establishes an internal source topology that facili-
tates the connection or disconnection of an individual gen-
erating cell to a sub-string, as well as the integration of
strings into the panel (Fig. 1) [6].

\\ cell 1
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Fig. 1. Connection of photovoltaic cells to a busbar

An alternative approach involves cell switching based on a
topology that enables the direct parallel or series connec-
tion of a power cell within a panel to other generating ele-
ments. In this configuration, switching occurs between the
individual cells themselves rather than through a common
busbar (Fig. 2).

\\ cell 1

Fig. 2. Connection of photovoltaic cells by a commutation
cell
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The principles of dynamic change in the internal source to-
pology, as presented in Figure 1 and Figure 2, are fundamen-
tally different and can be applied either independently or in
combination, depending on the required output parameters
of the power supply. It is appropriate to utilize MOSFETSs as
switches due to their numerous advantages [7]. Notably, the
switching principle illustrated in Figure 2 can be effectively
implemented by forming switching nodes— commutation
cells — which significantly simplifies the fabrication, model-
ing and simulation of such power sources [8].

External Power Control. Architecture of the Integrated
Optimizer (DC/DC)

The majority of smart panels integrate an optimizer directly
into the Junction Box. The circuit architecture consists of
the following components:

e A high-frequency pulsed converter [9], which includes
an input filter (low ESR capacitors designed to smooth
ripples from the photovoltaic cells);

e A power stage (Buck-Boost or Interleaved Buck), utilizing
MOSFETs with low channel resistance. In high-end mod-
els, Gallium Nitride (GaN) transistors are employed to op-
erate at frequencies of 200-500 kHz, thereby allowing for
a reduction in the size of the inductors [10]. The primary
function of this stage is to modulate the panel's output
voltage to ensure that the product P = VI remains maxim-
ized, regardless of the load on the entire string;

e A microcontroller unit (MCU) [11], which executes the
Maximum Power Point Tracking (MPPT) algorithm [12,
13] and analyzes the current-voltage characteristic (IV-
curve) every few milliseconds.

Communication and Telemetry Block

This component of the circuit, which is absent in conven-
tional panels, is responsible for the system's "intelligence."
It comprises:

e A communicator, which may be a standard unit requir-
ing a separate communication line or a Power Line Com-
munication (PLC) modem [14]. The latter overlays a
high-frequency data signal onto the DC power wires, en-
abling the transmission of voltage, current, and temper-
ature data to the central inverter without additional
wiring [15, 16];

e A temperature sensor, integrated directly into the cir-
cuit board or attached to the backsheet of the panel to
monitor for overheating;

e A Rapid shutdown unit, a safety circuit that fully opens
the circuit upon receiving a "safety" signal, thereby de-
energizing the entire rooftop system via a power switch
[17, 18].

AC Generation Block (Microinverter)

In the case of an AC inverter [19, 20], the system incorpo-
rates a full-scale two-stage converter consisting of:

e A DC/DC Isolation Stage, featuring a high-frequency
transformer for galvanic isolation and stepping up the
voltage to 380V,

e A DC/AC Inverter Stage, utilizing a full-bridge (H-Bridge)
configuration with IGBTs or MOSFETs to generate a
pure sine wave;

e An EMI Filter, designed to suppress electromagnetic in-
terference and prevent the panel's operation from in-
troducing "noise" into the domestic grid.

The primary challenge associated with this circuit design is
reliability. The electronics must operate on high-tempera-
ture rooftops (70-80°C) for a lifespan of 20-25 years. Con-
sequently, all components must undergo rigorous certifica-
tion (Automotive or Industrial grade), and the printed
circuit board (PCB) is typically encapsulated in a special
compound to provide protection against moisture and vi-
brations. Furthermore, the self-consumption of energy by
these devices must be minimized to avoid compromising
the overall efficiency and advantages of the system.

To connect multiple panels equipped with microinverters,
itis necessary to implement a synchronization or grid-entry
device, which can be either a standalone unit or integrated
into the MCU or communication block [21, 22].

Results

Based on the principles of dynamic photovoltaic cell com-
mutation described above, this study implemented a prac-
tical circuit (Fig. 3) comprising eight power elements con-
nected via controlled switching units. This configuration
enables dynamic modifications to the internal source topol-
ogy, thereby facilitating the attainment of the required out-
put parameters.

It should be noted that for parallel connections within a se-
ries-parallel switching cell, it is necessary to employ pairs of
back-to-back transistors, as field-effect transistors contain
an inherent body diode [23]. A critical component of the
proposed system is the microcontroller unit (MCU), which
manages the switching of the transistors according to a pre-
defined algorithm. To perform this function, a programma-
ble logic controller [24] based on ARM processors [25], like
STM32 or Atmel microcontrollers [26, 27], or similar plat-
forms may be utilized.

