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Abstract:

An analysls of shadow effect on a 4xdphoteveltale array under varying condition of solar radlation s presented.
Blnary coding method |5 used to analyze unsymmetrical shadow patterns, Various performance criteria, e.g. power
generation index (PG1) and dependency factor (DF) have been calculated. The results obtained analytically have

been experimentally verified as well.
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1.0 INTRODUCTION:

Due to abundance, low price, renewability and
cleanness solar PY systems are likely to achleve
specific level in future energy ranking. It is desir-
able that the solar PV arrays must produce maxi-
mum output power for economic reasons
[1].However, partial shading of PV arrays can over
proportionately reduce energy yield and degrade
systern performance. It has been identified as a
major reason for reducing the energy yield of grid
connected PV systems [2]. It can also lead to early
aging and failure of shaded cells [3]. Behavior of
PY cells under partial shading condition has been
extensively studied by the several researchers [4],
[5], [8], [7]. [B]- The studies also include modeling
and simulation of shading effects in PV modules
and arrays [1], [7], [2], [10]. It has been reported
that the output power reduction under partial
shading is proportional to the shaded area.

Some articles analyzed the effect of different
configurations and connections of bypass diodes
bebtween modules in a PV array [11]. It is reported
that some patterns of bypass diode connections
can lead to generation of abnormal aver currents
in some particular shadow shapes, In solar PV
systems, apart from producing usable power
output, sun’s radiation produces over heating
causing unwanted temperature rise. Many stud-

ies implied that the temperature rise detrimental-
Iy affects the internal reslstances of solar cells and
causes power losses. Diode characteristics are
severely influenced by temperature change and
appear as a more effective factor on the behavior
of a solar cell [12].

With an attempt to review the recent researches
mentioned above, in this paper we reinvestigate
the shadow effect and present a performance
analysis of a solar PY Array at shadow condition,
In our analysls, we use binary coding method
which approximates the continuous random
shadow phenomencn to be a discontinuous one
creating a discontinuous finite set of patterns.
Thereby this method of analysis greatly reduces
the computational rigorousmess,

Remainder of this paper is organized as follows. In
Section II, we briefly discuss the shadow effect on
PY modules and explain the principles of binary
coding method, Section Wl presents the factors
determining the performance criterion of a PV
array where power generation index (PG}, aver-
age over-current percentage, dependency factor
{OF), and doorsill value has been briefly
discussed. In Section |V, we present the analysis
of a 4=4 PV Array using binary coding method.
Section V presents the results and discussion and
Section VI concludes the paper.
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2.0 SHADOW EFFECT AND BINARY CODING
METHOD:

A. Shadow Effect.

The mast harmful factor on photovoltaic arrays is
shadow. There are two kinds of shadows:
symmetric and asymmetric, In symmetric shadow
condition, shaded modules are in full dark state
(e.g. after sunset) but in asymmetric shadow
condition, some modules may have half sun state
(shadows caused by passing clouds). On the ather
hand, shadows may be grouped into two catege-
ries: predictable and unpredictable (shadows
caused by trees, side buildings, etc). Predictable
shadows can be awoided by installing the solar
panels meticulously in an open site, Shadows that
occur during sunrise and sunset are also predict-
able. Unpredictable shadows are caused by pass-
ing clouds, moving objects, etc.

B. Binary Coding Method.

In real world scenario, the shadow on a PV array
can form any shape and each shape has its own
effect on the output current, voltage and power.
One of the technigues used to study this continu-
ous phenomenon having infinite set of patterns is
to convert it into a discrete phenomenan having
finite set of patterns,

Binary coding method has been developed to
study the shadow effect on PV arrays as a discrete
phenomenon with acceptable limit of accuracy. In
this method the continuouz random shadow
effect is assumed as a discontinuous random
phenomenon where every PV module of PV array
is considered as a binary bit. Binary coding
method has four principles [12]:

1. Shadow that occurs randemly on a PV
module is considered to be a full dark
shadow,

2. PV module when receives full sun radia-
tion is defined as ‘1’ state and when it is
shaded is defined as ‘I state.

3. All 15" and ‘Os" are equally likely and all
shadow states have equal chances to occur.

4. The number of shadow pattern that could
accur is finite.

3.0 FACTORS DETERMINING THE PERFOR-
MANCE CRITERION OF A PV ARRAY:

A. Power Generation Index [PGI).
PGl is a per unit mathematical expectation value
that can be expressed as

ol = T35 () (S m ) o (1)

0 < p, < naNd0 < PGI 0.5

where, n is the number of modules in a PV array
and pk is the per unit max output power for each
code of shadow [13]. An array with higher PGI has
higher possibility to produce more power in
different states of shadow. PGl depends on
bypass diede and blocking diode configuration
and interconnections of modules in an array. Thus
the best configuration of an array is one that has
highest PGI.

B. Average Dver-current Percentage.
Average over-current percentage of PV array
consisting n modules ks expressed as

=1 I
E_ o ® 100 e (2)
g — Lo
I = “! 2 forly 2 Lo
ngm
I,=10 : forly < loem

where, 10 |5 output current of PV array in ampere
and Ilnom is the nominal value of the output
current of PV array at full sun state. Ik is the
output current at each code of shadaow,

C. Dependency Factor (DF).

Dependency between PV modules leads to more
power boss at partial shading. An array with
higher DF has lower possibility to produce more
power In different states of shadow. More PGI
value leads to less DF. Maxzimum PGl value is 0.5.
Subsequently, we can define the dependency

factor as follows:

3™ -1 1 '] !
DF =05-P-5:=-:=-.5—z___ =)s5m) @

0<DF =03
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For instance, with all series connections, the
weakest link in the string determines the quality
of the whaole systern. Therefore, the weakest solar
cell with the lowest current defines the total
string current. Commenly, the current of some
cells could be reduced by mismatches [7], [8]. All
connections (whether series or paralleljcan cause
dependency and power |osses during partial
shading. If modules work independently, then the
shaded modules would not have bad effect on
sunny ones. Consequently, the configuration
which has better performance on shadow condi-
tion would have less dependency factor,

It is clear that the parameters that directly affect
PGl will also inversely affect DF, as well. As noted
hefore, PGl depends on bypass and blocking
diode configurations andinterconnections of
madules in an array 50 do DFEHence, the best
configuration of an array is one thathas the high-
est PGl and lowest DF.In addition, the number of

rows and colurmns in the arraymatrix is important.

D. Doorsill Effect.

Doorsill effect means the change In local radiation
at shadow condition. Doorsill effect is an observ-
able fact which happens is special conditions. 1t
may doesn't change the local maximum power
print (MPP) [12], It has been abserved that any
variation in local radiation would change the P-V
curve of the total solar energy.

The changes of irradiation intensity would not
influence total MPPat shadow condition, as long
as this shaded intensity was higher or lower doar-
sill value. On the ather hand, changing of irradia-
tion of local shadow for some cases did not lead
to doorsill issue. Mow it is possible to define a
complete explanation of doorsill effect. Doorsill
effect only happens at a time that there exists
multi-peak in PV curve. Multi-peak curve
requires bypass diodes determines global MPP
and the other part of shadow determines local
PP,

4.0 AMALYSIS BY BINARY CODING METHOD:

A, Analysis of PG for a 4=4 PV Array.

We find the maximum valee of PGl by combining
binary coding and mathematical laws. In (1), if
diedes and wire losses and reverse current effect
ignored, pk will have values [0, 1, 2, .. n}. When a

shaded module has minimum negative effect on
the others, PGl value will be the maximum and
the configuration will be the best. Inegn (1jnisa
constant value which equals to number of mod-
ules in an array, Consequently, it is desirable to
find the value of.

