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Abstract — The photovoltaic (PV) model allows the current-voltage characteristic curves of the
PV module to be represented in the simulation, which 1s important in the development of the
PV generation system. Nevertheless, the current single PV model is not able to receive multiple
irradiance and temperature input to simulate the partial shading condition. The conventional
PV model with the partial shading capability requires several PV models that are connected
with a bypass diode in parallel to each PV model. As a result, the computation time becomes
high and the adaptability of this model 1s low since it requires a circuit simulation software.
This paper presents an adjuster that allows a standard PV model to has partial shading
capability. The proposed PV model 1s only applicable for the series configuration only. The
single diode model with a series resistance 1s used to design the PV model 1n
MATLAB/Simulink and the results have been compared and analysed with the conventional
PV model. From the results, it has shown that the proposed PV model is able to be executed
up to 46 times faster in computation time compared to the conventional PV model while
maintaining the maximum power point error below 4%.
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1. Introduction

The photovoltaic (PV) module is a device that generates energy by converting the solar
energy to electrical energy. The climate change crisis has made the people to move towards a
cleaner energy production such as the solar PV. As a result, this technology has gain popularity
throughout the years. In 2018, there has been an increment of 100 GW of global energy
produced by the solar PV, which i1s 25% higher from the previous year [1]. This significant
increase 1s due to the reduction of the solar PV price due to the substantial market decline in



China. The solar PV highly depends on the ambient conditions such as the irradiance and
temperature. The lower the irradiance or the higher the temperature, the lower the power
produced. Therefore, a suitable energy management algorithm 1s needed to satisfy the load
demand during low irradiance and high-temperature condition [2]. The output of the solar PV
1s nonlinear and it requires a maximum power point tracking (MPPT) algorithm to fully utilize
the capability of the solar PV [3]. Thus, the dependability on the ambient condition and
nonlinear characteristic of solar PV have become research focuses to improve energy
production in solar PV. Therefore, a PV model is needed to simulate the PV generation system
before an actual system 1s implemented.

One unit of PV module consists of many PV cells while one PV array consists of many PV
modules. The aforementioned PV models discussed before are able to represent a PV cell,
module, or array. In an ideal condition, the PV cells, modules, or arrays receive the same
irradiance. However, in practice, the irradiance received by each PV cells, modules, or arrays
might be different. This condition is called partial shading and there are significant design
challenges to utilize the power produced during this condition. When the irradiance is uniform,
there 1s only one maximum power point (MPP). During partial shading, there are multiple
MPPs produced. Therefore, it 1s harder for the MPPT algorithm to obtain global MPP, which
the global MPP produces the highest power among other MPPs [3-5]. If the MPPT algorithm
fails to track the global MPP, the efficiency of the PV generation system 1s reduced
significantly.

Currently, there are two existing PV models that are commonly used in PV research,
namely the single-diode and the double-diode PV model. However, these models have the
limitation of inserting only one irradiance and temperature at a time. Therefore, the partial
shading condition cannot be simulated directly using a single PV model. In order to achieve
the partial shading capability for the PV model, several PV models need to be simulated
together in the circuit simulation software to add the bypass diode [6, 7]. Although this
approach is simple, the computation time is high since all the PV models need to be simulated
simultaneously and it has low adaptability since the circuit simulation software is needed.
Another approach is to add the output produces by the PV models [8-10]. This approach
eliminates the needs of the circuit simulation software. Nevertheless, it still requires multiple
PV model to be simulated together to produce an output, which has a high computational
burden. The look-up table 1s also used in the PV model with partial shading capability [11].
The PV model is computed and saved before the simulation of the PV system begin. As a result,
the computation time 1s reduced significantly. Nonetheless, the accuracy of the look-up table
depends on the size of the data. A higher accuracy requires a larger size of data. Besides that,
a different data set i1s needed if there are multiple irradiances or temperature settings, which
further increase the size of the data. In conclusion, a partial shading PV model with a low
computational burden, requires no circuit simulation software, requires a small data size, and
able to change the ambient condition 1s needed to improve the current model.

