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ARTICLE INFO ABSTRACT

Modeling and simulation of photovoltaics help to reduce development costs, design turnaround time and fa-
cilitates better techno-economic decisions. However, there is a current need to generate new theories, algo-
rithms, applications and software in order to increase the contribution of solar energy to the global energy
supply. For future advancements in the field of photovoltaics, robust techniques for PV modeling, simulation,
visualisation and design are required to overcome the limitations of the current approaches. This study proposes
the Code-Based Modeling (CBM) approach as a potent approach to facilitate the study of PV technologies.
Experimental data were synthesised and used for coding and training of the code-based (CB) model; followed by
a validation of the trained model using commercial PV modules. Results clearly show that the model can re-
peatedly and reliably predict the short circuit current, maximum power point, open circuit voltage with
0%, < 2% and < 10% deviations, respectively. Furthermore, instances of the applicability of the CBM approach
in the study of the thermodynamics of PV, solar cell materials characterisation, PV systems design and power
monitoring were presented. Above all, CBM approach accepts user-defined functions and therefore presents new
opportunities for scientists and engineers to advance model-based investigations of the photovoltaics beyond the
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current state-of-the-art.

1. Introduction

Research is actively being carried out on how photovoltaics can be
applied as a clean source of energy because it does not emit greenhouse
gases during operation (Bukar and Tan, 2019; Ogbonnaya et al.,
2019a). The Renewables 2019 Global Status Report (GSR) (REN21,
2018) indicates that solar photovoltaic (PV) constitutes around 100 GW
out of 2378 GW global renewable power capacity installed in 2018;
which represents 55% of the renewable capacity additions in the year,
followed by wind power (28%) and hydropower (11%). Apart from
direct power generation with PV systems, PV could also become a
primary power subsystem in integrated systems in the future. For in-
stance, PV modules have been studied for integration with electrolysers,
fuel cells and batteries for reliable power generation (Lehman and
Chamberlin, 1991; Meurer et al., 1999; Ozgirgin et al., 2015). Also, PV
modules have been integrated with thermal absorbers to create pho-
tovoltaic-thermal (PV/T) systems to supply electricity and hot water
(Avezov et al., 2011; Michael et al., 2015). The present trends in in-
tegrating PV as a power source; or as a subsystem of a hybrid system,

suggest that the demand for software including PV models would in-
crease in the future. As an example, the possibility of integrating a
maximum power point tracking (MPPT) algorithm with an automotive-
based software to optimise solar energy harvesting was designed and
verified by (Cheddadi et al., 2018). Kolhe et al. (2019) also experi-
mented with the use of PV systems for power ventilation system of
electric cars. It is expected that more application-based studies would
be facilitated by robust modeling and simulation approaches; howbeit,
complemented by theoretical models and experimental results.
Presently, manufacturers provide limited information on the elec-
trical and thermal characteristics of PV modules whilst omitting other
useful information such as bandgap energy, photon-generated current,
diode reverse saturation current, shunt resistance and ideality factor of
the semiconductors (Villalva et al., 2009). So, in order to generate more
information on the module, an accurate, repeatable and reliable com-
putational model is required. Here, PV modeling approaches are clas-
sified into block-based modeling (BBM) (Bellia et al., 2014; El Hassouni
et al., 2017; Krismadinata et al., 2013; Motahhir et al., 2018; Patel and
Sharma, 2013; Zainal and Yusoff, 2016), code-based modeling (CBM)
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Nomenclature

A ideality constant

BB block-based

BBM block-based modeling

CB code-based

CBM code-based modeling

Eg bandgap energy

Iy output current of PV module

I saturation current of PV module
I short circuit current of PV module
k Boltzmann’s const. (1.38 x 10~2% J/K)
MPP maximum power point

N number of solar cells in series

Np number of modules in parallel

o) output power of PV module

PV photovoltaic

q electron charge (1.602 X 1071°C)

STC standard test condition (25 °C, 1000 W/m?, AM 1.5)
T temperature

Vo output voltage of the PV module
Voc open circuit voltage

Greek symbols

(SN solar cell material constant

[SH solar cell material constant
Subscripts

cell solar cell

mpp at maximum power point

ph photon

pv photovoltaic

ref reference

(Lo Brano et al., 2010), electrical circuit modeling (ECM) (Fernandes
et al.,, 2016) and Numerical modeling (NM) (Elkholy et al., 2010;
Leuchter et al., 2010). Regardless of the modeling approach adopted,
implementing the model in a computer iteratively is basic because of
the transcendental nature of the PV model.

