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This content aims to compare several experimental models utilized for the estimation of sunlight based radiation on inclined
plane. So, three anisotropic and equal quantity of isotropic models were engaged regularly in New Delhi and their outcomes
were analyzed for choice of correct and fitting model for this territory. Three isotropic models to be specific BA (2002), LJ
(1960) and KO (1986) and three anisotropic models to be specific HDKR (2006), HD (1980) and RE (1990) model were ex-
plored. Here tilt angle was adjusted at 28.58° N (New Delhi latitude). The result of six models had been compared with ground
measured data. For this five statistical tests are used for comparison. HD evaluated the most noteworthy measure of occur-
rence sun oriented radiation in the entire year while BA set up the least among entire models. LJ and KO model showed
similar outcomes. The outcomes of statistical analysis gave that HDKR provided smaller MAPE (1.02%), MBE (0.129 kWh/
mZ-day), RMSE (0.605 kWh/m2-day), RMSRE (0.393 kWh/m2-day) and RRMSE (1.858%) among all six models. Ultimately,
HDKR model was favored for estimation of sunlight based radiation occurrence on an inclined plane with least errors. MATLAB

has been used for implementation.
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Introduction

Sun oriented radiation information is the best wellspring
of data for evaluating normal occurrence radiation essential
for appropriate structure and the appraisal of sunlight based
energy transformation frameworks'. There are a few types
of solar radiation data, which could be utilized for an assort-
ment of purposes in the structure and improvement of sun
oriented energy frameworks2. Hourly radiation may be esti-
mated from day by day information. A few models are cre-
ated to evaluate the Mg utilizing different climate specifica-
tions, for example, daylight length, temperature, moisture and
speed of wind®. The author utilized the metrological informa-
tion (1994-2005) of China to evaluate regular global radia-
tion from various parameter like air temperature etc.. The
author newly projected a straightforward model for evalua-
tion of Mg on flat plane for sixty eight states of Turkey®. A
modelis presented with high aerosol to determine the monthly
average hourly global radiation (Ig) by utilizing satellite data®.
It is somewhat crucial to determine direct and indirect seg-
ments of total radiation fact on flat plane. When these seg-

ments are solved, it can be converted over tilted plane and
thus PV module and other sun based devices can be evalu-
ated. EI-Sebaii introduced interaction for evaluating diffuse
radiation by interacting (M,/M,,), (Md/Mg) and (L/Lgy) i
Egypt’. Anew method is introduced by the author which might
be utilized for evaluating M, based on the elevation angle®.
ANN-based satellite data were utilized to evaluate beam and
indirect radiation in various town of Turkey®. Radiation oc-
currence on inclined plane comprises three parts: ground
reflected, beam and diffuse radiation. Solar radiation directly
gains on earth’s plane is termed as direct radiation. Radia-
tion attains on earth’s surface after having been dispersed
by particle in the earth’s atmosphere is known as diffuse ra-
diation. Energy of diffuse radiation is uniform over the sky is
called isotropic model. While the anisotropic models assume
that the energy of diffuse radiation is nonuniform over the
sky.
The fundamental destination of this study are:

(i) Evaluate the Mg, My, My on flat plane utilizing several
experimental models in New Delhi location.
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(if) Determine My occurrence on inclined plane attilt angle
28.58° N using six chosen experimental models.

(iify Analyze every model with estimated and measured
data using five statistical test formula.

Material and method

About New Delhi location

The latitude, longitude and altitude of New Delhi is
28.61°N, 77.21° E and 216 m. The atmosphere of New Delhi
is sweltering summer and dry winter. The normal climate is
30°C and 40°C during May. The overall rainfall of the city is
below 1200 mm.

Solar radiation on horizontal surface
The M, is expressed by given equation

M, = ﬁC (1 +0.033 cos 360PJX
T 365
T g

—=singsinA +

180 "
COS ( COS A SN P g

The declination angle (A) is calculated from the below equa-

tion0

A =23.45sin 360 (284 + P) 2)

365

where P is total no. of day as appear in Table 1.

