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DEVELOPMENT AND SIMULATION OF A HIGH-PRECISION
MPPT CONTROLLER FOR THIN-FILM SOLAR CELLS

The paper presents circuit implementations of a high-precision MPPT (maximum power point tracking) controller adapted
to operate with small samples of thin-film solar cells based on cadmium telluride (CdTe). The implemented circuit showed
high stability during experimental studies and can operate with currents from 1 uA to 3 A. The effectiveness of the selected
maximum power point tracking algorithm was evaluated using a simulation model based on the pvlib library, which operates
on the basis of the five-parameter De Soto model and the MPP incremental conductance tracking algorithm with specified
parameters. The simulation results show a tracking efficiency of 97.88% over the year and 99.83% over the day, which ensures

high efficiency considering the very low output power levels of thin-film photovoltaic cells.
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Solar photovoltaic energy converters play a leading
role among renewable energy sources. The rapid
development and improved efficiency of photovoltaic
cells have led to the widespread adoption of this
technology in various areas of energy supply. The
operating principle of a photovoltaic cell is the generation
of charge carriers in a semiconductor under illumination,
their separation by the internal electric field, and their
transport to the contacts. To date, most photovoltaic
cells have been fabricated from silicon p—n junctions,
which have become widespread due to the high level
of manufacturing of silicon technology. However, the
production of such panels requires relatively thick silicon
wafers and significant energy consumption. In recent
years, researchers have focused on second-generation
thin-film photovoltaic (PV) cells, which can provide
efficient absorption of solar radiation while using a
significantly thinner absorber layer [1], [2]. An important
part of PV system is the maximum power point (MPP)
tracking controller, which enables the extraction of
maximum available power under variable operating
conditions, such as changes in irradiance and temperature,
soiling of the module surface, or partial shading. The
MPP tracking (MPPT) is one of the key technologies
used to increase the efficiency of photovoltaic systems.
The operating principle of an MPPT controller is based
on continuously varying the effective load seen by the
PV module so that the operating point is shifted toward
the condition where the product of voltage and current
is maximized. To achieve this, the MPPT controller
measures the voltage and current of the PV module,
determines the MPP, and adjusts the operating point
until maximum power is obtained [3]. A wide variety of
MPPT algorithms has been developed [4], [5], including

perturb and observe (P&OQ), incremental conductance
(InC), current sweep (CS), fuzzy logic controller (FL.C),
fractional open-circuit voltage, fractional short-circuit
current, artificial neural network, and others.

Literature Review

In [6], an improved maximum power point tracking
method for photovoltaic systems under partial shading
conditions is proposed. A key feature of this approach is
the detection of partial shading, achieved by combining
the popular P&O tracking method with a dedicated
subroutine that searches for the global maximum power
point through analysis of individual module voltages. The
authors evaluated the effectiveness of the method using
simulations in the MATLAB/Simulink environment
and experimental tests, and showed that the proposed
technique reduces energy losses compared with classical
methods operating under partial shading conditions.

The study [7] describes a new adaptive MPPT
controller for photovoltaic systems based on the model
reference adaptive control method, which enables fast
and accurate tracking of the maximum power point by
minimizing the error between the PV system output and
a reference model, thereby eliminating the oscillations
typical of classical P&O and InC controllers. As
reported, the proposed controller achieves an average
tracking accuracy of 99.77% and 99.69% under different
irradiance and temperature levels, as well as an extremely
fast MPP search time of about 3.6 ms.

The article [8] describes a combined approach to
improving the efficiency of photovoltaic systems by
integrating FLC maximum power point tracking with
PI control for stabilizing battery charging parameters.
In the proposed scheme, a boost converter is driven
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by the FLC-based MPPT controller, which operates
without the need for precise system parameters and
ensures a fast response to variations in irradiance and
temperature. At the second stage, a buck converter with
a PI controller is used to maintain a constant charging
voltage of approximately 15 V and a current of about
2.93 A, thereby minimizing losses during charging and
extending the battery lifetime. Simulation results in
MATLAB/Simulink demonstrate a tracking efficiency
of 94.8—99.4% under different operating conditions
(700-1000 W/m?, 25—-60°C) and stable output
parameters at the load.