Contextually, a computational model of the PV is predictive if it
shows how the power generation characteristics are affected by varia-
tions in the solar cell material, operating or environmental parameters.
The predictive capability of a PV model can help designers study the
feasibility of a PV system before installation (Ciulla et al., 2014). Sec-
ondly, a PV model is prescriptive if it allows designers to generate PV
design scenarios for effective decision making. These two desirable
features of a PV model are germane for deepening the current under-
standing of solar cell physics; and for analysing existing PV systems as
well as developing new ones. Researchers select the parameters to be
included in the model based on the purpose of their investigation. For
instance, five-parameter model including shunt resistance (Rg,), series

Table 1
Photovoltaic modeling and simulation approaches.

resistance (R;), diode quality factor (n), reverse saturation current (I,),
photocurrent (I.) for parametric study of a PV module has been pro-
posed (Lo Brano et al., 2010). Also, the use of open circuit voltage (Vy),
short circuit current (Iy), output current (Ip), and voltage at maximum
power point (Vypp) for modeling PV characteristics has been proposed
(Gupta et al., 2012).

The progress made so far in developing modeling and simulation
tools has helped in the advancement PV generations and their hybrids.
As an example, the National Renewable Energy Laboratory (NREL)
developed System Advisor Model (SAM) based on C+ + for techno-
economic modeling, simulation and analysis of renewable energy sys-
tems; and the software facilitates decision making on the financial,
technological and performance of renewable energy systems such as
photovoltaics, wind, biomass, solar water heating, geothermal and
concentrated solar power plants (Gilman, 2015; Gilman et al., 2018).
University of Wisconsin Madison (Solar Energy Laboratory, 2009) de-
veloped a transient system simulation (TRNSYS) programme which has

References

Modeling type

Software used

Description/Remarks

Vinod et al. (2018)
Gilman (2015)

Fatehi and Sauer (2014)
Aryal and Bhattarai (2018)
Abdulkadir et al. (2012)
Keles et al. (2013)

Motahhir et al. (2018)

Fernandes et al., 2016
Lo Brano et al. (2010)
Gupta et al. (2012)

Morshed et al. (2015)

Mohammed et al. (2011)

Tan et al. 2004)

El Hassouni et al. (2017)
Leuchter et al. (2010)

Chenni et al. (2007)

Elkholy et al. (2010)

Pagrut et al. (2017)
Mahmood and Selman (2016)
Krismadinata et al. (2013)
Acakpovi and Ben Hagan (2013)
Tsai (2010)

BBM

CBM

CBM
CBM
BBM
BBM

BBM

circuit
CBM
BBM

CBM
BBM
BBM
Numerical
Numerical
Numerical
BBM
BBM
BBM
BBM
BBM

Simulink
SAM

PVSys
PVSys
Simulink
Simulink

Simulink

PSPICE

Visual Basic Application
MATLAB/Simulink
HOMER, PVsys,
SolarMAT
TRNSYS

Simulink

Simulink

MATLAB
Simulink/Excel
Simulink

Simulink

Simulink

Simulink

Simulink

Used a single diode equivalent circuit model to model and simulate irradiation and temperature
of PV module

Used for techno-economic modeling for decision making by project managers and engineers,
policymakers, developers and researchers

Modelled the temperature and irradiance dependence of photovoltaic modules

Modelled and simulated 115.2 kWp grid-connected PV system

Simulated the effect of solar radiation and temperature on 36 W PV module

Studied the current and voltage potential of PV module for a given solar radiation and
temperature

Studied the effects of parameters on photovoltaic generation using modified incremental
conductance algorithm

Evaluated the effect of shading on characteristics of power generated by different string layouts
Proposed and determined PV panel characteristics using five parameters

Used four parameters to model photovoltaic module characteristics

Designed and modelled 2 kW stand-alone PV system using three different approaches

Modelled and verified direct solar water heating system

Proposed a model for dynamic simulation of photovoltaic power system

Designed and modelled 4.2 kW PV generator for agricultural pumping station

Modelled the temperature dependence of photovoltaic panels and maximum power point
Modelled the effect of temperature and irradiance on solar cells based on four parameters
Modelled photovoltaic modules and arrays

Studied the effects of environmental factors on PV

Studied four parameters that can be used in modeling photovoltaic generation

Studied effect of temperature and irradiations on power generation

Studied the effect of irradiations and temperature variations on power generation
Modelled PV power generation using ambient temperature and irradiation as inputs
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been applied for modeling and simulation of the performance of in-
tegrated systems as a function of time (Shrivastava et al., 2017).
TRNSYS allows user-defined inputs for components of the integrated
system. Also, a building integrated photovoltaic systems at Fraunhofer
Institute for Solar Energy Systems was simulated to determine the en-
ergy yield using computer simulation chain based on two-diode model
(Sprenger et al., 2016).