Table 1. Total number of days corresponding to month 2

Months Days (P)
January 15
February 46
March 75
April 106
May 136
June 166
July 196
August 227
September 258
October 288
November 319
December 349

1930

The sunshine hour angle (i) is determined by’

2

Loay = [EJMS’MS:COS_1(_ tan 2 tan o) 3)

The M, is given by

M L
o =et b [ ] @)
0 max
The L., can be calculated
2

Linax = [Ej Hs )

The M is determined by:
M
Mo 1411150 22 (6)
M, M,

Global radiation is obtained by adding diffuse and beam ra-
diation. So, beam radiation is expressed as

My, = My =My (7)
Solar radiation on inclined plane

The My is given as:
Beam radiation (Mr,)

The radiation on tilted surface is given by:

Mz = MyT,, )
M, is calculated by eq. (7). The value of R, is calculated by:

sin A sin (¢ — o) + cos A cos (¢ — o
7= (¢-a) (p-0) (10)
sin A sin @ + cos A sin @ cos W

where w is the hour angle and o is the inclination of tilted
surface (degree).

Reflected radiation (MT,,)

The radiation reflected from earth’s surface is called re-
flected radiation. It (My,,) can be obtained from below equa-
tion:

1—cos a
- (1522

> (1)

where 1 is the constant (ground reflectance). Here consider
n = 0.2 which is most commonly used for hot location*.
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Diffused radiation (My )

After scattering the radiation gained at the earth’s plane
from entire parts of the sky in the atmosphere is called dif-
fuse radiation. Condition of cloudiness and atmospheric clear-
ness is the function of this radiation which are extremely
unpredictable. Horizon brightening, isotropic and circumsolar
are the three components of this radiation.

Anisotropic and isotropic models

The models are categorized as anisotropic and isotropic
sky models. For this, six models were picked, and their out-
comes were analyzed for choice of correct and fitting model
for this territory. Three isotropic models to be specific BA
(2002), LJ (1960)'® and KO (1986)'6 and three anisotropic
models to be specific HDKR (2006), HD (Hay 1980)'" and
RE (1990)® model were explored.

A short portrayal of the anisotropic and isotropic models
chose for correlation of evaluated results is given underneath:

LJ model

Here horizontal brightening and circumsolar were con-
sidered as zero. The complete expression for calculating My
is given below:

1—cos a 1+ cos a

KO model
For this model the My will be

1—cos a 2 +Cos o

BA model
The M for this model is shown below:

1—cos a 3+ cos 20
My = M,T, + Mgn (Tj + Md(Tj

HD model
The My on an inclined plane is given as follows.

My = (My + MgD)T, + Mg (1_"%} +

My (—1 - °2°S aj (1- D)+ AT,

where D is anisotropy index, is expressed as

M
D = _b
MO

RE model

Their proposed model is given underneath:

My = (My + MgD)T, + Mg (1_"%} +

1+ cos a My, . 3(a
Md{(1—D)X(T) |:1+ M—gSIn (Ej]-l- DTb}

HDKR model

This model is partner with HD, Klucher and RE models.
The model is given underneath:

My = (My + MgD)T, + Mg (1_"%} +

wefo-on( 1252 5]

Methods of models evaluation

Here Indian meteorological department data considered
as measured data. Now, estimated global radiation on a flat
and inclined plane is compared with measured data. For this,
five statistical tests are used for comparison.

(i) Mean Absolute Percentage Error (MAPE)

(i) Mean Bias Error (MBE)

(iif) Root Mean Square Error (RMSE)

(iv) Root Mean Squared Relative Error (RMSRE)
(v) Relative Root Mean Squared Error (RRMSE)

These tests assess the exactness of the connections
portrayed previously.

