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A Novel Work-State Analysis Method for Modelling Photovoltaic Arrays Under Multi-
lllumination Conditions

Jun-Hong ZHANG?, Ling-Yu LI, Chao-Yu ZHAI

Abstract: This paper presents a novel work-state analysis method for accurate modeling of photovoltaic (PV) arrays under complex illumination conditions. Based on a
refined seven-parameter model, we develop a segmented function approach that effectively captures array behavior under various lighting environments. The proposed
method divides the operating regions into multiple intervals based on illumination levels, enabling precise characterization of array output. Experimental validation using a
KG200GT module demonstrates modeling accuracy within 1.5% error under diverse lighting conditions. Results show that the model successfully divides the working range
of local maximum power points and predicts multiple maximum power points in series configurations and accurately captures the unified characteristics in
parallel arrangements. Thus, the working characteristics of series parallel arrays were analysed. The model achieves 98.5% accuracy in predicting array performance
under partial shading, offering significant improvements over traditional modeling approaches. This work provides a robust mathematical framework for optimizing PV

array design and maximum power point tracking algorithms in real-world applications.
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1 INTRODUCTION

Photovoltaic array is the energy supply unit for
photovoltaic power generation system. Establishing an
accurate photovoltaic array model that can reflect various
environmental changes is the basis for simulation research
and analysis of photovoltaic power generation system.

At present, the research on photovoltaic (PV) array
modelling mainly focuses on analysing the output
characteristic curve of the array. Literature [1-4]
comprehensively describes the output characteristics of the
array, but there is no theoretical establishment of a fixed
model that reflects the output characteristics and provides
forward-looking analysis and prediction. The distribution
characteristics of electrical parameters of photovoltaic
arrays are studied under different shading conditions [5-7].
Due to the low accuracy of the engineering model itself,
the study of piecewise functions has not been refined to be
related to lighting. References [8] propose a method for
obtaining the output characteristic curve of a PV array
through linear interpolation fitting based on the measured
I-U data of the module. Reference [9] establishes an
implicit complementarity problem model for PV arrays and
proposes a [-U characteristic solving algorithm based on
utility functions, but does not consider the output under
complex lighting conditions.

Therefore, it is the basis for accurately describing
output characteristics to establish mathematical models of
different topological structures under various lighting
environments while ensuring accuracy.

The number of shadow modules is determined by
introducing theoretical calculation methods of electrical
parameters. However, an approximate description of the
array is used, which cannot describe the fine output of the
array in special environments. Based on the PV array
engineering model, the segmented model is established
under local shadow conditions [10]. Four advanced
modeling methods for estimating the energy generated by
PV systems are analysed [11]. The new method shows a
mean absolute percentage error of 1.5%. The hybrid
techniques are used in real-time implementation of PV
array modelling [12, 13] and various configurations are

investigated for the impact of partial shading location on
the output power of solar photovoltaic arrays by directly
constructing array simulation models [14]. While the
influence of local shadows is analyzed on the maximum
power point, it fails to provide the relationship between the
distribution of maximum power points and local shadows.
The reconfiguration technique is used to mitigate the
mismatch losses due to partial shading in large-scale solar
photovoltaic systems. Furthermore, these strategies are
only relevant to a specific size of PV array, making it
difficult to develop a comprehensive and reliable solution
that works for all array sizes [15, 16].
Uniform-illumination causes a decrease in the output
power of the array, and there are multiple local extreme
power values in different intervals. MPPT technology can
be divided into two categories in multi-illumination
environments. One is to improve existing conventional
methods and accurately track the global power peak under
specific conditions [17, 18]. The second is based on
intelligent algorithm topology, including MPPT based on
fuzzy logic, artificial neural networks, artificial bee
colonies [19, 20], machine learning [21] and deep learning
[22], which can predict the PV power considering partial
shading conditions. Although artificial intelligence
algorithms do not rely on mathematical models of
photovoltaic arrays, they rely on a large amount of
operational data and accumulated experience to achieve
complex circuits. Additional hardware costs are required.
The output current and voltage of each module in the
array are different in complex lighting environments. The
current or voltage values of the circuit are different in
different illumination ranges, and the array operates in
different states, resulting in different /-U characteristic
equations due to the presence of bypass diodes in series
modules and blocking diodes in parallel modules. A multi-
interval modeling method for PV array based on working
state analysis is proposed by adopting a refined seven-
parameter model for PV cells [23]. PV array as the research
object, photovoltaic module as the analysis unit, the
equivalent circuit model and mathematical model of the
module are combined. The different operating states of PV
array are analysed and established a /-U mathematical
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model using the piecewise function method based on the
output current characteristic equation.