PVsyst, based on single diode module model, is another software
package for modeling the PV systems. Sentaurus Technology computer-
aided design (TCAD) is useful for simulating the wafer fabrication,
operation and reliability of semiconductor devices (Wu et al., 2017).
There are other modeling and simulation tools for modeling different
aspects of solar energy systems. Such programmes or software include
EnergyPlus (US Department of Energy), RETScreen (Natural Resources
Canada), SolDesigner(DreSys Germany), SolarPro (SolarPro, USA),
T*SOL (Valentin Software, Germany), WATSUN (University of Wa-
terloo), Polysun (Solar consulting USA) and F-Chart (Shrivastava et al.,
2017). PV Lighthouse (PVLIGHTHOUSE, 2019) provides a platform
where PV calculators and other resources can be accessed. The ap-
proaches that accept user defined functions (UDF) appear to be more
robust because they allow the users to input customised equations. An
example of such software is TRNSYS. The BBM approach has issues of
complexity and difficulty in tracing the lines connecting the building
blocks. As an example, in the integrated block-based (BB) model, there
are multiple lines linking formulas, variables and constants; and this
could be confusing and time-consuming to trace. Although, researchers
solved the challenge of traceability by grouping the blocks into sub-
systems, the problem of accessibility of variables particularly during
parametric studies still remains.

Here, we argue that a PV model that can easily accept UDF is crucial
for further improvement of the physics and applications of the photo-
voltaics. Consequently, the motivation of this study is driven by the
need to demonstrate the applicability of the CBM approach for the
advancement of the science and engineering of photovoltaics. Some
applications of the proposed approach are demonstrated across the
spectrum; from theory to applications of photovoltaics. It is expected
that this paper would facilitate the adoption the CBM approach by other
researchers and developers using object-oriented languages such as C+
+, MATLAB, FORTRAN or Python. The review of the state-of-the-art of
the approaches and software is presented in Table 1. It shows different
studies and associated approaches that have been applied to model and
simulate different aspects of PV module or system.

The photovoltaic process converts solar to electrical energy using
semiconductor materials; hence, the existing PV modeling approaches
tend to focus on the electrical energy dimension of the PV while the
application software packages focus on design, parametric analysis and
financial analysis. Nevertheless, there are other dimensions such as
solar cell physics, electrochemistry, photochemistry, material char-
acteristics and thermodynamics that should be modelled and studied in
order to improve the conversion efficiency of the photovoltaics.
Therefore, the overarching aim of this study is to demonstrate the
predictive and prescriptive capabilities of CBM approach in order to
provide an efficient and effective novel approach for the design, mod-
eling, simulating and visualising for PV-led technologies. In order to
achieve this aim, the specific objectives of this study are to:

1. Create a code-based (CB) model of photovoltaic module in MATLAB;

. Validate the model using commercial PV module;

. Demonstrate instances where the CBM approach can be applied in
the science and engineering of photovoltaics.

N

The CB model in this study uses inputs such as number of solar cell
strings in series (N;), number of modules in parallel (N;), reference
temperature (Tr), operating temperature (T), reference solar radiation
(Grer) and operating solar radiation (G), ideality factor (A), short circuit
current (Iy), band gap energy at 0 K (Eg), material constants (6,
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and©,) and temperature coefficient (K;). It also uses codes to integrate
the equations containing the physics of the solar cell thereby making it
easier for users to script-in new equations for investigation.