This paper presents a single PV model with the partial shading capability with fast
computation time. Only the series configuration is applicable using this method. This model is



only suitable if the bypass diode is added parallel for each PV module. The model requires no
bypass diode component added parallel to the PV model. This is because the effect of adding
a bypass diode parallel to the PV module 1s integrated within the algorithm in the proposed
model. The proposed PV model is compared with the conventional PV model that is connected
in series and the comparison is simulated via the circuit simulation software. Both PV models
are simulated in MATLAB/Simulink simulation software and based on the single diode model
with the series resistance. This PV model 1s chosen due to its low computation burden while
maintaining acceptable accuracy. The performance of the proposed PV model i1s analysed based
on computation time and accuracy. The benchmark is conducted by comparing the performance
of the proposed PV model with the conventional PV model.

The paper starts with the design of the conventional PV model, which includes the equation
of the PV model, theoretical parameters, and the effect of partial shading. The next section
discusses the proposed PV model that includes the derivation and followed by the
implementation of the model into the MATLAB. The last section covers the results and
discussions of the proposed PV model and the comparison with the conventional PV model.
The analysed performances include computation time and accuracy.

2. Photovoltaic Model

There are various PV models available such as the double diode model, single diode model,
and simplified single diode model [12, 13]. Generally, the accuracy of the model increases as
the complexity increases. In the case of PV models, the double diode model is suitable to be
implemented for a high accuracy application [14, 15]. Nonetheless, 1t requires a high
computational burden since there are two diode current equations considered in the calculation.
The single diode model has lower computational burden compared to the double diode model
[16]. However, the accuracy of the single diode model is lower compared to the double diode
model.

The single diode model 1s simplified by removing the parallel resistance from the model
[17]. The elimination process of the parallel resistance improves the computation time of the
PV model but at the same time reduced the accuracy of the PV model. The ideal model does
not consider the series and parallel resistances [18, 19]. It is easily solved since it does not
contain any implicit equation. However, the 1ideal model is highly inaccurate. The single diode
model with the series resistance is suitable due to its simplicity while maintaining acceptable
accuracy.

2.1. Single Diode Model with Series Resistance

The circuit representation of the single diode model with the series resistance is shown in
Figure 1 [17, 20]. This model 1s chosen as 1t does not have a high computational burden and 1t



is still able to maintain an acceptable accuracy [12]. Based on the circuit representation, the PV
current, Ip, 1s calculated using equation (1). The numerical method such as the
Newton-Raphson method is used to solve equation (1) since it is an implicit equation [17].

V.., + I,,R (1)
. pv pvils
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, where /I, 1s the photo-generating current, /s 1s the saturated current, V), 1s the PV voltage, R
i1s the series resistance, 4 is the 1deality factor, and V; is the thermal voltage.

Figure 1: The circuit representation of the single diode model with series resistance.

The alternative representation of the PV model 1s shown in equation (2) [17]. The input of
the PV model is [, and the output of the PV model is V.. This type of model is easier to
compute since it 1s not an implicit equation. Therefore, there is no need to apply a numerical
method to solve this equation.

(2)
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2.2. Parameters of Photovoltaic Model

The Amerisco Solar PV Module 80J-B is chosen for the simulation and the parameters are
listed in Table 1 [21]. The ¥V} 1s calculated using equation (3), which this parameter changes
with temperature, 7' [20, 22]. The I, requires the short circuit current at standard test condition
(STC) (Lse ste) and temperature coefficient of short circuit current (K;) from the datasheet, which
is calculated using equation (4). Parameter /; is calculated using equation (5) and the parameters
required are obtained from the manufacturer datasheet. Parameter 4 and R; are adjusted
manually using try and error method until the maximum power point current and voltage (/.
and V,, respectively) are achieved during STC.
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, where k is the Boltzmann coefficient (1.38x102* J/K), ¢ is the electron charge (1.6x10°"° C),
G is the irradiance (W/m?), Gy is the irradiance at STC (1000 W/m?), Ty is the temperature at
STC (298 K), Voe sic 18 the short circuit voltage at STC, and K, is the temperature coefficient

of open circuit voltage.

Table 1: The parameters of Amerisco 80J-B (used in simulation) and Yingh YL-165 (used in
experimental validation) [21, 23].