The specific objectives of this study are to:
(1) Develop a comprehensive mathematical model for PV
arrays under non-uniform illumination.
(2) Validate the model's accuracy under various shading
patterns.
(3) Analyze the impact of different array configurations on
power output.
(4) Provide guidelines for practical implementation.

2 THE PHOTOVOLTAIC ARRAY MODEL
2.1 Seven-Parameter Model for PV Cells

The refined seven-parameter (v, /o1, lo2, A1, A2, Rs, and
R,) model of PV cells can better describe the light dark and
high temperature characteristics, and is suitable for
modelling PV arrays and studying output characteristics in
multi-illumination environments [24]. The equivalent

circuit model is shown in Fig. 1. The V-I mathematical
model is as follows:

_IV_II{GXP(MJ_I}_ (1)
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Figure 1 Seven-parameter equivalent circuit model
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I: The output current, A

V: The output voltage, V

1,,: Photogenerated current, A

¢: Unit charge, 1.6022x107"°C

K: Boltzmann constant, 1.3806x10J/K
T: Absolute temperature, K

Vr: Thermal voltage, V,=KT /q,V

Ry: Series resistor, Q

R,: Parallel resistor, Q

1,1, I,»: D1, D2 response saturation current, A
Ay, Az: 1deal factors for D1 and D2

2.2 Seven-Parameter Model of PV Cells

A PV module consists of n cells connected in series,
with a series resistance R, and a parallel resistance Ry:

{Rm =nR, (2)

The module V-I mathematical model:

V+nRI V+nRI
I=1 -1 |ex - +ex =2 |-
” { p( nv, j p[ 20V, j } (3)

_V+nRlI
an

2.3 Equivalent Circuit Model of PV Array
2.2.1 Serial Array

The serial array structure composed of Ns modules is
shown in Fig. 2. [llumination distribution of modules is: G,
> Gy >, ..., > G, Parallel bypass diodes are used to
prevent module thermal spot effects under multi-
illumination conditions. Series blocking diodes prevent
current backflow and ensure that the array can operate
normally in any lighting environment. The equivalent
circuit diagram of the series array is shown in Fig. 3.
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Figure 2 Series array
The photocurrents of each  module are

Lo, Ipva, - .., I respectively. The output voltages are V7,
V2, ..., Vns and the array current and voltage are /; and V.
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Figure 3 Equivalent circuit of series array
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2.2.2 Parallel Array

The parallel array structure diagram composed of N,
modules is shown in Fig. 4 and the equivalent circuit in Fig.
5. The photocurrent of each module is Iy, L2, .- -5 IpwNp,
the output voltages are Vi, V>, ..., Vnp, and the array current
and voltage are /, and V).
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Figure 4 Parallel array
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Figure 5 Equivalent circuit of parallel array
223  Series-Parallel Array

The M x N series-parallel array structure is shown in
Fig. 6. The module illuminance is Gi, G, ..., Gn, and the
photocurrent is L1, I, ..., Imn. The output voltages are
", Va, ..., Vm, and the array currents and voltages are /g,
and V, respectively. The equivalent circuit of the M x N
series parallel array is shown as Fig. 7.

Figure 6 M x N series-parallel array
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Figure 7 Equivalent circuit of M x N series-parallel array

A

3 MODELING THE WORK-STATUS OF PV ARRAYS

PV arrays with different topological structures exhibit
complex nonlinearity in terms of current generation and
output power under multi-level lighting. The circuit
analysis method is used by the equivalent circuit model of
the array. That is, the current of each module in series array
is equal, and the voltage in parallel array is equal. In series-
parallel array, the current of each series branch is equal,
and the voltage of each parallel branch is equal. The battery
model is divided into different current or voltage intervals,
and operates in different states according to the
illumination distribution. A segmented function model of
the PV array is established to analyse the output
characteristics.