MAPE
This error is a symbol of precision which generally gives

exactness as a percentage of the data. It might be communi-
cated as:

1 m
m%:—z£

m 5

V-V,
x100
%

where V'is measured value, Vpis estimated value, and m is
the total number of perceptions.
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MBE
This error is given by:
1 m
MBE = —Z} vy =V
=
where V;is jth measured value, V,is j-th estimated value.
RMSE

This error might be computed from the below expres-
sion:

1 & 2
RMSE = |— V., -V,
szu, )

=1

where V;is j-th measured value, V,; is j-th estimated value.
RMSRE

2
m V-V
RMSRE:\/iZ[ v Pj

mj=

PRMSE

This error is determined by dividing RMSE with mean
value of measured data.
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Results and discussion
Solar radiation on horizontal plane

After calculation, the value of A, Mg and M, is given
in Table 2 and the variation of M, Mg, M,, Mgm and Mgmt on
horizontal surface are shown in Fig. 1. M, is seen to be high-
est in June 11.395 and least in December 5.719 kWh/m2-
day. Mg is evaluated with the help regression constant for
New Delhi (a, = 0.25 and b, = 0.50)"°.

Sky condition of New Delhi

The clearness index (C)) is the parameter that demon-
strates the straightforwardness of the environment and
showed by division of extraterrestrial radiation that arrives at
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Table 2. Value of A, u (degree), Mg and M, (kWh/m2-day)

Month A degree g degree Mg My
(KWh/m2-day)  (kWh/m2-day)

January -21.269 77.741 3.716 1.083
February -13.289 82.598 4.344 1.394
March -2.418 88.680 5.053 1.786
April 9.783 95.397 5.623 2.163
May 19.031 100.844 5.880 2.392
June 23.314 103.596 5.938 2477
July 21.517 102.418 5.893 2432
August 13.784 97.688 5.699 2.247
September 2.217 91.210 5.238 1.916
October -9.599 84.707 4.556 1.517
November  -19.148 79.083 3.866 1.160
December  -23.335 76.390 3.533 0.998
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Fig. 1. Variety M,, My, My, Mg, and Mg, on horizontal surface at
New Delhi.

the earth’s surface as global sunlight based radiation. C, is
characterized as C; = My/M,,. C;is determined from the esti-
mated value of M, and M,, C;, M,IM, and My/M, for New
Delhi appear in Fig. 2.

Variety of estimated solar radiation on inclined plane
with various models

The observation declared that LJ, KO and BA model ex-
hibited around same outcomes. RE and HDKR model ex-
ecute large value than LJ, BA and KO model as shown in
Fig. 3. HD model showed the highest values among all mod-
els. BA exhibited the lowest value than all models. It was
established from inspection that all models forecast higher
incident solar energy irradiation on inclined plane (My) than
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Fig. 2. Monthly variation of C, = Mg/Mo, My4/M, and Md/Mg at New
Delhi.
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Fig. 3. Analysis of various models with My at New Delhi.

on horizontal plane (Mg) because of the slope optimization.
The value of My for six models are given in Table 3.

Statistical analysis of models

The outcomes of this analysis are shown in Figs. 4-6. It
tends to be seen from Fig. 4. MAPE for BA and HD models
are 6.18% and —35.87% respectively while for different mod-

Table 3. MT(kWh/mZ-day) by six models and measured data at

New Delhi
Month Mgmt LJ KO BA HD RE HDKR
January 457 478 480 472 735 572 506
February 577 513 515 505 762 6.10 538
March 6.7 546 549 536 779 642 567
April 6.75 562 566 550 770 651 577
May 646 558 563 546 742 639 568
June 570 551 556 539 722 627 559
July 501 552 557 540 728 630 561
August 499 556 561 545 753 642 569
September 558 548 552 538 770 642 567
October 594 520 523 512 763 617 544
November 523 485 487 479 738 580 512
December 447 466 468 461 724 560 495
10
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Fig. 4. MAPE for six models.

