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AHHoOTanuA. Makaiajla CTAallMOHAp/AbIK 3MeC XKapbIKTaH/JAbIPYYHYH MOMEHTHH/e anapfblH
KeJiIeMyH/ie 60/1yN aTkaH (U3UKaIbIK MpolleccTepjd MaTeMaTUKa/IbIK MO/e/1[Jo6HYH Kap/aMbl
MeHeH (OTO3/IeKTPUK OSHeprufHbl ©3repTKYYTepAY TeOpHUAJIbIK H3WIJA66HYH bIKMaJapbl
»KaHa HaTblibKaJapbl GepuireH. IpKUH 3JeKTPOH HOTYATYY Ko3(p(pHUIMeHTUHUH JMHAMHUKAacChI,
YbIHA/IYYHYH 63Tepylly KaHa UMIY/IbCUB/IYY *apbIKTbIH TaaCUPH acTbIH/AA GOTOTOKTYH MaaHUJIepH
KepceTy/areH. Mozieniee MIITEPUHWH HErM3ru mnapameTpJ/iepd KepceTy/yM, ap KaHJal KyTyy
K03$PULIMEeHTTepH KaHa KapblK MHTeHCUBAYYAYTY Y4yH Q(t) »kaHa u(t) ybakKbITThIH ©3repyury
CUMYJIILUA KOJIy MeHeH KepceTyiareH. Maungeenep PoKTyH Mbl3aMblH KaHa JWHINTeHHAWH
MaMuienepuH, [puH xkaHa aycc GyHKUMANAPBIH KOJOHYIIKAH.

Herunaru ce3jep: (poTO3/MeKTPAUK 63repTKyd, MyJbcaliys, MapblK, CTAllMOHAPAbIK 3Mec,
nporpaMmma, Mojiesib, MOZIes1/iee, mapaMeTpJiep.

AHHoOTanuA. B cTaTbe npejcTaBaeHbl MeTO/bl U pe3yabTaThl TeOpPeTHYeCKUX UcCaeJ0BaHUMI
boToanekTpuueckux npeobpasoBaTeseldl 3HEPrMM C HCNOJb30BaHUEM MaTeMaTUYeCKOro
MO/leIMpOoBaHUA GU3UYECKUX TPOLeCCOB, MPOUCXOALUX B UX 06'bEMe BMOMeHThl HecTatsioHapHOTO
ocBelleHus. [lokazaHa JUHaMUKa KoappuiueHTta cb6opa cBOGOAHBIX 3/JeKTPOHOB, M3MEHEHHS
Hanpsi)KeHHUs U 3Ha4eHU GOTOTOKA 10/ BO3/1elCTBUEeM UMITYJIbCHOTO OCBelleHHs], 06YC0BJAeHHOT0
MMIYJAbCHBIM OCBelleHWeM. YKa3aHbl OCHOBHBle TNapaMeTpbl /[AJf MOJeJMPOBaHMSA, a TaKke
NMOoKa3aHOo U3MeHeHHe BO BpeMeHU KosddunuenTa c6opa Q(t) u HanpsaxkeHus u(t) npu pa3aIudHbIX
K03 dUIIMeHTaxX NOr/IoLleHUA U MHTEHCUBHOCTH CBeTa. B ucciieJoBaHUAX MCI0Ib30BATUCh 3aKOH
@oKa ¥ cooTHOLIeHUs JUHIITeHa, GyHKIMU ['puHa u laycca.
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KiawoueBsle coBa: (oTO3/IeKTPpUIECKUl TNpeo6pa3oBaTesib,
HecTatsioHapHbIH, IporpaMma, Mo/ie/ib, Mo/le/IMPOBaHKe, TapaMeTphl.