The major contribution of this study is to introduce a more robust
and accurate approach for modeling a PV by demonstrating how the
UDF feature of the proposed CBM approach could help overcome the
limitations of the extant approaches (i.e. BBM, CBM, ECM and NM). The
proposed approach focuses on how new theoretical models and algo-
rithms for solar cells material, PV power generation, thermo-
photovoltaic, photothermoelectrical models, designs, parametric ana-
lysis can be facilitated in order to enrich the existing PV modeling and
simulation tools/software or develop new ones. The use of this ap-
proach provides an opportunity to reduce system development costs,
implementation time and experimental risks. The proposed approach
requires that the developer, scientist, engineer or researcher builds the
computational model of the physical system using codes; and then
subject the model to further investigations based on the research or
design objectives. This study, therefore, is a methodological contribu-
tion for the advancement of PV modeling, simulation, design, visuali-
sation and applications. Onward, Section 2 presents the overall ap-
proach adopted in order to achieve the objectives. Section 3 presents
the processes of validating the CB model; while Section 4 discusses the
instances where CBM approach can be applied. Finally, the conclusion
of the study is presented in Section 5.

2. Research methods and approach

Since this study focuses on methodological development, this sec-
tion presents how the code-based model was created in the MATLAB.
Table 2 presents the equations included in the CB model. The equations
include the relationship between bandgap and temperature (Eq. (1));
the relationship between photocurrent and solar radiation (Eq. (2)); the
relationship between saturation current with bandgap and temperature
(Eq. (3)); the output voltage as a function of the number of cells in
series and parallel (Eq. (4)); and the power output equation (Eq. (5)).
The terms of the equations are defined in the nomenclature and Table 3.

The flow chart for creating the CB model using MATLAB is shown in
Fig. 1.

3. Validation of the code-based model

The synthesised data in Table 3 are from peer-reviewed literature;
and they were used for training the PV model. Afterwards, the model
was validated with commercial Solarex MSX-60 (Motahhir et al., 2018)
and Shell S140 (Shell Solar, 2003) to examine how accurate it predicts
the parameters stated by the Manufacturers. A common approach for
validating a PV model is to compare the model-predicted characteristics
with the manufacturers’ stated values (Chenni et al., 2007; Gupta et al.,
2012; Lo Brano et al., 2010; Pagrut et al., 2017).

In this study, the maximum power point (MPP), short circuit current
and the open circuit voltage of the two PV modules were predicted and
compared with the values stated by the manufacturers (see Table 4).

Table 2
Fundamental equations for CBM approach.
References Equations Equation
Number
Unlii (1992) _ o112 @
Eg(T) = Eg(0) - T+6;

Bellia et al. (2014) Iph= (e + Ki (Tel - Tref)-GL @)
ref

3
= T g | Teell 1B B
L= Is,rel [ Tref ] exp[k (Tref Teell
IV
Ip = IphNp — Isz[exp(A;iT) - 1]

Py = IoxV,

3

Muhammad et al.
(2017)

Zeitouny et al. (2017) @

Power output equation

©)]
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Table 3
Parameters and operating conditions for training the CB model.
Parameters Values Units  References
Open circuit Voltage(Voc) 21.1 v Motahhir et al. (2018)
Short circuit current(Is) 3.8 A Motahhir et al. (2018)
Saturation current(Is) 5.39 x 107° A Meyer (2017)
Maximum Power Point(Pmp) 60 Watts  Motahhir et al. (2018)
Maximum Voltage Point(Vipp) ~ 17.1 v Motahhir et al. (2018)
Maximum Current Point(Iyp) 3.5 A Motahbhir et al. (2018)
Ideality factor (A) 2.83 Meyer (2017)
Band gap (Silicon) at 0 K 1.1557-1.295 eV Shi and Kioupakis
(2015); Varshni
(1967)
Solar cell material constant 7.021 x 10~* Varshni (1967)
©m)
Solar cell material constant 1108 Varshni (1967)
©)
Reference Temperature(Tref) 25 °C Villalva et al. (2009)
Temperature Coefficient at Ig 0.065 %/°C Motahhir et al. (2018)
(Ki)
Temperature Coefficient at V,¢ —0.38 %/°C Motahhir et al. (2018)
XKy)
Number of cells in series(Ns) 36 Motahhir et al. (2018)
Number of cells in parallel 1
(Np)
Reference Insolation(Gref) 1000 Villalva et al. (2009)
Boltzmann constant (k) 1.38 x 102 J/K constant
Electron Charge (q) 1.602 x 107 ¢ constant

Input material and physical constants
Ki, Jdscr, Jsr, A, Ego, alpha, beta, K, q

: 2

Input operating parameters
T, Tr, Gn

b 2

Ns, Np

Input power output variables

Loop fori =

Set up iterations over output voltage
Vo = [0:1:500]
1:n for Gn

b 2

Input bandgap function
Eg = Ego - (theta1*T*T)/(T+theta2)*q

R 2

Input photocurrent function
Jph = (Uscr+ki*(T-Tr))*((G(i))/100);