In [9], two maximum power point tracking methods
for stand-alone photovoltaic systems are investigated:
P&O and FLC. The verification is carried out in the
Simulink environment using a boost converter, and their
performance is evaluated under different irradiance and
temperature levels. It is reported that the FLC provides
a faster dynamic response and is able to maintain the
operating point closer to the MPP, exhibiting smaller
output power oscillations and better stability compared to
P&O. The authors conclude that although P&O is simple to
implement, the use of FLC is a promising approach due to
its higher efficiency and more stable control of PV systems.

Despite numerous studies focused on the development
and enhancement of modern MPPT controllers, the of
adapting MPPT controller circuits with dynamically
adjustable loads for laboratory-fabricated thin-film
photovoltaic cells with ultra-low output power remain
unresolved. In addition, insufficient attention has been
paid to the development of circuit design solutions
capable of providing maximum power tracking for
different types of PV samples, taking into account the
diversity of materials and compounds used to fabricate
solar cells, as well as the power range from ultra-low-
power devices to medium-power samples.

Purpose of the Study

The aim of this study is to develop and check the
operation of an MPPT controller circuit capable of
operating with experimentally fabricated thin-film solar
cells, in particular CdTe-based devices, and to carry out
computer simulations of the MPPT controller operating
with low-power solar cells.

To achieve this goal, it is necessary to address the
following tasks:

— to develop the concept of a high-precision MPPT
controller capable of ensuring high operational stability
and operating over a wide voltage range of photovoltaic
cells, starting from several tens of millivolts;

— to analyze the algorithms used for maximum
power point tracking and select an algorithm that will
perform well at low voltages;

— based on the Python programming language and
available libraries, develop a simulation model that will
allow the operation of the system to be simulated over
an extended period of time.

Methods

For maximum power point tracking in this work, InC
method is used. As shown in Fig. 1, it is based on the
maximum power condition dP/dV=0. Compared with the
popular P&O method, its advantages include the ability
to determine when the MPP has been reached, a fast
response to changes in irradiance and temperature, and
reduced oscillations around the MPP, resulting in higher
efficiency [10]. The main equations of the method can
be described in the form of [11]:

P if >0, to the left of MPPT;
—1if =0, at MPPT;
if <0, to the right of MPPT.

(M

Since the power of a photovoltaic cell depends
simultaneously on both voltage and current, the change in
power with respect to voltage takes into account both the
current itself and the rate of its change, and is computed
using the product rule

dP  d(Vi) dr/

— =I+V .
dv

dar dr )

Based on these equations, InC method for determining
the maximum power point uses the following relationship
when AV=0:

AL T
AV TV 3)
It should be noted that AI=1 1, AV=V ~V |

are the discrete current and voltage values measured by
the microcontroller between two consecutive sampling
cycles.

The operation of the circuit shown in Fig. 2 is based
on a high-performance STM32G474 microcontroller,
which controls the load according to the selected
algorithm. The load for the solar cell under test is
implemented by transistor Q1, which, together with
the MCP617 operational amplifier, forms a software-
controlled precision current regulator. Transistors
Q2...Q6 and resistors R2...R6 form a switched
shunt, the signal from which is fed to the internal
operational amplifier and ADC of the microcontroller
with a reference voltage of 2.5 V. The operational
amplifier is driven by the STM32’s integrated 12-bit
DAC. Additionally, the circuit provides the option to
connect resistor R8 to ground via Q7, thereby creating a
controllable voltage divider for adjusting the operating
range and improving step resolution (accuracy) within
the selected range.

To simulate the operation of the InC method, a custom
Python-based model was developed using the pvlib
library [12]. The library computes the /-V characteristic
of the solar cell using the De Soto model, also known
as the five-parameter model, as a function of the cell

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)

Technology and design in electronic equipment, 2025, N 3—4

41



FUNCTIONAL MICRO- AND NANOELECTRONICS

Measure [, & U,

Yy Y
Increase Decrease Decrease Increase
operational operational operational operational
voltage voltage voltage voltage
[ v v |
Return <
<

Fig. 1. Block diagram of the Incremental Conductance method
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Fig. 2. Schematic diagram of the MPPT controller
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temperature 7, and the total absorbed irradiance S, and
includes [13] the photocurrent equation

IL = S M [IL ref + A (T Tc,ref )]a

S M,

ref

“)

where M/M_ =1 in the absence of spectral;

.ot is the irradiance of the solar cell under STC;

al is the temperature coefficient of the short-circuit current;

T

cref 18 the solar cell temperature under STC.