Abstract. The article presents the methods and results of theoretical studies of photovoltaic
energy converters using mathematical modeling of physical processes occurring in their volume at
moments of non-stationary illumination. The dynamics of the free electron collection coefficient,
voltage changes and photocurrent values under the influence of impulsive illumination due to pulsed
illumination are shown. The main parameters for modeling work are indicated, and the simulation
shows the time variation of the collection coefficient Q(t) and voltage u(t) for different absorption
coefficients and light intensities. The studies used Fock’s law and Einstein’s relations, Green’s and

nynabcatsifg, ocBemnieHwHe,

Gauss function.

Keywords: photovoltaic converter, pulsation, illumination, non-stationary, program, model,

modeling, parameters.

Introduction

In recent years, the global depletion of
natural resources such as gas, oil, and coal,
which are various forms of energy, has caused
problems among the leaders of countries. As
a result, there has been a need for alternative
energy sources that are gifts from nature. At the
heart of this need are issues such as the study,
testing, and use of products with a crystalline
structure. In the use of sunlight, photovoltaic
cells made mainly of semiconductor materials
are important, and their detailed study is a
modern condition. Based on this, it is considered
necessary to work on the following problem.

Problem Statement

The study of the duration of light quanta
incident on the surface of photovoltaic energy
converters (PVECs) and their effecton the energy
parameters of their output is important for all
researchers. To date, despite the large number
of studies devoted to the physical laws by
which PVECs made of semiconductor materials
change under the influence of light, in stationary
light or under the influence of solar radiation
that varies gradually throughout the day, the
physical processes occurring in the volume
of the photoconverter under the influence of
impulsive or non-stationary light have been
studied little. However, for physical science and
in achieving effective results in practical work,
the time dynamics of processes associated with
photons and heat flows is of great importance
in the design of energy converters (solar cells,

Ie(t)

photodiodes, thermoelectric batteries, etc.)
[1,2.3]. In semiconductor photovoltaic cells, the
diffusion and recombination of charge carriers
under the influence of light pulses or short-
lived quanta determine the time evolution of
the photocurrent and voltage [3,4,]. In thermal
systems, the distribution of heat flux in pulsed
and steady modes affects the temperature
distribution and thermoelectric power. In
this article, several works on the modeling
of photovoltaic systems are analyzed. The
articles are presented in the MATLAB/Simulink
environment [5,6,7] and the analytical formulas
for each model and the implementation of
numerical simulation methods form the main
basis of the research.

Modeling methods

The basis of the methodology for studying
the evolution of photocurrent and charge
carriers under pulsed illumination conditions
is the analysis of the spectral photocurrent
generated in semiconductor photocells as a
result of pulsed illumination and its integral
effect - the accumulation coefficient Q(t) and the
time-dependent evolution of the open-circuit
voltage.

The diffusion and recombination of
carriers are based on Fock’s law and Einstein's
relations [8,9]. The Gaussian error function [10]
and the trapezoidal rule [6] are also used in the
modeling:
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Here q=1.6x10""? Kl is the elementary
charge of the electron, a,=440 m™" (and other
values) is the absorption coefficient of light,
D=25¢10* m?/s is the diffusion coefficient,
T=1x107° s is the residence time (recombination
time), Eo=1210%* m2s™" is the energy of the light
pulse, a=1is the dispersion parameter, t,=3107°

s is the decay time of the light pulse, erf(x)=2/vVn
[o* e™¥2 dy is the Gaussian error function.

Figure 1 presents the model constructed
on the basis of the mentioned methodology,
showing the dynamics of changes in the
semiconductor photovoltaic converter under
pulsed illumination.
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Figure 1. A simulink model of the dynamic response of a semiconductor photocell under

pulsed irradiation

The main parameters in modeling are:

Component

Brief description

j(t) is the

photocurrent density

recombination;

This parameter is a product of exponential
and error functions that take into account the
distribution of charge carriers generated after
a light pulse throughout the volume of the
photoelectric converter, that is, their generation and

Q(t) - collection

coefficient

rule was used;

Integral normalization of J(t). Since it is
difficult to obtain the integral in closed form,

numerical integration according to the trapezoidal

Additional

parameters [11]