+

Input saturation current function
Js = Isr*((T/Tr"3)*exp(Q*Eg/(K*A)*((1/Tr)-(1/T)));

+

Input current output function
Jo = Np*Jdph-Np*Jds*(exp(q/(K*T*A)*Vo./Ns)-1);

+

Input power output function
Po = VVo.*Jo;

¥

Set up visualisation
plot(Vo,Jo); plot(VVo,Po); plot(Jo,Po);

Fig. 1. Flowchart for creating CB model of PV in MATLAB.
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The positive ‘ +’ sign indicates where the output values of the model are
greater than the stated values in the manufacturers’ information sheet;
negative ‘—’ sign indicates the opposite. The proposed model predicts
thel. with 100% accuracy. The percentage deviation in the maximum
power point (MPP) for the two cases was less than 2% while the de-
viation in the prediction of the V. is less than 10%. Fig. 2(a) and (b)
compare the model and manufacturers’ values for Solarex MSX-60 and
Shell S140 PV modules. Evidently, the CB model is able to predict the
Manufacturers’ stated parameters with a significant accuracy.

3.1. Comparison between block-based and code-based models and modeling
approaches

In this study, two tests are designed to establish the robustness of
the proposed approach. The first test compares the prediction accuracy
of the CB model with one of the models listed in Table 1. The second
test shows the extent to which the CBM as an approach to model-based
system engineering can implement investigations which are computa-
tionally difficult with the other approaches.

To implement the first test, the MPP of four commercial PV modules
are predicted with CB and BB models of a PV at standard test conditions
(25 °C, 1000 W/m?, AM 1.5) as presented in Fig. 3. The reason for
comparing the CB model with the BB model is because both models can
be implemented in the MATLAB software (MATLAB, 2016); and this
removes biases on the type of software used. Clearly, from Fig. 3, there
is no significant difference between the predictions of the two ap-
proaches. This means that the CB model is equally as accurate as the
prevalent BB model that has been used by many researchers (see
Table 1). While the first test is necessary in order to compare the ac-
curacy of the proposed CB model with the BB model, the second test
provides sufficient grounds for the claim of robustness of the CBM ap-
proach over the BBM approach. Notably, the robustness of the CBM
approach is intertwined with the flexibility of the CB model to ac-
commodate additional code-based functions as would be highlighted in
Section 4.1. More explicitly, although either CBM or BBM approach can
be applied for parametric analysis of PV modules, the structure and
algorithm of the CB model bestows on it a “virtual experimentation”
capability, which is where new theories, models and applications can be
innovated. The concept of “virtual experimentation” embodies a type of
modeling and simulation approach in which the model of a PV module/
system is first created and validated before subjecting it to different test
conditions by either altering its key parameters or adding a new func-
tion. The added function may be a function of solar cell material
properties, meteorological variables, system cost, etc. as illustrated in
Fig. 4. Most modeling and simulation approaches reported in Table 1
are at the level of the PV module model. Thus, deeper understanding of
the photovoltaic physics and applications can be enhanced if more
functional or decision-making models are integrated with the PV
module model using CBM approach.

From here on, discussions on the predictive and prescriptive appli-
cations of the proposed CBM approach are further instantiated in order
to substantiate the notion of the robustness of the proposed CBM ap-
proach.

4. Discussion of results generated using the CBM approach

This section focuses on the results generated from the CB model and
the CBM approach using the “virtual experimentation” paradigm.
Thermodynamic analysis, PV module characterisation, PV system de-
sign and a potential application of the approach for power monitoring
of PV generation are presented.

4.1. Thermophotovoltaic modeling using CBM approach

The negative effect of thermalisation of electrons at the quantum
level reduces the conversion efficiency of PV (Nelson, 2003); and
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Table 4
Percentage deviation of the model from Manufacturers’ specifications.