els: LJ 4.53%, KO 3.91%, RE -11.82% and HDKR model
1.02%. MBE is less for HDKR and KO model. From Fig. 5,
value of these two models are 0.1288 and 0.2838 kWh/m?-
day respectively. LJ and BA showed similar value with 0.319
and 0.411 KWh/m2-day respectively. HD and RE model scored
0.189 and 0.580 kWh/m2-day MBE error. RMSE gives data
on short term execution of the models. As appeared in Fig.
6, HD model provided the largest value 1.994 kWh/m2-day
of RMSE whereas HDKR creating a least RMSE 0.605 kWh/
m2-day which is closed to KO 0.658 kWh/m2-day. Other
models LJ, RE and BA model values are 0.674, 0.815 and
0.723 kWh/m2-day. From Fig.7, HDKR gives the lowest
RMSRE error among the models and value is 0.104 kWh/
m?-day. LJ and KO model gives same values (0.109 and
0.108 kWh/m?2-day respectively). HD model gives the high-
est RMSRE error (0.393 kWh/m2-day). From Fig. 8, HDKR
provides the least RRMSE error among the models and value
is 1.858%. HD model scored the highest RRMSE error
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Fig. 8. PRMSE for six models

Table 4. Statistical evaluation of six models

Model MAPE MBE RMSE RMSRE RRMSE
LJ 4.53 -0.319 0.674 0.109 1.954
KO 3.91 -0.284 0.658 0.108 1.929
BA 6.18 -0.411 0.723 0.116 2.072
HD -35.87 0.189 1.994 0.393 7.020
RE -11.82 0.580 0.815 0.165 2.947
HDKR 1.02 -0.129 0.605 0.104 1.858
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(7.020%). Table 4 gives the statistical evaluation of six dif-
ferent models.

Conclusions

The following outcomes are obtained from the analysis
of six distinct models at an incline angle of 28.58° N (New
Delhi latitude).

(i) My, My and M, were calculated to be 8.86, 4.94 and
1.8 kWh/m2-day on horizontal plane respectively.

(i) HD gave the highest and BA showed the least values
of M among entire models.

(iify LI and KO model showed similar outcomes 5.28 and
5.31 KWh/m2-day.

(iv) The outcomes of statistical analysis gave that HDKR
provided smaller error among all six models.

(v) HDKR evaluated radiation more near to the measured
value and lowest errors. Subsequently, HDKR can be favored
for the evaluation of solar radiation on the inclined plane in
New Delhi.

(vi) These six models can be executed all over the nation
where ground measured data is accessible. This can be uti-
lized in solar photovoltaic applications in future.

Nomenclature
Mg: Monthly average daily global radiation on a horizontal surface
C: Solar constant =1.367 kW/m?2
P: Day of the year

M,: Monthly average daily extra-terrestrial radiation fall on a horizon-
tal surface

aq, by: Angstrom constants (New Delhi a; = 0.26, by = 0.05)
L: Monthly average daily hours of bright sunshine (hours)

L ax: Monthly average of the maximum possible dailyhours (day length)

of bright sunshine

M,: Monthly average daily defused radiation

C/: Monthly average clearness index

Mj: Total incident solar radiation on tilted surface

My, p: Tilted surface beam radiation

My, 4 Tilted surface diffuse radiation

My, , - Tilted surface ground reflected radiation

Mp: Monthly average daily beam radiation on horizontal surface

Ty, View factor for beam radiation

Mgm: Metrological ground measured global solar radiation at horizon-
tal surfaces

) Mgmt: Metrological ground measured tilted global solar radiation (kWh/

m<-day)
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HD: Hay and Davies model 8. C.S.Solankiand C. S. Sangani, Sol. Energy Mater. Sol. Cells,
BA: Badescu model 2008, 92, 38.

LJ: Liu and Jordan model 9. S. Ozan and K. Tuncay, Appl. Energy, 2009, 86, 1222.

KO: Koronakis model 10. P.I. Cooper, Sol. Energy, 1969, 12, 3.

RE: Reind! et al. model 11.  C. S. Solanki, "Solar Photo Voltaic Fundamental, Tech-
HDKR: Hay and Davies, Klucher model nologies and Applications", 2nd ed., PHI Learning Pvt.

Ltd., New Delhi, 2011, 301.

D: Anisotropy index .
12.  S. A Klein, Sol. Energy, 1977, 19, 325.
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