The diode saturation current for a CdTe-based
photovoltaic cell is determined in accordance with [14]

3
T By E(T,
IO = IO,ref [T_C] €Xp E( )
c,ref

g,ref
ke T keVTc

where 10, «f 18 the saturation current at TC ref

T is the cell temperature;

®)

c,ref
c

T, . isthe reference cell temperature;
E, e %s the CdTe bandgap energy at T
E g(T -) is the CdTe bandgap energy at the temperature 7 ;

k= 8.617333262:107° eV/K.

Series resistance R, parallel shunt R, (S) and bandgap
energy E g(T .) are determined in accordance with

R =const; (6)
Rsh(S):Rsh ref Sref/S (7)
E(T)=E (T, )[1-0.0002677(T,~ ). (8)

It is also assumed that the diode ideality factor # is
constant. Short-circuit current /. as a function of the
sample area A:

1. =J A, ©)

sc,ref sc,ref

where J ¢ is the short-circuit current density under STC.

The value of I, ,.; represents the light-generated
current under STC and is assumed to be approximately

equal to ] L,ref Isc,ref :

The thermal voltage is given by [15]:
Vi=k,, T, (10)
Complete equation of the single-diode model [16]:
V + IR, V + IR,
I=1, —1,lexp AL I L (D
nNJV; R,
where N is the number of series-connected cells.
Exponential parameter:
a(T)=nNJV,. (12)
Limits of the curve:
V. ~aln|L+1]; 13)
0
I =1,. (14)
Power and P—V characteristic:
PN=V-1(V). (15)

Analytical determination of V| mpp? Tmpp’

dP d/ I
— =0 —=—— (16)
dv dv vV
Calculation of the I-V curve fill factor:
V. I
FF __ mpp” mpp 17
V.1 (17

To obtain data on the variation of solar irradiance
and temperature throughout the day, the model uses
data from the open National Solar Radiation Database
(NSRDB) provided by NREL (USA) [16]. The NSRDB
dataset Prime Meridian: Africa and Europe, derived from
images of the Meteosat geostationary satellites, provides
irradiance and temperature data with a 15-minute
temporal resolution and includes records for the year
2022.

Results and Discussion

To evaluate the stability of the circuit operation
and the dynamic response of the current regulator, the
regulator’s response to a triangle-wave input signal (Fig. 3)
and to a square-wave input signal (Fig. 4) at different
frequencies was investigated.

At frequencies above 10 kHz, slight signal distortion
is observed, but this does not effect of the operation MPPT
controller, since the operating frequency of the algorithm
is significantly lower. The oscillograms obtained indicate
an increase in delay between the generator control signal
and the shunt current signal as the shunt resistance is
reduced, amounting to 28 ps for a 1000 Q shunt; 40 ps
for a 100 Q shunt and 48 pus for a 1 Q shunt.

Since a few hertz are sufficient for the MPPT
algorithm to operate due to the smooth change in
illumination, the obtained result confirms the high
stability of the circuit and ensures the fast operation of
the MPPT controller.

The parameters of the CdS/CdTe/Cu/Au (see the
Table) thin films were determined based on the results
reported by the authors of [17] for a CdTe absorber
thickness of 3 um.