Parameter Amerisco 80J- | Yingli YL-165
B

Short Circuit Current at STC, Ls¢ s 2.32 A 7.90 A
Open Circuit Voltage at STC, Voe sie 44 4V 29.0
Maximum Power Point Current, /[, 223 A 7.20
Maximum Power Point Voltage, Vi, 358V 23.0
Number of PV Cells in a PV Module, #; 2 16
Temperature Coefficient of Short Circuit Current, K 0.002 I/°C n/a
Temperature Coefficient of Open Circuit Voltage, Ky -0.16 V/°C n/a

2.3. Partial Shading

The partial shading occurs when a part of the module in an array receives difference G.
This cause by the shows from objects like buildings and threes or the presence of dust on the
PV surface. The partial shading changes the I-V and P-V characteristic curves of the PV form
the standard curves, as shown in Figure 2. Figure 2(a) represents a PV array that consists of
three PV module connected in series with a parallel bypass diode connected to each PV module.
Region A occurs when the V). 1s lower than critical PV voltage 1, Vyy erigr). At this region, the
resistance connected to the PV array is low. If the resistance increases, the PV array operates
in Region B, which the V), 1s between Vpy 1) and critical PV voltage 2, Vpy erigz). If the
resistance becomes higher, the PV array operates in Region C, which the V), is more than
Vpv eri2). The partial shading creates multiple MPP, as shown in Figure 2(b). The highest peak
is called the global MPP and the rest of the peak is called the local peak. A good MPPT

algorithm is able to detect the global MPP when the partial shading occurs.
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Figure 2: a) The current-voltage (I-V) and b) the corresponding power-voltage (P-V) PV
characteristic curves of the three PV modules connected in series during partial shading.

The bypass diode prevents the PV array from damage during partial shading by providing
an alternative path for the current. During partial shading, some of the current flow to the
bypass diode, Dp. This condition normally occurs when the low load connected to a string of
PV modules, which the V), 1s low, as shown in Figure 3. In this example, the G1) 1s higher than
G(2) and the G2) 1s higher than G3). Module 1, 2, and 3 receive Gy, G(2), and G3), respectively.
This 1s presented as different shade, which the higher G has a lighter shade and the lower G
has a darker shade. As a result, the /,;(1)1s higher than /I,;2) and the /,i2) 1s higher than /).
Only the PV module with the highest G has current passing through the PV diode, D,,. While
the other PV modules have current passing through the Dy instead of D,,. For the operation in
Region A shown in Figure 3(a), if the V), is measured across each PV module, only the first
PV module has non-zero reading. While the second and third PV modules have zero V..
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Figure 3: The operation of the three PV modules connected in series during partial shading at
different region (G, > G2 > Gy3)). a) Operation in Region A. b) Operation in Region B. ¢)
Operation in Region C.

As the load increases, the V), increases. When the /,5(2) equals to the /1,;1) minus the current
passing through D,.1), the D, 2) starts to operates and the voltage across Dy(2) Increases, causing
the Dp(2) to operate in reverse biased. As a result, the V), for the first and second PV modules
becomes non-zero, which the PV array operates in Region B. While the V), across the third PV
module maintains at zero. The load is further increased causing the V). to increase. When the
Ipn3y equals to the /,n2) minus the current passing through Dp.2), the Dpy(3) starts to operates and
the voltage across Dy increases, causing the Dp;) to operate in reverse biased. In this
condition, the PV array operate in Region C. As a result, the V), for all PV modules becomes
non-zero and all the Dys operate in reverse biased.

3. Proposed Photovoltaic Model

The I-V characteristic curve and the circuit representation of the PV during partial
shading 1s analysed. Based on the analysis, the PV model with partial shading is proposed.
3.1. Analysis of Photovoltaic Array during Partial Shading

The important parameters that need to be obtained from Figure 2(a) are the critical PV
voltage, Vv i, which include the Vyy i) and Vpy cri2). When the V. equals to the Vyy crig), the
Iy equals to the Is.2). The L) approximately equals to the 7,,2). Based on equation (2), the
Vv ericy 18 derived and the result 1s shown in equation (6). If the difference between the Is.(
and Jy(2) 1s too small, the V), i) becomes small. As a result, the I-V PV curve for Gy is not
shown in the overall -V PV curve. In order for this method to work properly, the G needs to
be significantly different from each other.
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The same case 1s observed for the Vy, cri2). When the V), equals to the Vv wi), the Ly
equals to the short circuit current 3, /. 3). The /3y approximately equals to the /,,3). Based on
equation (2), the Vy cri2) 1s derived and shown in equation (7).