From the Ehayyam-Pascal triangle (S2e Annex A
for details) we can And the maximum value of PGI
a5

525662

PGlmas = grese= 16

= 0.50132034 {apprae 1{4)

B. Analysis of Half Sun Shadow.

In this sub-section, we present the analysis of half
sun shadow by binary coding method. Fig, 1
shows a random shadow patiern, where in some
of the PV cells, the received radiation Is not zero.
These cells are shown in gray colour, The dark
cells are shown in black colour and the full sun
cells are shown in white colour.

=
-
[

Fig.1l. Unsymmetrical shadow pattern which
applied on 16- module PV array

We consider the random shadow pattern as
shown in Fig. 1 as a PV array configuration. As
depicted in Fig. 2, for unsymmetrical shadow
condition, two sets of shadow codes are consid-
ered, First set considers the half sun shadows as
full sum shadow and the second set considers the
half sun shadow as full dark shadow. The full sun
and full dark modules are kept as uswal. Results
for these two sets are then computed. The aver-
age of these two results is considered as the fimal
result.
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Fig.2. Unsymmetrical shadow pattern with half
sun condition which separated into two shadow
codes.

From Fig. 2, the two binary codes are 1101 1011
1000 1110 and 1001 0010 1010 1100, Using the
experimental setup shown in FHg. 3, we obtain the
P-V characteristics of these two codes which are
shown in Fig. 4. The red curve shows the P-V char-
acteristics of code 1101 1011 1010 1110 and the
blue curve shows the P-W characteristic of code
1001 0010 1010 1100, Averaging the correspond-
ing values of two curves at every point will
produce the actual curve, the green one.

Fig. 3. Experimental Setup for obtaining the PV
charecteristics of 4x4 PV array
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Fig.4. Each half sun shadow pattern could sepa-
rate into two binary

In practicality, half sun does not alwaysmean a
radiation of kW/m® It may vary between 0
tolkW/m® and sometimes more. Therefore, in
somecases taking average of two curves doesnot
lead to the correct result, Therefore, we define a
linear combination phrase to approach the real
Cure ah

Py = EfciaPi (s)

where,n is the number of different radiations
typereceived on the modules of an array. P is
the outputpower of PV array forjth code of
shadow. We need to determine the coefficients aj
according to the radiation condition, In Fig.5, we
consider the 16-medule array in which five mod-
ules are in full dark condition. Another four mod-
ules have 0.1, 0.2, 0.3 and 0.4 kW/m2 radiation,
Therefore, there are six different kind of radiation
o modules: 0, 0.1, 0.2, 0.3, 0.4 and 1 EW/m2,
Consequently, n is equal to 6. Therefore, (5) can
be rewritten as

Fog = 227 0,F0

= 8, P, + 8P, +8,F0, + 0P, +0,F,, [6)

The array could be separated into five different
codes: 1101 1011 1010 1110, 1001 00101010
1100, 1101 1010 1010 1100, 1001 Q011 1010
1110, 1101 0011 1010 1100. For each code, we
determing its own P-¥ curve and multiply the
respective “» value

by the correct coefficient aj and then the summa-
tion of the products gives the desired curve. To
determine the coefficients aj, we use the linear
radiation equation for each module of an array,
M; i Radiation on in real condition)

:-E::g'iﬂlI % (binary code of in coded array) (7)
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For this case, we calculate the coefficients by the
use of radiation linear equations. Array coeffi-
cients for right, middle and left coded array
{which are shown in fig.5) are , respectively,

My 1 D=a, %0 + o, %0 + a;204a,%04a,=0 (8)
s 001= g, 1+ a,%x0 + g, %04a, x1+a. %0 (3]
M;:1=g, %1+ a,%1 + g %1+a,X1+a.x1 (10)
My: 1= a, 1 + ;%1 + a;®x1+0, %1 +a, =1 (11)
=a, %0 + o,%0 + o, %04a, %04, %0 (12)
1=, ®1 + g. %1 + g% 1l+a, x1+a.x1 (13)

0= o, ®¥0 + a, =0 + o, x0+a, %0+, x0 (14)