These controllers can be directly interfaced with the field-
effect transistors, as specific transistor series feature logic-
level gates (5V), which is standard for the outputs of the
aforementioned MCUs. Furthermore, the primary function
of such a controller is to acquire data regarding the state of
the source elements, specifically monitoring the generated
voltage and current for both individual cells and groups of
elements.
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Fig. 3. Connection of PV-cells to sub-strings in a module or panel by commutation cells

It should be noted that by implementing a power source
through dynamic topology reconfiguration, a converter-
based optimizer—consisting of step-up (boost) and step-
down (buck) stages—can be excluded from the design. Fur-
thermore, dynamic commutation, coupled with a special-
ized algorithm for a programmable controller, enables the
realization of inverter functionality. This allows for the gen-
eration of an alternating current (AC) output with the

required waveform without the need for an external device
[28].

Consequently, to develop a smart power source based on
the circuit proposed in Figure 3, it is sufficient to integrate
a controller capable of grid monitoring and performing
communication and telemetry functions. This integration
facilitates the networking of multiple sources into a unified
system (Fig. 4).
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Fig. 4. Integration of multiple sources into a unified smart system
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Discussion

The research into the construction of smart photovoltaic
sources demonstrates the development of an advanced en-
ergy system that utilizes intelligent hardware for dynamic
power management. This approach allows sources to oper-
ate collaboratively, optimizing performance, extending op-
erational lifespan, and creating modular, adaptive energy
solutions for complex environments, such as cluster sys-
tems [29].

A significant result of implementing controlled connections
is dynamic optimization. Specifically, the system can modify
source properties in real time, prioritizing specific output
parameters based on the requirements of the application.
In one of the implemented circuit solutions, smart source
management—achieved by bypassing weaker elements,
isolating faulty cells, or redistributing energy—enhances
the overall performance of the power system. In another
configuration, a universal switching unit (commutation cell)
enables dynamic alteration of output parameters without
significant energy losses.

The application of an optimal topology [30], utilizing a se-
ries-parallel commutation unit, facilitates a wide range of
output values and various output signal waveforms. Fur-
thermore, it is essential to emphasize the specific key ad-
vantages of smart panels:

1. Efficiency under shading conditions. In conventional
systems, if a single panel is shaded (e.g., by a chimney
or a tree), the power of the entire string drops to the

level of the weakest link. A smart panel isolates the is-
sue: while the shaded module operates at reduced ca-
pacity, all other modules continue to generate maxi-
mum power.

2. Granular Monitoring. Real-time production data for
each specific panel can be accessed via specialized soft-
ware. This allows for the immediate detection of mal-
functions or soiling on individual modules.

3. Enhanced Safety (Rapid Shutdown). In the event of an
emergency or maintenance, smart systems can auto-
matically reduce the voltage of each panel to a safe
level, which is critical for the safety of first responders
and maintenance personnel [17, 18].

4. Installation Versatility. Since each panel operates inde-
pendently, they can be installed at different angles and
on various roof slopes within a single string.

5. Comprehensive Control. These systems provide precise
tracking of the investment's state and deliver notifica-
tions regarding any operational anomalies.

Regarding the communication architecture of smart sys-
tems, it is proposed that, in accordance with the OSI model
[31], the Datalink layer or Network layers of the infor-
mation network—distributed via dedicated lines or Power
Line Communication (PLC) (Fig.5)—utilize a frame or
packet structure containing the address of the controlled
device. This enables the integration of a large number of
sources into a distributed system with comprehensive data
transparency for every node.

Power Line Communication

Power Line
Converter

Power Line Power Line Power Line Power Line
Converter Converter Converter Converter
.................................... Grid PV-panel PV- lane| PV- Iane| PV- lane|
commander P P P P

[mcu] || [mcu] i || [mcu] || [McU]
t A 4 A 4 A

Monitor and Monitor and Monitor and Monitor and
Communicator Communicator Communicator Communicator

Fig. 5. Integration of multiple sources into a unified smart system by PLC

Furthermore, it is essential to specify that the data ex-
change protocol between the controllers must encompass
commands for reading and writing data from the system
components, as well as specific control directives for the
power elements. The master controller within the network
should issue control commands to the subordinate man-
aged sources. Consequently, by acquiring real-time data
and executing system-level control, the master controller

can select operational modes according to a predefined
grid management algorithm to ensure optimal system per-
formance and efficiency.

The unification of the logic, address space, and communi-
cation protocol establishes a new class of devices: smart
photovoltaic units or components. These devices are char-
acterized by their capacity for self-organization and self-
monitoring, regardless of the overall system configuration.
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Given its versatility and potential, the proposed approach
provides a robust framework for the development of both
small-scale standalone systems and large-scale grid-tied
photovoltaic networks.

Conclusion

Smart photovoltaic sources serve as a pivotal instrument
for the implementation of universal and adaptive energy
systems. Furthermore, the application of controlled con-
nections represents a promising frontier in scientific re-
search and engineering, facilitating the development of
versatile generating units and smart grids.
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