(7)
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After the observation on the I-V characteristic curve in Figure 2(a) and the derivation of
equation (6) and equation (7), the equivalent circuit in Figure 3 is modified and the result of
the modification 1s shown in Figure 4. For the operation in Region A, only Module 1 1is
calculated, which Module 2 and 3 are neglected, as shown in Figure 4(a). If the operation in
Region 2, Module 1 becomes a voltage source and the magnitude of the voltage source is
Vv eric1), @s shown in Figure 4(b). Module 2 1s the only PV model calculated and Module 3 1s
neglected. If the operation in Region 3, Module 1 and 2 become voltage sources and the
magnitude of the voltage sources are V., ¢y and Vpy oi(2), respectively, as shown in Figure
4(c). Module 3 is the only PV model calculated.
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Figure 4: The illustration concept of the PV model during partial shading in different region
(G1) > G2 > Gy3y). a) Operation in Region A. b) Operation in Region B. ¢) Operation in
Region C.

Based on the observations on the PV array during partial shading:

e A single PV model (refer to equation (1)) capable of producing the I-V characteristic
curve during partial shading by adjusting the V), that goes into the model.



e The adjustment of V), depends on the region of operation and Vpy ¢
o Region A: V,, =V, o
o Region B: Voo = l"';'t:-t:'_s*." - va_cri(l)

O Regiﬂn L If';n; — “‘;:w_sr — va_cri(l) _ va_cr‘i(ﬁ)

3.2. Development of the Proposed Model

The PV model with partial shading capability is proposed based on the observation on the
PV array. Figure 5 shows the block diagram of the proposed PV model with partial shading
capability. It consists of two parts, which are the proposed partial shading adjuster and the
standard PV model. The proposed partial shading adjuster is discussed further in Figure 6.
While the standard PV model is based on the equation (1). The proposed model is designed
based on the PV modules connection in series with no limit on the number of PV modules
connected in series, N. This PV model only works for simulation of the PV module with the
same theoretical parameters. The proposed partial shading adjuster i1s derived from the single
diode model with series resistance. The used of different types of conventional PV models may
result in an error.

e |
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Figure 5: The block diagram of the proposed PV model with partial shading capability.

The proposed PV model requires three input and produces one output. The first input is the
series PV voltage, Vv &, which 1s the voltages across all the PV modules connected in series.
The second and third inputs are the vector of irradiance (Gyec) and vector of temperature (7vec).
The Gyee consists of various G that produce the partial shading. While the 7. 1s the
corresponding 7 for each PV modules. The proposed partial shading adjustment analyses the
Vov srs Gvee, and Tvee, which produce the corresponding parameters that can be used by the
conventional PV model (without partial shading capability). These parameters are the
irradiance in i-th location in the Gyec (Gi), the temperature in i-th location in the 7. (7;), and
the adjusted PV voltage (V,v «4j). Using conventional PV model, the series PV current, 1,y -, 1s
obtained.

The flow chart of the proposed PV model with partial shading capability is shown in Figure
6. The process started by loading the parameters of the PV module. These parameters include
the Lsc sty Voe ste, 15, Kiiy Kiv, A, and Rs. Then, the G and T are sorted, which the Ge. 1s sorted
in descending order and 7' follows Gy new arrangement. If the Gy.. is not sorted properly,
the proposed partial shading adjustment will not able to be executed.
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Figure 6: The flow chart of the proposed PV model.

The operation of the three PV modules connected in series similar to Figure 4 is used to
describe the flow chart. The location, i, 1s set to 1 and the /,» with G(1) and 7(1) is calculated
using equation (4). Next, the Vi(T(1)) and I(T(1)) are calculated using equation (3) and
equation (5), respectively. Since the i is less than N (N 1s equal to three), the /,, with G(2) and
7(2) 1s calculated using equation (4). The V). (1) is calculated using equation (8), which is
modified from equation (6) and equation (7).

va_cri(i) = ABVI(T(E)) o Iph(G(i)J T(i))Rs (8)

 [Ipn(G@,T@) = (GG + 1), T (I + 1)
pktion LT@) s




The Vpy ericr) and Ve eri2y are assumed to be constant voltage and do not change as the V),
increases, as shown in Figure 4(c). This 1s not true since the Vyy ey and Vyy eri2) 18 changing
since the current is still passing through Dp.1yand Dpy2), as shown in Figure 3(c). The higher
the current passing through the D,,, the higher the change of V). . However, by considering
the Dpv1), Dpvi2yand Dy,3) in the PV model, the computation required is high since three currents
for the diode needs to be considered. In order to overcome this problem, the V), i 1s slightly
compensated based on these characteristics:

e The Vyy o 1s compensated as more D,y 1s turned on.
¢ The compensation of the V), . becomes higher as more D), is turned on.
e A simple polynomial function is introduced to represent compensation.