Electron charge (q = 1.6-107" C), diffusion
coefficient (D = 25 cm?-s™1), residence time (t =
1-107°s), absorption coefficient (o, = 50-440 m™)
and light pulse duration (t = 3-107°s)

Open circuit

voltage u(t)

Proportional to the thermal voltage and
expressed as a logarithmic function of the
accumulated photocurrent.
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To determine the dynamic nature of electron collection in the volume of the photovoltaic converter
under non-stationary illumination, the collection coefficient formula was applied:

00 = (22) aoV, -0

For the case of pulsed illumination, the open-circuit voltage is expressed as:

(0) = —kfln (1 +n, f_tm e't—r_t' -E(t)a, [1 —erf (am/D(t— t'))] .

3
aZD(t—t") dt,) (3)

was determined through this expression.

As part of the theoretical studies, a dynamic PV model based on the Green’s function was used.
Here, the processes of photogeneration, diffusion and recombination were studied by means of the dynamic
modeling of photovoltaic cells under non-stationary lighting conditions based on the Green’s function.
The photogeneration rate is expressed as an exponential decrease in the absorption in the semiconductor.
The evolution of the resulting excess carriers in space and time was expressed by the diffusion equation,
which contains the terms photogeneration, diffusion and recombination. The equation was solved using the
Green’s function method and as a result, an expression for the photocurrent in terms of time was obtained;
this expression covers the phases of accumulation during illumination and decay after the illumination is
turned off.

Diffusion distribution via Green’s function:
1 (x—x,)? xXx—2x
G\, 1, t.t,)—————ex (——")-er (—0)
(6, x0,t,to) 2 /mDlt—t, P aD(t—t,) 1 JaD(E—to) (4)

where D=2.5x1072 cm?/s is the diffusion coefficient. Xg and to are the initial time and
coordinates.
The integral normalized form of the photocurrent is defined as the coefficient Q(t). The diffusion
coefficient and residence time are assumed to be constant in the model, the p-n junction effect is limited; the

case where the load resistance is included requires
numerical integration.

The third theoretical approach is to
determine the dynamics of charge carriers under
non-stationary illumination conditions, where the
dynamics of charge carriers in a photovoltaic cell
under non-stationary illumination was modeled
by numerically solving differential equations in
the MATLAB/Simulink environment [12,13]. The
spatially discretized concentration of carriers was
written as the sum of the time derivative of diffusion,
recombination, and photogeneration terms. The

spatial differential operator was discretized with
a cenfral differentiation scheme, and the resulting
set of ordinary differential equations was integrated
using the Runge—Kutta method. Three types of light
signals (sinusoidal, pulsed, and linear array) were
generated in the Signal Builder block.

Results and analysis of theoretical
research
Figure 2 below shows how the charge carriers
in the volume of a photodiode change depending on
the duration of the light when illuminated with non-
stationary light.
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Figure 2 - Time dependence of Q(t).

The graph shows the dependence of the
collection coefficient Q(t) on time for different
absorption coefficients. It can be seen that the
absorption coefficient Q(t) increases rapidly
and exponentially in the time interval 0-3 ps,
i.e,, carriers are collected during the light pulse.
As the value of a0 increases, the maximum
value of Q(t) also increases: at the largest

a, = 440m~* (black line. Note: the results
are shown in colored lines because they were
obtained ona computer.), Q(t) reaches its highest
value. At the smallest @y = 50m™* values,
the values of the collection coefficient remain at
a lower level. After 3 ps, the light turns off and

i Sy

the decay phase begins; Q(t) decreases sharply.
This indicates the dominance of diffusion and
recombination processes. The interesting fact
is that for almost any value of ¥y the values of
the collection coefficient decay exponentially,
but rapidly. A comparison of the obtained results
shows that it closely approximates the data of
[14,15] with high accuracy.