M,:
M;:
M-
M.: l=a, %1 4a,%]1 44 %14a,x14a,%1 (15)
M;20.2=a, X1 +a,%0 + a %0%a, x1+a,x1 (16)
My: 1= g, X1 + g, %1 + g% 1+a,x1+a.x1 (17)
My,: 0=a, %0+ a, %0+ o x0Ha, x0Ha,x0 [1B)
M, :0.3= a, %1 4 a %0 + o %14a, ¥04+a, %0 (19)
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M-t lsa %1+ o,%] + 0, x14g, %140 x1{20)
Myt 0= a, %0 + o, %0 + o, %0+a,%04+a, %0 (21)
My, 0.4= o, %0+ o200 + o %040, 2040, 20 (22)
Me: 1=0, ®1 + 0% # g ¥ 14a, w140 x1 (23)

Equations (8), (12], (14), {18} and (21} are the
same. Equations (10, (11), {13), (15), (17}, (20),
(23] are similar, as well. Thus only 06 equations
are lasting:

1=a, ®1 +a.®1 +o,%1+a, ®1+a, =1 [24)

=g, %] +a. %1 +a . x1+a, xl+a, x1 (25)

0.1 = g, %1 +g,%0 +ag, %040, ®1+a, =0 [{26)
0.2 = g, %1 +a,%0 +a;%0+a, ®x1+a; %1 (27)
0.3 = a, ¥x1 +a,x0 +a.x1+a, ®0+a, =0 (28)
0.4 =a, %] +a.=0 +a.x1+a, ®0+a, =1 (29)

Equation (25) is not considered. Sclving egqua-
tions (24], (28], (27), (2B), (29) coefficients are:

g =01l=a, =0b=-a, g =0.1

gy= 01+, 8=0

-l ;Eﬁ
mEm |

Fig.5. Anarray with five different radiations on its moadule is divided into three shadow coded array

Hence:

PP a PiW)= (04 =) % Py, # (0.6 =0, % Pry, +(0.2 ~a,)x Pyy

iy MNPyt L Pogy
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The above equation stands good for any value of
Considering , we compare the coefficient factors
of 3=3 PV array with those of 4=4PV array, as
appended below

Ix3 dnd
a, = 0.2 i, =0
g, = 0.6 a; = 0.5
z; = 0.2 a; = 0.3
a, = 0.1
oy = 01
5.0 RESULTS AND DISCUSSION:

In this paper, combining binary coding and math-
ematical laws, the detail analysis of PGlof dxd PV
arrayhas been done, The PGl value is found close
to 0.5, The array coefficient factors were found as
follows:

& = 0, @z = 0.3 a3 = 0.3 &y = 01 Bg = Q1.
Finalky, the total power equation is
P.=

E:':m'.l-"m:l.- Pr & (B Py & (0BD Prg 4 (L) Py # (0] Py

6.0 CONCLUSION:

In this paper, we analyzethe effect of different
kind of shadow pattern on PV systemsusing
binary coding method. Depending upon the
voltage, current and power which is needed to
feed @ load or parameters that should be
matched with network in grid connected solar
plants,the PV array configuration should be
chosen differently.

When modules in a PV array connected in paral-
lel, it acts as an n-bit binary number having the bit
values independent from each other. 50 when an
array has one row, modules act better than the
other configurations. But this configuration Is not
common. Most of PV arrays which are connected
to a network have the same number of rows and
columns (e.g. 4=4).But it is better to use fewer
rows because as the numbers of rows are
increased the dependency factor between mod-
ules will increase. Therefare, it is better to use
modules which have higher voltages to produce

needed output voltage with less number of rows.
Moreover, fewer number of rows will cause fewer
number of bypass diodes to be utilized. When
modules in an array produce high power under
full sun will become higher consumer themseles
under shadow state. Therefore it is necessary to
use blocking diodes.

Binary coding method can also be used for other
purposes such as thermal analysls of solar PV
arrays. In future, we plan to work on the harmful
overcurrent and thermal effect on P-V arrays on
different diode configurations by using binary
coding method.
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