Using the characteristics, the sum of critical PV voltage, V. sum 1s derived and shown in
equation (9). The parameter V). i is changing when the V), changes. Nonetheless, this
assumption is made to reduce the processing burden. In order to reduce the error, the
compensation parameters are added and these parameters are called the critical PV voltage
adjustment (V) ¢ ag) and the vector adjustment, iqgj. The Vpy o adj and iqq; are obtained using
try and error method until the I-V characteristic curve obtained from the PV model 1s similar
to the I-V characteristic curve obtained from the conventional PV model. In this simulation,
the Vpv cri adj and iqgi are 3 V and 1.3, respectively.

: _ )
"‘J;-:'v_sum = z[vpv_cri (E)] + (i o= 1)1{1:1;' va_cri_ad 7

i=1

If the Vpv s 1s less than Vv sum, the Vv (1) 1s deducted from Vpv sum. The Vpv adj 1S
calculated using equation (10) and the /. 5 1s computed using the V) «qi, G(1), and 7(1). If the
Vov sr1s more than Vyy sum, the process of calculating the next Vyy o+ 1s started. The Vi(2) and
[(2) are calculated using equation (3) and equation (5), respectively. Since the i 1s still less
than N, the 7,» with G(3) and 7(3) 1s calculated using the equation (4). The Vv «i(2) 1s calculated
using equation (8) and the V., sum 1s calculated using equation (9). Sum of V. i 1s the
summation of Vpy (1) and Vyy 4i(2). If the V,y 515 less than Vo gum, the Vyy 4i(2) 1s deducted
from Vv sum. The Vv udj 18 calculated using equation (10) and the /. s 1s computed using the
Vov adjs G(2), and T(3). If the Vyy 5 1s more than Vpy sum, the Vi(3) and I(3) are calculated using
equation (3) and equation (5), respectively. Then, the V. 44 1s calculated using equation (10)
and the I, s 1s computed using the Vyy udj, G(3), and 7(3). The I,y & 1s computed using the
Newton-Raphson method and the number of iterations for the standard PV model, J, is 5. The
J equals to 5 1s chosen since it produces an acceptable error that is lower than 0.0001 A.

va_adj — va_sr = va_sum (10)



4. Methodology

In order to analyse the performance of the proposed PV model, a comparison is made with
the conventional PV model with partial shading capability. For a fair comparison, both PV
models are simulated in MATLAB/Simulink software. The parameters of the PV models are
based on the Amerisco 80J-B, which the parameters are listed in Table 1 [21]. While the Yingli
YL-165 1s used in the proposed PV model only and it 1s used for experimental validation [23].

4.1. Proposed PV Model

Based on the flowchart of the proposed PV model shown in Figure 6, a MATLAB function
is developed. The MATLAB function is implemented in the “MATLAB Function” block, as
shown in Figure 7. The MATLAB function able to receive three input (Gvec, Tvee, and Vpv )
and produce one output (/pv s). Since the partial shading consists of various G and 7, the inputs
are in the form of vector. The output of the MATLAB function is connected to the “Controlled
Current Source” block. The “Controlled Voltage Source™ block is used to sweep the Vv .

lpv_sr d—

lpv_sr
To Workspace

[1000 500 250] | --DIG-.re::
G

25 25 25] f—p{Tvec A Ipvscf e

T PVMps
-
— ™ Vpv_sr
Ramp o > Vpv_sr
Proposed PV Model
Vpv_sr
To Workspace

Figure 7: The simulation block of the proposed PV model.



function Ipv sr = PVMps (Gvec, Tvec,Vpv sr)
A=1.65;
Isc=2.,32;
Ki=0.002;
Kv=-0.16;
Ns=72;

Rs=1;
Voc=44 . 4;
Vpvcriadj=3;
iady=1.3;
k=1.38e-23;
g=1.602e-19;