Solar Energy 199 (2020) 521-529

PV Module MPP (W) (Manuf.) MPP (W) (Model) % deviation Ig (A) (manuf.) Is (A) (model) % deviation V, (V) (manuf.) Vy (V) (model) % deviation
Solarex MSX-60  60.0 59.00 -1.7 3.8 3.8 0.00 21.1 23.1 +9.4
Shell S140 40.0 39.51 -1.2 2.68 2.68 0.00 23.3 22.6 -3.0
Solarex MSX-60 PV Module Shell $140 PV Module
60 F T T T 1 4ol T T T
- Manufacturers I Manufacturers
[—_IModel [—IModel
50 I 1351 T
30 T
40 4
25 b
30 - 120k J
20 1 15F T
10 b
10 - 1
5F 4

Maximum Power Point Short Circuit Current

Open Circuit Voltage

Maximum Power Point  Short Circuit Current Open Circuit Voltage

Fig. 2. Comparison between Manufacturers’ and model predicted values. (a). Solarex MSX-60 (b) Shell S140.

350 T

Maximum power point (W

50

250 -

200

150

N
o
o

I Manufacturer-spec.
I cBM-predicted
300 H[___1BBM-predicted

AT

0
MYS-60M/B3/CL-245

PWX 500 Solkar Module
PV Modules

JAP6-72-320

Fig. 3. Comparison between manufacturers’, code-based model and block-
based model predictions of the MPP of commercial PV modules.

0 5 10 15 20
Voltage (V)

Fig. 5. Code-based model predicted P - V curves for solar cell ideality factors.

strategies to reduce the heat generation or recover it for useful low
temperature thermal work is a subject of much active research today.
The authors integrated the solar, electrical and thermal exergies of a PV
module using CBM approach (published in Solar Energy journal
(Ogbonnaya et al., 2019d)). The integrated thermophotovoltaic model
is expressed in Eq. (6). The novel thermophotovoltaic model predicts

Integrated PV system model
E.g. Integrated PV-battery; PV-Fuel cell, etc

T

PV system cost model

A

PV system model

E.g. Cost as a function of solar cells, etc

Energy and exergy models
E.g. Thermal loses, etc

Parametric and sensitivity analysis

F Y

—Q PV module model

N_/

Solar cell model

f

E.g. Effect of radiation, temperature, etc

Solar cell quantum models 4—<Electron generation and recombination, etc

Fig. 4. Spectrum of applications of the CBM approach.
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Fig. 6. Code-based model predicted I - V curves for 15 °C increment over re-
ference temperature at 5 °C intervals.

50 -
~*-36cells|
~4-38cells|

40cells
~42cells

Power (W)

0 0.5 1

1.5 2
Current (A)

25

Fig. 7. Code-based model predicted P - I curve for a module design with 36, 38,
40 and 42 solar cell strings in series.
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Y
o

3modules

»
S

Power (W)
p o ® B
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n
S

o

10 15

Voltage (V)

20
Fig. 8. Code-based model predicted P - V curves for PV modules in arrays.

4
5’3<10

-*-800W/m?
41+ 600W/m?
= 400W/m?
200W/m?

Power (W)

[ -
0 500 1000 1500 2000 2500 3000
Current (A)

Fig. 9. Code-based model predicted P - I curves for large-scale power genera-
tion (50 kKW).

the amount of heat generated from a PV module, as a function of
temperature and solar radiation. Furthermore, the energy and exergy
efficiency enhancement analysis of the PV and PV/T systems were also
studied based on the flexibility of the CBM approach (Ogbonnaya et al.,
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2019b).

Qloss

T
Tsun

4 T 1
= | GXA eIXT, 1-— + =
[ cell glass( 3 Ton 3 (

oo
[eXp( ) B 1])XV"V ®

where Qs is the heat generation rate in the module; TglassiS the trans-
missivity of the PV glass surface; Ty, is the temperature of the sun while
other terms are already defined in Table 3 or in the nomenclature.

These novel applications of the CBM approach allowed a liberal
investigation into the thermodynamics of the photovoltaic module
particularly how the heat generated can be reduced in PV or recovered
for application in PV/T systems. Implementing the novel thermo-
photovoltaic model would probably be beyond the reach of the pre-
valent approaches because the integration involved additional UDFs
(thermal and solar exergies) apart from the power generation model of
the PV module. The existing PV modeling and simulation software that
allow UDF still constrains the user to implement in-built pre-defined
algorithm; while, the CBM approach allows the user to determine the
algorithm of the modified CB model. The CBM approach therefore ap-
pears well positioned for implementing UDF at micro- and macro-levels
(illustrated in Fig. 4) since it allows the user to direct the im-
plementation of the CB model.

qVov
ANKT

4.2. PV module characterisation using CBM approach

The CBM approach, like other PV modeling and simulation ap-
proaches, can be used for modeling and simulating the characteristics of
solar cell materials and modules. To demonstrate this, ideality factor
(A) which describes how the solar cell matches the Shockley or an ideal
forward-biased diode has been simulated. The ideality factor stated by
the Manufacturer for a 40 W PV module is 2.83. This was varied from
0.5 to 2.83 to observe the effects on the model prediction accuracy.
From Fig. 5, the accuracy of prediction increases as the ideality factor
increases from 0.5 to 2.83 with constant number of iteration at 500. It
was also observed that the accuracy of prediction did not improve after
the number of iterations reached 500; although the computing time
proportionally increased with the number of iterations.