Figure 3 shows the absorption coefficients
determined by simulation to determine
the dynamic process in the volume of the
photoelectron, and the dynamics of changes
in light intensity and charge carrier residence
times over time.

e i L+ ey g

Fig. 3. Spectral dependence of Q(a0) and time dependence of Uxx(t)
during pulsed radiation

The graph clearly shows thatthese changes
occur in a sharp manner. The time-dependent
changes of Q(t) and u(t) for different absorption
coefficients and light intensities are almost
vertical. During the illumination, the collection

coefficient increases rapidly, and after the pulse
ends, it gradually decreases due to diffusion and
recombination; the open-circuit voltage reaches
amaximum value and then slowly decreases. The
simulation showed the time evolution of the Q(t),
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U(t) and dU/dt signals for different absorption
coefficients. The collection coefficient reached
a maximum value at a certain time interval, and

increasing the absorption coefficient changed
the rate of collection and decay. Figures 4 and 5
show the dynamic model of the identified FEO
using the Green’s function.

Figure 4. Dynamic model of photovoltaic cells based on the Green’s function

under non-stationary lighting conditions

Figure 5. Graphs of the dynamic model of photovoltaic cells based on the Green

function under non-stationary lighting conditions

The graph shows how the photocell (], U,
I and dU) change over time when exposed to
pulsed (non-stationary) illumination.

Figure 5 shows the “impulse response”
of a photovoltaic cell: during illumination,
charges accumulate (J, U, 1 increase), and
when the light is extinguished, all the values
gradually decay due to diffusion-recombination
and the capacitance of the p-n junction. This
transient behavior is necessary to predict the

temporary power changes in real systems under
conditions such as cloud shadow and oscillating
radiation. Figure 6 shows a simulation model
of the dynamics of charge carriers under non-
stationary illumination conditions, which takes
into account an equivalent diode, an electrical
circuit containing capacitance and resistance.
The results are useful for protecting and
optimizing the operation of photovoltaic cells in
cases such as lightning or laser pulses.
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Figure 6. Simulation model of charge carrier dynamics in a photovoltaic
cell under non-stationary lighting conditions.

Figure 7. Simulated images of the dynamics of charge carriersina
photovoltaic cell under non-stationary lighting conditions.

From the graph and analysis, it is clear
that if the illumination process is sinusoidal
in nature, then under sinusoidal illumination
the concentration and photocurrent oscillate
sinusoidally. When the light intensity increases,
photogeneration increases and the number
of carriers increases, while when the light
intensity decreases, recombination prevails.
In pulsed illumination, the charge carriers and
current increase sharply at the beginning of
the light pulse, and then slowly decrease after
the pulse ends; this relaxation rate depends on
the recombination time constant. Studies using
linear array illumination have shown that when
the light intensity increases linearly, the charge
carriers and photocurrent also increase linearly.

Conclusion

Based on the theoretical research
conducted, the following conclusions can be
drawn, which can be summarized as follows:

» Photocurrent density J(t): When light is
applied, the charge carriers arerapidly generated
and reach the p-n junction, resulting in a sharp
increase in the current. Later, it stabilizes under
the influence of diffusion and recombination
processes. When light is turned off, ]J(t) does
not immediately fall to zero, but gradually fades
away through a “tail”. This is related to the charge
carrier residence time T.

e Output voltage U(t): In the presence of
a load resistance, the p-n junction is charged
like a capacitance. U(t) first increases rapidly
and then approaches an equilibrium state. After
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light is turned off, the voltage decreases more
slowly than J(t) due to diffusion and charge in
the capacitance.

e Load current I(t): it is related to
I(t)=U(t)/R and ](t)-S, it rises rapidly at the
beginning, then approaches the operating point
with U(t), and decreases after the light is turned
off.

e Voltage rate of change dU/dt: positive
and negative peaks are formed during the on

and off periods. This indicates the presence of a
“long tail” due to the rapid charging-discharging
of the transition capacitance and recombination
processes.

Thus, this research work helps to
identify transients during operation of
pulsed photovoltaic cells through theoretical
models and simulations; such analyses
provide an importantbasis for predicting and
optimizing device transient power variations

in real systems, such as cloud shadows, laser
pulses, or light oscillations..
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