Vpvsum=0;
Iph=zeros (1, length (Gvec));
Vpvcri=zeros (1, length (Gvec)) ;
Vt=zeros (1, length (Gvec) ) ;
Is=zeros (1, length (Gvec)) ;

% Proposed Partial Shading Adjuster
Iph(1)=Gvec(1l)/1000* (Isct+Ki* (Tvec(l)-25));
for i=1:length (Gvec)
1f i<length (Gvec)
Iph(i+4+]1)=Gvec (1+1)/1000* (Isc+Ki* (Tvec(i+1l)-25));
end
Vt (1)=Ns*k* (Tvec (i) +273) /q;
Is(i)=(Isc+Ki* (Tvec(i)-25))/ (exp( (Voc+Kv* (Tvec(i)-25))/ (A*Vt(1)))-1);
1f i<length (Gvec)
Vpveri (1)=A*Vt (i) *log( (Iph(i) - Iph{i+l))/Is(i} + 1) - Iph(i+l)*Rs;
else
break;
end
Vpvsum=sum (Vpvcri)+(i-1) “iadj*Vpvcriadj;
1f Vpv_ sr<Vpvsum
Vpvsum=Vpvsum-Vpvcri (1) ;
break;
end
end
Vpvsub=Vpv sr-Vpvsum;

5% Standard PV Model
Ipv sr=0;
for §=1:5
Ipv sr=Iph(i)-Is(i)* (exp((Vpvsub+Rs*Ipv sr)/(Vt(i)*A))-1);
end

4.2. Conventional PV Model

The conventional method to simulate the partial shading 1s by simulating every single
standard PV model at different G and 7. These PV modules are connected using circuit
simulation software such as Simulink. Then, a parallel D; is added for each PV module.
Although this method is simple to apply, the computation requirement is very high since all the
PV models are simulated simultaneously. Therefore, a long processing time will be required to
simulate the model. Some real-time applications such as the PV emulator is not able to
implement this method due to the calculation delay which results in inaccuracy or fails to
operate properly.

The conventional method to simulate the partial shading condition using the standard PV
model is shown in Figure 8. Instead of using a single “MATLAB Function” block for the
proposed PV model, the conventional PV model requires multiple standard PV model



connected in series in order to simulate partial shading condition. Each “MATLAB Function™
block contains the standard PV model computed using the Newton-Raphson method with five
iterations. The V), of each standard PV module 1s measured in order to calculate the /,.. The
output of each standard PV model is connected to individual “Controlled Current Source”
block. These blocks are then connected in series together with “Controlled Voltage Source”
block, which is used to sweep the Vpy -
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Figure 8: The simulation block of the conventional PV model.

5. Results and Discussions

The results consist of two parts, which are the simulation results and the experimental
verification. Two different PV modules are used in order to analyse the performance of the
proposed PV model. The Amerisco Solar PV Module 80J-B 1s used in the simulation results
[21]. While the Yingli YL-165 1s used in the experimental validation [23].

5.1. Simulation Results

The simulation results consist of two parts, which are the computation time and accuracy.
The assessment has been conducted by comparing the performances between the proposed PV
model with the conventional PV model. Three configurations are simulated:

e Three modules (250 W/m?, 500 W/m?, and 1000 W/m?)
e Five modules (200 W/m? to 1000 W/m?, with the step of 200 W/m?)
e Ten modules (200 W/m? to 1000 W/m?, with the step of 100 W/m?)



Two performances analysis was conducted on both PV module configurations which
compare the computation time and accuracy of the model for 7 = 25°C. Nevertheless, the
proposed model is also capable of simulating various level of 7.

5.1.1.  Computation Time

The computation time, #com, 1s obtained using the 'tic' and 'toc' function available in
MATLAB. In order to get an accurate f.om, the 'tic' and 'toc' function 1s simulated 10 times and
the average value 1s recorded. In addition, a similar computer system (MSI PE60 7RD) is used
to simulate both proposed and conventional PV models. In the performance assessment, the
faster 7com 1s preferred since it has a lower computational burden. Parameter V., s 1s chosen
based on the value of N and Ve s. For the series of three PV modules, parameter V), s 18
increased from zero to 125 V with the step input of 0.01 V. For the series of five PV modules,
the Vv s-1s Increased from zero to 225 V with the step input of 0.01 V. For the series of ten PV
modules, the Vv s 18 Increased from zero to 450 V with the step input of 0.01 V.