3.1 Series Array Multi-Interval Current Analysis Method

N modules are connected in series, with an
illuminance level of L. Assuming there are Ny modules for
illumination G, called substrings G and Ni modules for
illumination Gt, called substrings Gr. The photocurrent of
each substring is Lyv1, v, - .., Ini, short circuit current: Ze1,
Lo, ..., I, output voltages: Vi, Vo, ..., Var. The series
resistance and parallel resistance of any substring 7 can be
expressed as:

s_zpi — Ttmpt i

R =R, N,
{ s _zsi ms” i ( i=1~ L) (4)
R N
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The corresponding substrings in each interval are
analysed by dividing the array current into L intervals, and
the analysis of the array under multi-illumination is
transformed into a series of substrings under a single
illumination. There are N. working states, and two of them
are analysed below:

Output power of N modules. N modules output power
as I €[0, Iynt ). I of the substring Gy is: I1=I;, V is the sum
of each substring Vn;.

VN! + RS ZA[ISNII
N T

mT1

Vi =NiR A1 ~1

zpi pvi o VN,, +RS “.IA_NZ. s s_zsits
exp _ =2
2NiV,

L
Vs ZZVNF"VM ©)

i=1

Ni, Na, ..., NLi (i =1 ~ L — 1) module output power. The
substrings Gi, G, .., Gi; output power as
I €[Lci-i), Lea-i-n]. The bypass diodes conduct which
connected parallel with substrings G-i1, G-it2),..., GL.
The currents are I — Ly —i1), Is = Ipwi-i+2)s- - -, Ls = Ipur, and
the bypass diode voltages are Viyi-i+1ys Vopr-it2)s---»Viyi-
The output voltage of the array is:

V=Vy+tV+ ., +VN(H) +

(6)
+N(L—[+1)I/[7y(L—i+1)+’ v NL beL + V;ﬂ
Output voltage of any substring G;(j =1~ L —i):
Vi, + R I Nj
exp[ N .A- ]J+
, Vo NJj (7)
Vi =NjR,\1,, -1, , -1 -
Vi + RGN/
exp| ——— |- 2
2NjV,r

-R_INj

zsjt s

Based on Eq. (3) to Eq. (7), the mathematical model
consists of L-segment functions in L intervals. Each
interval corresponding to the distribution of local
maximum power points i Puyi(Lui, Vi), Pm2(In2, Vin2),. .-,
P.x(Lun, Van). The relationship between local maximum
power point 7,; and open circuit /.; satisfies the following
equation:

Iml ~ CIISCI
1»12 ~ CIIJCZ (8)
I =Gl

Cr: Short circuit current proportional coefficient,
0<C<1

3.2 Parallel Array Multi-Interval Voltage Analysis Method

N, modules are connected in parallel with an
illuminance level of L. Assuming there are N, modules for
G, called substrings G and N, modules for Gy, called

substrings G;. N,=N,+N,+,.., +N,

-1 +—R _INi

PV current of each substring is
Nilpyi, Nalpo, ..., Nilyw, open circuit voltage is
Voets, Voczs «.y Voenp, output current is /i, b, ..., Ir
respectively. Series resistance and parallel resistance of

any series are represented as:
Rp i Rmt /N1
- ' (i=1~D)
R, ,=R, /N,

The output voltage is divided into L independent
intervals, and the substrings in each interval are parallel
arrays of single illuminance. Taking the substrings as the
analysis object, there are N, working states. The following
two situations are analysed:

N, module output power. When U€E [0, Vo], N,
modules output power, substring G, outputs voltage Vi,
current /;, and array output voltage is determined by
substring G;. The V-1 expression of G;:

exp{ Vie + szsLILNL] "

V. =NLR I -1 VN Sy S
NL p_zpL | 4 prL 0 VML + R,,JSL 11_ NL L
exp| ———————|-2
2NL VmTZ
-R, ,I,NL

Parallel array output V), and I,

Vp:VNL+I/})lL
I,=L+1+ -+l

®

Ni, N, ..., N, (i = 1 ~ L — 1) module output power.
When the voltage U€E[Voer-i-1), Voc-i], the substrings
G1, G2, and G;-; output power. Taking substrings G- as
the analysis object, output voltage is:

VN(L—() + R,L;s(lﬂ))l(l_f,)N(L -i)
exp - +
v N(L ')R ] I anN(L_l)

V(Li) = ! aL-i) Y iz ~Lo .

e S Viay TR, zv(lfl)l(lfl)N(L_l)
+exp - —— -2

2N(L—i) Vi
_R,sz(lf,)l(l_f,)N(L _i)
Parallel array output V), and /,:
V,= VN(L—i) + Vbl(L—i)