For the simulations, irradiance and temperature data
from Ivano-Frankivsk were used, which made it possible
to evaluate the effectiveness of the algorithm under
operating conditions typical of the western region of
Ukraine. The model settings were chosen for operation
with very small-area photovoltaic converter samples
and the correspondingly low open-circuit voltage V.
The voltage perturbation step AV is defined as a relative
fraction of V__ equal to 0.2% with a hard lower bound
of 0.002 V, which ensures correct algorithm operation
at very low V__ values, since a smaller step would be
inappropriate and uninformative. The deadband is set
to 0.3% of the actual power change. In addition, the
operating voltage range is limited to V| = 0.05V_ and

Vi ¢h = 098V, and the operating point is initialized
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Fig. 3. Current oscillogram (shunt signal — upper curve)

during variation of the triangular reference signal (lower

curve) at a frequency of 1 kHz (a) and 10 kHz (b) for the shunt
resistance is 100 Q
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Fig. 4. Current oscillogram (shunt signal — upper curve) during

variation of the square-wave reference signal (lower curve) at

a frequency of 1 kHz for the shunt resistance is 1000 Q (@)
and 100 Q (b)

Parameters of CdS/CdTe/Cu/Au films according to data [17]
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Fig. 5. Simulation results of the MPPT algorithm for one year:

a — ideal calculated daily energy at the MPP; b — daily MPP-
tracking efficiency of the InC algorithm

after night-time or data errors at V= 0.7V , to improve
model stability. The results of the year-long algorithm
simulation are presented in Fig 5.

The year-long simulation plots are presented with
power integrated over each day, on the basis of which
the annual energy yield and the annual maximum power
point tracking efficiency were obtained.

Fig. 6. Simulation results of the MPPT algorithm for one day:

a — ideal calculated instantaneous power at the MPP;
b — instantaneous MPP-tracking efficiency of the InC algorithm

To evaluate the performance of the model over a short
time interval, a one-day simulation was carried out; as
an example, irradiance and temperature data for May 30,
2022 from the NSRDB were used. In the daily plot in
Fig. 6, the time dependences of the calculated power
at the ideal maximum power point and the operating
efficiency of the InC algorithm are shown.
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To calculate the maximum power point tracking
efficiency, equation (18) is applied:
P At
DY 100% »

- Zf)true,mp,kAtk

where P, is the power delivered by the system at the
operating voltage set by the algorithm at time step k;

(18)

P mpik is the “true” power at the MPP at time step k;
At, is the duration of the time interval between
measurements.

The obtained results with the specified settings show
a maximum power point tracking efficiency of 97.88%
over a one-year period and 99.83% over a single day,
which is a good result given the low output power of the
CdTe-based photovoltaic samples.

Conclusion

The implemented MPPT controller circuit based
on a modern STM32G474 microcontroller made it
possible to design a setup adapted to the fabricated
laboratory samples of photovoltaic cells, with a voltage
measurement resolution of approximately 5 mV and
the capability to investigate samples with power levels
ranging from tens of milliwatts to several watts. The
maximum voltage and current ranges are 0—20 V and
1 pA-3A, which is limited by the maximum power that
can be dissipated by the transistor. Experimental studies
have demonstrated high stability and measurement
accuracy under varying conditions. The mathematical
model developed in Python using the pvlib library and
the incremental conductance MPPT algorithm made
it possible to simulate the algorithm’s performance
under the conditions of the western region of Ukraine.
The results indicate high tracking efficiency, reaching
97.88% over a one-year period and 99.83% over a single
day, which is a very good result for small thin-film
photovoltaic samples.
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PO3POBKA TA MOAEJIIOBAHHA BUCOKOTOYHOI'O MPPT-KOHTPOJIEPA
JJIA TOHKOITJIIBKOBUX COHAYHUX EJIEMEHTIB

Domoenexmpuuti nepemeopro8ayi COHAYHOI enepeii € NPOGIOHUM HaNpsamom y cghepi IOHOBIOBAHUX Ddcepell eHepeil.
Tpaouyitini kpemnicsi pomoenremenmu 3a0e3nequny WUpoKe NOWUPenHs MmexHoozii, npome ix 6UpOOHUYME0 nompe-
6y€ 3HAUHUX eHepeMmUYHUX eumpam ma moscmux niacmun. Hamomicms moukonniekosi nepemeopiosadi 0py2020 no-
KOMHHA 30aMHi eheKmuHo no2IUHAMU COHAYUHE BUNPOMIHIOBAHHA NPU 3HAYHO MEHWITN MOBWUHT NOTUHANBHOZ0 WAD)),
wo pobums ix nepcneKmusHUMY 071 HOOAIbLULO20 PO3BUMKY. Baoiciusum enemenmom maxkux cucmem € KOoHmpoiuep 8io-
cmedicentst mouku makcumanvroi nomyxcrnocmi (MPPT), sikuti 003605€ 3a0e3neuumu MakCUMANbHY elleKmpoceHepa-
Yiro 6 yMO6ax 3MIHHO20 OCEIMIEHHS, MeMNepamypu 4 YacmrKo6020 3AMIHEHHs.