The computation time for the proposed and conventional PV model with different amount
of PV modules is shown in Figure 9. For the series of three PV modules, the proposed PV
model requires 0.45 s to compute while the conventional PV model requires 2.46 s to complete
the model simulation. The result shows that the proposed PV model computes up to five times
faster compared to the conventional PV model. For the series of five PV modules, the proposed
PV model requires 0.59 s to compute while the conventional PV model requires 8.16 s to
compute. The result shows that the proposed PV model computes up to 13 times faster
compared to the conventional PV model. For the series of ten PV modules, the proposed PV
model requires 0.99 s to compute while the conventional PV model requires 46.05 s to
compute. The result shows that the proposed PV model computes up to 46 times faster
compared to the conventional PV model.
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Figure 9: The computational time of the conventional and proposed PV models.



In general, the results show that the proposed PV model is faster compared to the
conventional PV model, whether it is a series of three, five, or ten PV modules. The proposed
PV model with the series of five PV modules requires 0.14 s (31% increases) longer time to
compute compared to the series with three PV modules due to a much higher sweep voltage.
The series of three PV modules is tested from zero V. o until 125 V. While the series of five
PV modules are tested from zero V. s until 225 V. The similar effect is observed when series
of ten PV modules is compared with the series of five PV modules, which an extra 0.4 s (68%
increase) 1s required to sweep all the voltages.

However, the change in the computation time when the PV module increases is different
for the conventional PV model. By adding an extra two PV modules, the #..» Increases up to
5.70 s (232% increases). The conventional PV model is not suitable for a large configuration
since a small increase in the number of PV modules results in a large computational burden.
This effect 1s more severe when the series of ten PV modules is compared with the series of
five PV modules, which requires an extra 37.89 s (463% increase) to compute.

The significant increase in the computation time is caused by the MATLAB/Simulink
solver trying to analyse the circuit required by the conventional PV model. The increase in the
number of PV modules results in a higher number of components that needs to be analysed. As
a result, the computation time increases significantly as the number of PV modules increase.
This 1s different from the proposed PV model that does not require an increase in the number
of components when the number of PV modules increases.

In conclusion, the proposed PV model is significantly faster compared to the conventional
PV model. The proposed PV model able to simulate the I-V characteristic of the PV modules
under partial shading condition without significantly burden the processor. While the
conventional PV model requires a high computational capability to simulate partial shading
and the requirement significantly increases in computation time as the number of PV modules
connected in series increases.

5.1.2. Accuracy

The accuracy of the proposed PV model depends on the ability of the model to produce the
[-V characteristic curve similar to the conventional PV model. For a clearer result, the
comparison of the power-voltage (P-V) characteristic curve 1s also conducted.

The results for the series of three PV modules are shown in Figure 10. Based on the results,
the Vv eic1) 1s found to be accurate since there 1s no difference between the proposed and
conventional PV models at the intersection of the first and second curves. This condition i1s
mainly due to the connection of D) and Dp3y which are short-circuited, thus only one PV
module operates. As a result, the calculation 1s simply based on one PV model. However, the
accuracy of the I-V 1s reduced in the constant voltage region for curve two and three. During



this condition, the D, 1s operating and due to the simplification of the proposed PV model,
only one Dp, 1s considered and the rest of D, 1s neglected. This situation results in a lower
accuracy level in the constant voltage region. However, the computation time is found to be
reduced significantly. The V), i) are slightly shifted to the right, which can be corrected by
tuning the parameters Vyy i adj and iuq;. In the constant current region, the accuracy of the
proposed PV model is high.
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Figure 10: a) The I-V and b) the P-V characteristic curves of the conventional and proposed
PV models during partial shading (250 W/m?, 500 W/m?, and 1000 W/m?).