(i=1~L-1) (10)
I,=1+1+, .., +I(H)

Based on above analysis, the [, — V), segmentation
function model is as follows at L illumination levels:

VoVt R, il VoVt R, Wl
NA,,—Nl,|exp| - P +exp| - L= -2
Var , (11)

| VT R, o (0<7,<7,,)

V-V, +R I V-V, +R ..
N, lp” —NL|exp p Vo T8 ili +exp| 2 oi T il | g
= er 2VmT

<V, <V )(/‘:1~L—l

( Vm(m) p =" og

The array has a maximum power point Py, (I, V), as
Uel0,V,,] .The relationship of V,, and V,. satisfies the

following equation: V. ~C,V,,
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Cy: proportional coefficient of open circuit voltage,
0<Cr<l.

3.3 Serial-Parallel Array Multi-Interval Voltage and Current
Analysis Method

Assuming that M X N series-parallel array has L
illumination levels,G1 >G,>, .., >G, .In M branch, there

are N1; modules with illumination G, denoted as N;; (G1),
and so on. The module with illumination G is denoted as
N (Go), L =1~ N.N,+N,+N;+, .., +N, =N . The

illumination distribution in the M branch is
NMui(Gh), Nwva(G), e Nur(GL), and
N, + N,y .., +N,, =N .Based on voltage, the operating

voltage of the array is divided into M intervals:
[0, NV, ,+N,V,,+L+N,V 1] >

ocl oc2
(]vlll/ocl +]v12Vuc2+’ et +]v1LVucl’N21V +]\,22V002+’ e +N2LVocL]’
oc2 +s s +]V(M-1)(L-1)I/OC(L»1) ’|:

ocl
|:N(M-1)1V +IV(M»1)2V
+ o +N, VL

ocl
NMlVocl +NM2V

oc2
3.3.1 M Branches Output Power

As Ue[0,N,V,

ocl

+ N,V

oc2

+y o +N,V, ], M
branches output power. The ¥ and I can be expressed as:

. (12)

Vi, I;: output voltage and current of the i (i = 1 ~ m) branch.

The 7 branch. The L illuminance levels Gy, Go, ..., G1.
in the 7 branch divide the current into L intervals: [0, Zes],
(Les—1), Lest)s ---» (Les2, Ies1]- Segmented function expression
is:

V=NV, +Ny+ .. + NV, +V,, (0S11 S[(:L)

V=NV +NJV,+ s +]\]1(L»1)K(L—l) (]3)
(Ic,\'L <[ < Izzv(L—]))

by

+I/bll +N1LV

V=NVi+V +(le +NH +NlL)be (1

cs2

< Il S ]csl)

Vit Nii (Gi) (i =1 ~ L) module output voltage:

[Vli-"—RmsIlj
xp| —L—mL |+
VTI

R 1 .—1

li mp | 4 pi 0
V.+R I
Jrexp(“2 o ‘]—2

T2

_Il _Rmsll (14)

By analogy, the segmented function expressions for
branches II, I, ..., (M — 1) can be obtained.

The M branch. The voltage of branch M is equal to the
voltage of branches I, 11, ..., (M — 1). The illumination level
of branch M is L,,, current /,,, " and I can be expressed as:
V=NV +N,V + ., +N .V +V,.,

ml mLm” mLm

The voltage intervals of array determine whether each
branch works. As U €[N, V, , + NV, ,+, .., + N,/ V,

ocl oc2 ocL.?
N,V + NV L+, o, AN, V], if the output

voltage of branch I is less than this range voltage, no power
output. Similarly, as the voltage range gradually increases,
branches II, 111, ..., (M — 1) do not output power.

3.3.2 The M-th Branch Output Power

As Uc ( ]V(M—l)l I/o(:l + ]V(M—I)Z I/u(:Z +e t ]V(M—l)(L—l) I/oc(L—l) >
N,V

ocl +NM2V

002+’ AR +NMLV0CL] the M-th
branch output power, L illuminance divides the current into
L intervals: [0, L), (Zesz, Lesa-v)], --.5 es2, Les1]. The

segmented function is as follows:

V=NV + NoptVapa s ooos + Ny Vi + Vi ( 0<7,<1I, )]
V=NV +NyVyats o + NM(L—I)VM(L—n Vons + Nouad ¥y (l 5)

(]('SL <[, < Ic‘s(Lfl))]
V=NutVin +Voss *(Nyy + Nyys + L+ Ny IV, (1[‘,\-2 <[l, <l )]

Vwi: theNm; (GY) (i = 1 ~ L) module output voltage.