Y pobomi npeocmaeneno xomniekche OOCTIONCEHHA CXEMOMEXHIYHUX MA NPOSPAMHUX DilleHb GUCOKOMOYHO20 KOH-
mponepa siocmedicenns mouku MPPT, cmeopenozo na 6asi cyuacnoeo mikpoxoumponepa STM32F407. OcnogHowo me-
Mo po3pobKu 6y10 3a6e3neueHHss MONCIUBOCTE OOCTIONCEH I MATONOMYHCHUX MOHKONIIBKOBUX (DOMOETeKMPUUHUX
nepemeoprodayie, 30kpema Ha ocnogi menypudy kaomiro (Cdle), axi xapaxmepusyomovcsa MAnuMu 3HA4eHHAMU GUXIOHUX
napamempié ma nompeoyloms 6UCOKOI MOYHOCMI 8UMIPIOGanb. Peanizosana ycmanosxka 003601s¢ npayoeamu 3 oia-
nazonom Hanpyeu 8i0 0 0o ~20 B ma cmpymis 6i0 1 mxA 00 3 A, wo oxonnioe wupokuii cnekmp 1a00pamopHux 3pasKise
NOMYHCHICIIO 810 DecsimKig minisam 00 Kinbkox eéam. Tounicme eumiproganus 6nuzbko 5 uB 3abe3neuye kopekmue 8io-
CMEICEHHs HABIMb 30 YMOB 3HAYHUX KOTUBAHb 306HIUHIX (pakmopis.

Excnepumenmanvui 0ocniooicenns niomeepounu 6ucoky cmabiibHicms pobomu KOHmMponepa ma tio2o 30amuicms nio-
MPUMYSamu MOYHICMb GUMIPIOBAHD Y 3MIHHUX YMOBAX HABKOIUWHBLO20 cepedosuwyd. /s oyinku epexmusHocmi an-
eopummy Incremental Conductance 6yno cmeopeno mamemamuuny mMooeib Ha 0CHogi bibniomeku pvlib, sixa peanizye
n’smunapamempuyry mooenv De Soto. Modentosantsi nposoounocs 0iisi ymog 3axionozo peziony Yipainu, o 003601u-
J10 8PAXY8amu peanvbti KIIMamuyHni ma iHCONAYItHI napamempu.

Pezynomamu moodentoeanns noxkazanu eghexmusHicmv GiOCMENCEHHs. MOUKU MAKCUMALLHOI NOMYICHOCMI HA Di6HI
97,88% npomsicom poxy ma 99,83% npomsizcom 00020 OHs. Taki nOKasHuKu 3ac8io4yioms 6UCOKY e(eKmueHicmb po3-
pobrenoi cucmemu 0118 OOCTIOHCEHHA MA ONMUMI3AYii poOOMYU MOHKONAIBKOBUX (homonepemaopro8ayis Maioi nomyaic-
HOCMI, @ MAKoHC NiOMEepONHCYIOMb NePCNeKMUBHICb 3ACMOCY8AHHS 3ANPONOHOBAHO20 NiOX00Y 0151 CMBOPeHHs 1a00-
PAMOPHUX CMEHOI8 [ HABYANbHUX YCMAHOB0K. OMpUMani pe3yiomamu Maoms NpaKmuyHe 3HAYeHHs 015 NOOAIbUO20
PO36UMKY MEXHONO2IU MOHKONLIBKOBOI (hOMOGONbMAiKY Ma 6NPOBAVICEHHS BUCOKOMOYHUX MEMOOI8 KOHMPONIO 8 YMO-
84X 3MIHHOI COHAYHOI [HCONAYIL.

Krouosi crosa: MPPT-xonmponep, monxonniexosuii consunutl enemenm, Cdle, 8ioHo6106aHa eHepais, GUCOKOYYMIIU-
61 ceHcopu.
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