There are two implications of these results. First, the output current
of the PV relates with the ideality factor based on Eq. (4). The short
circuit current, representing the current when the PV is not delivering
current to the load is related with the conversion efficiency by (Eq. (7))
(Nelson, 2003).

_ LcVocFF

Ny =
i GXAcell

@)

The fill factor (FF) describes the rectangularness of the current -
voltage curve of the PV module. FF could be affected by the resistances
in series and the shunt resistance in the solar cells (Kiermasch et al.,
2019). The closer the FF of a solar cell is to unity, the higher the con-
version efficiency based on Eq. (7). Thus, the use of materials with low
resistivity would ultimately increase the power efficiency of the solar
cell because the Ohmic losses would be reduced; and ultimately in-
crease the ideality factor. The second implication of the results is that
the number of iterations influences the computational time of the
model. So, limiting the number of iterations above the saturation point
would not jeopardise the precision of the output; rather it would save
time and power for PV-led algorithms.

Again, the effect of temperature variations on the open circuit vol-
tage is critical to the PV conversion efficiency as shown in Eq. (7). The
degradation of the performance of the PV by temperature increase has
been reported by Dupré et al. (2017) and Chenni et al. (2007). Since,
electrical efficiency of a solar cell varies inversely with the operating
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temperature (Brinkworth et al., 1997; Lee and Tay, 2012), high tem-
perature solar cell (HTSC) that could withstand generation and re-
combination of electrons (without theV,.degrading) might be worth
investigating based on the implications of the results presented in
Fig. 6. HTSC may require a tuning of the heat capacity of solar cell
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materials to withstand the degradation effects of increasing tempera-
ture. This agrees with Varshni’s relationship between bandgap and
temperature (Varshni, 1967) in Eq. (1). Bandgap engineering could also
increase the proportion of solar spectrum utilised; and also reduce the
degradation of the V. due to the thermalisation of electrons (Biinzli and
Chauvin, 2014) that were not collected as electricity in the valence-
conduction bands.

4.3. PV system modeling and design using CBM approach

PV systems can be designed to produce high voltage or high current
depending on the end-users’ requirements (Masters, 2004). This section
demonstrates how the solar cells string design and modular config-
urations affects power generation of the PV. The PV module designs
with 36, 38, 40 and 42 solar cells were simulated with the CB model as
shown in Fig. 7. The current flowing through the modules is constant
while the voltage across the «cells in series increased (i.e.
Vinodule = Vi + V» + ---+V,); where n is the number of solar cells in series
inside the module. This is a predictive application of the CB model
because it predicts the MPP of different solar cell strings configuration.

The predictive feature of the CB model can also aid the design of
large-scale PV system as exemplified by our recent study involving a
virtual deployment of a 5 MW PV system at six different locations in
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Fig. 12. Model predicted Power - current - radiation trajectory between 200 and 1000 W/m?.
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order to determine the optimal location (Ogbonnaya et al., 2019c). The
voltage output of the array (V,ry) is constant while the current output
of the modules adds up (. e. Iyrray = | + L, + ---+1,,) to give the overall
current of the photovoltaic array. Eq. (8) can be used to predict the
number of PV modules, of equal power rating, that can be used for
constructing large-scale PV system.

Psystem = Ppy + Ppy (NP - 1) (8)

where Pyem is the power output of array, Pp, is the power output of the
PV module and Np is the number of PV modules in parallel connection.

For instance, Fig. 8 shows a PV array with 160 W constructed with
four PV modules rated 40 W each; and designed using the CBM ap-
proach. It can be seen that the output voltage is constant while current
varies proportionally with the number of modules added to the array.