The maximum power point is determined by the
illumination distribution of / branch when the array outputs
power, and the distribution of power points in each current
interval satisfies Eq. (8).

From above, any illumination level and array structure
can be used to establish a segmented function model by the
multi- interval work-state analysis method.

4 EXPERIMENT, RESULTS AND DISCUSSION
4.1 Experimental Environment Setup

Simulation and data acquisition experiments are
conducted by using series array of 3 modules, parallel array
of 3 modules, and series-parallel array of 3 X 3 modules
under 7'=25 °C, AM1.5, G; = 1000 W/m?, G, = 600 W/m?,
G5 = 300 W/m’. Based on the segmented function model,
a simulation model of the array is established by MATLAB
programming and the theoretical curve is obtained by the
numerical solution. The output characteristics correctness
of the model is verified by comparing simulation and
experimental data, and the error analysis is conducted
under multi-illumination. The photovoltaic array
experimental system is built to obtain data by a
microcontroller data acquisition system in the laboratory.
The current and voltage values are measured by changing
the environmental temperature, illumination, and array
topology. The maximum power value calculated is
compared with simulation data to analyse the error. The
electrical parameters of the refined seven-parameter model
are shown in Tab. 1 for Kyocera's KG200GT. The
experimental simulation process is shown in Fig. 8.

Tehnicki viesnik 32, 5(2025), 1789-1797

1793



Jun-Hong ZHANG et al.: A Novel Work-State Analysis Method for Modelling Photovoltaic Arrays Under Multi-lllumination Conditions

| illumination lev e.l and distribution |

module pa(ameter calculation

array
type?

serial array | | parallel array | | series-parallel array |
CUIreim Voltage current-voltage
an:rlgms analysis analysis
od method method
serial arra; parallel array serial-parallel
segmente ented array segmented
function model funcfion model function model

Multiple local one maximum Multiple local
MAXHNUM power power maximum power
T

|

maximum power

Figure 8 The experimental simulation process

Table 1 Electrical parameters of refined seven-parameter model for

Kyocera's KG200GT

Battery structure N batteries in series, n = 54
Maximum power P, 200 W
Maximum power point voltage V, 263V
Maximum power point current /, 7.61 A

Reverse saturation current of diode 7, 4.128 x 10—10 A

Photogenerated current/,, 473 A
Series resistor R, 0.335Q

Parallel resistor R, 155.48 Q

4.2 Array Simulation and Experimental Output
Characteristic Analysis
4.2.1 Serial Array Simulation And Experiment

The illumination levels of the three series modules are
Gi, G, and Gs, respectively. The array structure and
illumination distribution are shown in Tab. 2. The
simulation and experimental output characteristic curves
V-I and V-P are shown in Fig. 9 and Fig. 10.: experimental
data

Curve 1. The pink curve serves as a reference under
standard conditions, with a maximum power point at G;
illumination: P,, = 602.8759 W.

Table 2 lllumination distribution of three series modules (7= 25 °C, AM1.5)

Type Total G,/ W/m? G,/ W/m? Gy / W/m?
modules 1000 600 300
1 3 3 0 0
11 3 1 1 1
111 3 2 1 1
v 3 1 2 0

0 20 40 60 a0 100

nv)
Figure 9 Simulation and experimental curves for V-/ of series array under multi-
illumination
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Figure 10 Simulation curves for V-Pof series array under multi-illumination

Curve II. It consists of three black curves on three
current intervals [0, Is], (s3> Ie2]l s (Ues2 s Lesi]
determined by three illuminance levels, each interval
having a local maximum power. They are respectively P,
=212.4625 W, P,,1(88.3641 V, 2.4044 A), P,» = 271.0544
W, Pun(56.7972 'V, 47723 A), P.z = 216.7306 W,
P,3(28.2258 V, 7.6785 A). The distribution of maximum
power point current /,,; satisfies Eq. (8). The I-V curve has
three knee points, and the current value decreases in a
stepped manner, corresponding to the working states of one
module, two modules, and three modules in terms of
external output power. From the local maximum power
values of each interval, it can be seen that the local P, is
not only related to the current interval, but also to the
number of modules that jointly output power.