The results for the series of five PV modules are shown 1n Figure 11. Since some of the D).
are neglected in the proposed model, the accuracy of the PV model in the constant voltage
region becomes low and it becomes similar to the series of three PV modules. As a result, the
MPPs are affected. This point is important, especially if the PV model is used in the MPPT
application. The list of MPPs for each configuration is shown in Figure 12. The percentage
power error, ep, for each MPP is calculated using equation (11). The result shows that the
value of eps; 1s found between 0% to 3.9% and the value of epy 1s found to be zero in the first
MPP. In this situation, the value of eps; becomes higher as it reaches to the centre of the curve
and it then decreases as the MPP becomes further away from the centre. The comparison shows
that both proposed and conventional PV models have the same curve location of the global
MPP. The global MPP location for the series of three, five, and ten PV modules are located at
the second, fifth, and sixth curves, respectively. Since there is no difference in the location of
the global MPP, the proposed PV model is accurate enough to be used in the MPPT application.



L [MPPyrop — MPPeony| - (11)
e MPP.ony :

where MPP,,,, 1s the maximum power point of the proposed PV model and MPP.... 1s the
maximum power point of the conventional PV model.
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Figure 11: The a) current-voltage and b) power-voltage characteristic curves of the
conventional and proposed PV models during partial shading (200 W/m? to 1000 W/m? with
the step of 200 W/m?).
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The results for the series of ten PV modules are shown in Figure 13. The last I-V curve in
constant voltage region for every configuration shows a significant error. The proposed PV
model has a steeper slope compared to the conventional PV model. As a result, the open circuit
voltage of the proposed PV model is significantly lower than the conventional PV model.
During this condition, only one D, operates in the proposed PV model. Nonetheless, in the
actual condition, all the D,, needs to be operated to produce an accurate result, which can
increase the computational time.
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Based on the results, the proposed PV model 1s found to be accurate compared to the
conventional PV model. There i1s no difference observed in the constant current region.
However, there is a slightly different between the proposed and conventional PV model in the
constant voltage region due to the simplification process. The simplification process also
produces an error at the MPP. However, this error 1s not affecting the location of the global
MPP.

5.2. Experimental Verification

The performance of the proposed model 1s compared with the experimental data obtained
from [23] and the results are shown in Figure 14. The overall results show that the proposed
model is found to be similar to the experimental data, where there is no significant difference
found in the constant current region. However, there is a slight difference in the constant
voltage region as shown in Figure 14(a). By replacing MPPco, with the MPP from the
experiment data (MPP..,) in equation (11), the ey for the first and second curves in Figure
14(b) are 2.79% and 8.37%, respectively.
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Figure 14: The a) current-voltage and b) power-voltage characteristic curves of the proposed
PV model and experimental data during partial shading (550 W/m* and 1000 W/m? at 40°C).

The experimental result has shown a higher ¢,2; compared to the simulation result. By
referring to the first curve, which has low V)., there is a difference between the proposed model
and the experimental data in the constant voltage region. According to the simulation result,
the first curve should be accurate. The difference is due to the usage of the single diode model
with series resistance. In order to have higher accuracy to the experimental data, a more
complex PV model such as the double diode model is needed [24]. Nonetheless, the use of the
complex PV model defeats the purpose of obtaining a fast computing PV model. For the second
curve, which has high V,,, there 1s a slight difference in the constant voltage region. This
difference 1s not only caused by the chosen PV model, but also the limitation of the proposed
partial shading adjuster, which 1s similar to the simulation result.

6. Conclusion

The proposed PV model is introduced in order to simplify the PV generation system
simulation under partial shading condition. The comparison has been made with the
conventional PV model as the benchmark, which i1s based on circuit simulation software to
connect multiple PV models. The proposed model is much simpler compared to the
conventional PV model and does not require circuit simulation software to compute. When the
proposed PV model 1s compared with the conventional PV model, the results show that there
is only a small difference in the I-V and P-V characteristic curves. The difference is in the
constant voltage region, which caused by the simplification of the PV diode current during
partial shading condition. The simulation results show that the error at the MPP 1s below 4%.
Even though there is a slight error in the model, the proposed PV model able to perform



significantly faster. The increases in the number of PV modules connected in series only
slightly increases the computation time of the proposed PV model. The experimental results
exhibit similar characteristic as compared to the simulation, with just a slight difference in the
constant voltage region. As for the percentage of error at the MPP, the experimental results
yield higher percentage as compared to the simulation. This is attributed to the simplified single
diode model used in the proposed PV model. In summary, the proposed PV model is simpler,
requires low computation time with acceptable accuracy, and there no need to implement the
proposed PV model in circuit simulation software.
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