The CB model can also predict PV performance based on the en-
vironmental factors. Fig. 9 shows the effect of variation of solar ra-
diation on a 50 kW PV generation based on “virtual experimentation”.
The PV array was first designed at STC using a total of 1,250 PV
modules composed of 45,000 solar cells covering an area of 312.5 m?.
After the design process, the PV array was simulated at different solar
intensities. This result agrees with Eq. (2) and other results reported in
the literatures in Table 1. Simulation results with actual radiation data
of a location using the CB model can help designers to estimate the
storage system that can be combined with the PV at the design stage.
This would be discussed further in Section 4.4.

Fig. 10(a) shows the relationship between the power output and
solar cell active area; Fig. 10(b) shows the relationship between the
number of solar cells in series and the number of PV modules. Because
the power output depends on the conversion efficiency of solar cell, the
relationships between the efficiency, solar cell active area, number of
solar cells and PV modules can aid the process of predicting the para-
meters for any scale of PV system based on Eq. (8). The use of the CBM
approach for establishing design scenarios constitutes a prescriptive
application since the choice to either use higher number of solar cells
per module in order to reduce the number of modules; or use lower
number of solar cells and higher number of modules can be made for
various scales of PV systems. Again, suppose that a total cost function
including cost of materials for PV module (e.g. solar cell, glass top,
ethylene-vinyl acetate, frame, wiring, etc) is incorporated into Eq. (8),
the cost of any scale of the PV system can be modelled and computed.

4.4. Using CBM approach for monitoring the PV power performance

Fig. 11 shows daily mean power generation using mean temperature
and solar radiation based on the CBM approach. In Sections 4.2 and 4.3,
the effect of only one input variable on power characteristics was si-
mulated. Here, the effect of two input variables based on actual me-
teorological data from January 1 to 31, 2016 for Enugu city sourced
through the Nigerian Meteorological Agency, Abuja have been simu-
lated for the 50 kW PV system in Fig. 8. These results appear to make
the CBM approach more dynamic than the BBM approach since there
has not been a previous study involving a simultaneous simulation of
solar radiation and temperature to visualise the power performance of
the PV system. This feature can give insights into sizing of PV system
and storage capacity since it can show upper and lower limits of power
generation based on two critical meteorolgical variables for PV gen-
eration. If appropriate sizing is achieved, it could improve system re-
liability as sufficient power would be generated, and could also reduce
system cost as the number of modules to generate the required power
can be predicted at the design stage. Another possible application of the
CBM approach is for modeling and simulation of a large-scale photo-
volatic power generation (LSPPG) system with actual solar radiation
and temperature data in order to establish an optimum location for the
LSPPG deployment; for a case where a location must be selected from
multiple locations (Ogbonnaya et al., 2019c).

Moreover, Fig. 12 shows a visualisation of power generated from a
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commercial module rated 40 W for insolation between 200 and
1000 W/m? The trajectory shows the corresponding power, current
and voltage at different solar radiations. Unlike the MPPT algorithms
that focuses on the MPP of generation (Gheibi et al., 2011; Saravanan
and Ramesh Babu, 2016), the CBM approach could facilitate the ex-
pression of transient power output in terms of current and voltage. This
feature, which can be applied in PV power monitoring devices, can be
achieved by including a sub-routine that divides power output with
photocurrent to get the voltage as shown in Fig. 12.

From the foregoing discussions, the process of creating CB model in
MATLAB has been presented. The validation of the created model has
been presented as well. A discussion of the instances where the CBM
approach could facilitate model-based studies involving PV have been
discussed including an application of actual data for potential power
monitoring application. Overall, the three objectives presented at the
introduction section of this study have been achieved.

5. Conclusion

This study presents code-based modeling (CBM) approach as a po-
tent approach that can enable model-based investigations that could
advance the state-of-the-art of the photovoltaics. First, the CBM was
coded in the MATLAB and trained with synthesized data from some
pieces of peer-reviewed literature. Then, it was validated using com-
mercial PV modules. The validation of the code-based model shows that
the proposed model repeatedly and reliably predicted the short circuit
current, maximum power point, open circuit voltage with 0%, < 2%
and < 10% deviations, respectively. Then, the potential applications of
CBM approach in studying the thermodynamics of the PV, solar cells
material characterisation, PV systems design and PV power monitoring
are discussed based on results generated from the proposed CBM ap-
proach. It can therefore be stated that the CBM approach, demonstrated
in this study, exhibits robustness beyond the capability of the current
PV modeling approaches; and should be explored by scientists and
engineers for theoretical and application-based investigations involving
user-defined equations and algorithms.
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