Curve II1. It consists of two green curves in the current
interval [0, I.o] and (I, Iesi] with two levels of
illumination and corresponding two local maximum power
points: P,1 = 416.2562 W, P,1(86.2903 V, 4.8239 A),
P,y = 4147946 W, P,»(53.8018 V, 7.7096 A). The I-V
curve has two knee points, corresponding to the output
power of one module and three modules respectively.

Curve IV. It is red curve as the same illumination as
III, but different distributions. The values of local
maximum power are P, = 394.3506 W, P,,1(82.8341 V,
4.7607 A), P,» =216.7306 W, P,»(28.2258 V, 7.6785 A).
Its local maximum power value and global maximum
power value are both lower than type III. Therefore, the
illumination distribution directly affects the value of
maximum power output.

The blue curve.It represents the output characteristic
curve of modules in the array without parallel bypass
diodes. Bypass diodes can not only protect the battery from
hot spot effects, but also increase the output power. The V-
I curve drawn from the experimental data is basically
consistent with the simulation curve data, which verifies
the correctness and accuracy of the segmented function
model under multi-illumination conditions, as well as the
theoretical analysis of the series array.

4.2.2 Parallel Array Simulation and Experiment

The illumination of parallel module is Gi, G2, G3, and
the illumination distribution of the three modules is shown
in Tab. 3 for types I, II, III, and IV. The simulation and
experimental curves of V-I and V-P in parallel array are
shown in Fig. 11 and Fig. 12.
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Table 3 lllumination distribution of three parallel modules (7= 25 °C, AM1.5)

Type Total G,/ W/m? G,/ W/m? G5/ W/m?
P modules 1000 600 300
1 3 3 0 0
11 3 1 1 1
11T 3 2 1 0
v 3 1 2 0
25 T T
5 I
20 f-------- froemeeeee u ------- u|? ---------
: < # ; :
- < W H
(o] SRR SR SRR i P ?
Y SRR SRS MU SN SUU— S—— A\ SR
Y IO SN USSR SUUR SRR ORI
0 i i i
0 5 10 15

124%]
Figure 11 Simulation and experimental curves for V-/ of parallel array
under multi-illumination

25 30 35

5 20
V)
Figure 12 Simulation curves for V-P of parallel array under

multi-illumination

The unimodal characteristic curve of parallel array
under multi-illumination is roughly the same as that of
single illumination. The global maximum power point is
located within the minimum illumination interval on the
first curve, and all modules output power within this
interval. The power and current values are the sum of
outputs of all parallel modules, The relationship of V,, and
V,e satisfies the equation: V,, = (0.8 - 1) V.. In other
intervals, as the voltage value increases, P and [ rapidly
decrease to 0. Compared to a single illumination, the power
significantly =~ decreases  under  multi-illumination
conditions, mainly due to the significant influence of G on
1,,, which verifies the correctness of the parallel array
theory analysis and mathematical model.

4.2.3 Series-Parallel Array Simulation and Experiment

The light distribution of the 3 % 3 array is shown in
Tab. 4. The V-I and V-P simulation and experimental
output characteristic curves are shown in Fig. 13 and Fig.
14.

Table 4 lllumination distribution of nine series-parallel modules
(T=25°C,AM1.5)

Type Total G,/ W/m? G,/ W/m? G5/ W/m
modules 1000 600 300
P1 3 1 1 1
P2 3 0 3 0
P3 3 3 0 0

25

g
20

15

I(A)

S ISR S USSR S S -

0 i i
0 20 40 60 80 100
(V)

Figure 13 Simulation and experimental curves for V- of 3x3 series-parallel

array under multi-illumination

128%)

Figure 14 Simulation curves for V-P of 3 x 3 series-parallel array under
multi-illumination

According to the illumination distribution of the array
in Tab. 4, the voltage range is divided into three intervals:
[O, Voc3 + Voc2 + Vocl]’ (Voc3 + Voc2 + Vocl, 3Voc2]’ (3 Voc2,
3Voe1]-

As UE [0, Vioes + Voer + Vier], all modules in the array
output power. The three current intervals [0, /s3], (Ies3, Les2],
(Ies2, Ies1] of P1 branch are composed of three blue curves
with three local maximum power points. Both P2 and P3
branches have red and green unimodal curves with one
illuminance. Curve IV is the physical superposition of
three curves, and the local power value is determined by
the current interval of P1 branch. The relationship between
I, and I, satisfies the equation: 1,~C,I,

C: the proportional coefficient of short-circuit current,
0<Cr<1.

As UE(VyestVoertVoet, 3Voe2], P1 branch does not
output power due to the blocking diode being turned off.
P1 branch has no output in this interval P2, P3, and IV
correspond to black, red, and magenta curves respectively.

As UE(3Vse2, 3Voc1], only P3 branch outputs power and
P3 branch and IV output are equal. The curves coincide in
this interval, represented by the blue curve.

The entire array output IV consists of 5 curves, among
which 3 output voltage intervals determine 3 curves with 3
inflection points, which are the endpoints of the voltage
intervals. The open circuit voltage of the array is
determined by the maximum illumination, V,. = 3Vo.1. The
maximum power point is located in the first voltage range,
and the three local maximum power points are
Py = 563.0375 W, P,1(28.0246 'V, 20.0908 A),
Py = 1018.8031 W, P,12(58.3648 V, 17.4558 A),
Ppiz = 1181.4217 W, P,13(80.3875 V, 14.6966 A). The
voltage range of the branch is [0, Voes], (Vocss Vocz + Voell,
Vocz + Voel, Voes + Vocz + Voet], still satisfies with the
relationship V,, = (0.8 ~ 1)V,. Curve IV is the
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superposition of the outputs from branches P1, P2, and P3,
which exhibit series characteristics within a certain current
range and have a shape similar to curve P1. It exhibits
parallel characteristics within a certain voltage range,
verifying the correctness of the theoretical analysis of
series-parallel arrays.

According to the distribution of maximum power
points, the array structure and illuminance distribution
directly affect the maximum output power and output curve
shape. When the illumination and distribution are the same,
the power output of parallel array exhibits a unimodal
characteristic, making it easier to track the maximum
power point compared to series array. When the
illumination of each parallel branch of the series-parallel
array is the same, the array can maximize the output power.
The output characteristics are close to the unimodal
characteristics under a single illumination, which makes it
easier to track and control the maximum power point. It
provides a mathematical model for photovoltaic array
configuration and the research of maximum power point
tracking algorithm under complex illumination.

4.3 Experimental Error Analysis

The maximum power point values obtained from the
experimental measured and simulation data of photovoltaic
arrays based on work-state analysis method are shown in
the Tab. 5, Tab. 6 and Tab. 7. Through error analysis, it can
be concluded that the maximum measurement and
simulation error for any photovoltaic array structure is less
than 1.5%. While existing models provide reasonable
accuracy under uniform illumination, they fail to capture
complex behaviors under partial shading conditions,
leading to significant power prediction errors (typically 15
- 20%). Segmented function modeling method is
comparable to the accuracy of machine learning
algorithms, but its computational complexity is
significantly lower than that of machine learning, ensuring
both computational speed and accuracy.

Table 5 Analysis of maximum power error in series array

Type Simulation data Measurement data relative error
I 602.8759W 598.4125 0.74%
11 271.0544W 275.1045 1.47%
111 416.2562W 419.3384 0.73%
v 394.3506W 398.1175 0.95%

Table 6 Analysis of maximum power error in parallel array
Type Simulation data | Measurement data relative error

1 602.8759W 608.1154 0.86%
I 394.0026W 390.0221 1.02%
111 532.6255W 528.9947 0.69%
v 456.4565W 460.6601 0.91%

Table 7 Analysis of maximum power error in series-parallel array
Type Simulation data Measurement data relative error

Pl 563.0375W 569.2445 1.09%
P2 1018.8031W 1009.7012 0.90%
P3 1181.4217W 1196.9736 1.30%

5 CONCLUSION

This paper presents a novel work-state analysis
method for modeling PV array under complex illumination
conditions, which can be used for arrays sizes and
illumination levels of any topology structure. It solves the

modeling problem of photovoltaic array and provides a
theoretical basis for the configuration and maximum power
point tracking of photovoltaic array. The key findings
include:

(1) The proposed segmented function model accurately
predicts array behavior under multiple illumination levels,
with validation errors below 1.5%.

(2) Series array exhibits multiple maximum power points,
with positions predictable using the developed
mathematical framework.

(3) Parallel configurations demonstrate unified
characteristics, simplifying maximum power point
tracking.

(4) The model successfully captures the hybrid
characteristics of series-parallel arrangements. The
practical  implications include improved design
optimization capabilities and enhanced maximum power
point tracking efficiency. Future work should focus on
real-time implementation and integration with smart grid
applications.
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