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The performance of Dual-Axis Solar Tracker (DAST) and Static Solar System (SSS) with respect to clearness index in Malaysia is
presented. An attempt to investigate the correlation between clearness index with energy gain and efficiency of DAST over SSS
is being done experimentally. A good correlation could not be found out from the daily clearness index. It is due to the more
profound advantage of DAST in the morning and evening compared to midday as it is able to follow the sun’s position. Hence,
the daily clearness index is divided into three segments which are morning, midday, and evening to interpret the energy gain and
efficiency better. A clearer correlation with low standard deviation can be observed on the segmented clearness index analysis. The
energy gain and efficiency of seven cities in Malaysia is being estimated with the segmented clearness index and compared to the
result generated from anisotropic radiation model. A similar trend is obtained and it has shown that the segmented clearness index
could be utilized as a graphical method for estimation of energy gain and efficiency of DAST over SSS.

1. Introduction

Solar energy has gained tremendous attention in recent years
due to various reasons such as the fluctuating of the price
of crude oil, awareness of public on environment issues,
supporting policies and subsidies taken by local government
to boost renewable energy sectors, and price reduction of
photovoltaic (PV) panels. Many large-scale solar farms were
commissioned in USA, Europe, and China as the global PV
price is dropping rapidly in recent years which agrees with
the Swanson’s law [1]. However, the PV generated electricity
is not competitively enough compared to fossil fuel (oil, gas,
and coal) especially in urban areas. Hence, more intensive
research and development on PV cell material science are
required in order to overleap the conversion efficiency hurdle
and reduce the manufacturing cost. Meanwhile, there are
several approaches available for increasing the performance
of PV system other than exploring on new material for
PV cell. For instance, Maximum Power Point Tracking
(MPPT) which able to draw maximum power by tracking

and operating on the maximum power point of the PV arrays
[2], solar tracking that able to maximize the power captured
from sun by following the sun path [3], and so forth. Above
all, solar tracking poses great advantage to enhance the PV
system efficiency as compared to a static solar system [4].
Dual-Axis Solar Tracker (DAST) is a type of solar tracker with
two rotational axes which enable it to align the PV panels
and point directly towards the solar disk at all times [3, 5].
Solar irradiance (W/m2) is a measure of amount of sunlight
fall on a surface. It is the most crucial factor in determining
the performance of a PV panel. The solar energy captured by
PV panels is directly proportional with the solar irradiance
received by PV panels. With PV panels facing the sun at all
times, it ensures that maximum solar energy being converted
into electrical energy during the course of the day. Hence,
substantial gain can be obtained by using DAST compared
to Static Solar System (SSS).

From the literature, various tracking methods have been
proposed and validated around the world in previous works
and each of them has its pros and cons in terms of efficiency,
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complexity, and cost. Figure 1 shows the minimum, maxi-
mum, and average efficiency of some solar tracking works
being reported experimentally and by simulation in other
countries [6–18]. Apparently, the difference in solar tracking
efficiency that varies greatly among the countries reported
due to different geographic location, local landscape, and
climate [19]. Moreover, the efficiency of solar tracking in the
same region during different seasons also differs significantly.
The efficiency normally top in the summer, with a marginal
performance in winter and the spring and fall have average
efficiency.

Malaysia as a country which lies at 1∘ to 7∘ north of
equator has an equatorial climate and long hours of sunshine
throughout the year. There are enormous potential for solar
energy to be successful at this land. However, the potential
for the DAST is rarely reported and investigated in this
region. Hence, a quantitative advantage of DAST over SSS in
this country still remains unknown although the consistently
long sun hours suggested a promising outcome. Thus, it
would be one of the endeavors for this study to carry out an
investigation on some of the cities inMalaysia regarding their
performance enhancement for installation of DAST over SSS.
The advantage on the financial perspective would also be
analyzed and a comparison can be made on the suitability for
DAST installation on seven cities in Peninsular Malaysia.

While having better efficiency over SSS, the additional
costs for the DAST could not be overlooked. The tracking
mechanism requires extra mechanical structure and motors
to rotate the PV panels according to the sun’s position.
Operational and maintenance cost of the DAST will also be
higher than SSS. Hence, estimation of the efficiency/energy
gain of DAST over SSS is essential, and need to be part
of the site evaluation criteria. As a rule of thumb, the
gain from the DAST over SSS would have to surpass the
additional costs whereby the profitability and sustainability
of the DAST especially in large scale solar power plant are
guaranteed. However, as shown in Figure 1, the reported
efficiency improvement can vary from as low as 10% to as high
as 75%.The large variation ofDAST efficiency complicates the
evaluation process for adopting DAST over SSS. Besides that,
performance enhancement of DAST over SSS for an equator
region as Malaysia is not being investigated so far.

So far, comparison of efficiency and energy gain of DAST
over SSS has been done by physically installing both systems
on the site of interest. This method is not only expensive
but also time consuming, since data over a sufficiently
long period of time is needed to facilitate a meaningful
comparison between the two systems. Moreover, the results
obtained are not directly applicable onto other sites. Hence,
there is a need for a method to estimate the gain of DAST
over SSS in a more cost- and time-effective manner such that
the site evaluation can be made more straightforward.

Cruz-Peragón et al. quantify the extra solar gain of DAST
over SSS with respect to latitude of the cities in Spain based
on the Reindl anisotropic model and Liu & Jordan isotropic
model [20, 21]. Based on his finding, the former method is
more useful and better represent the climate of Spain territory
as compared to isotropic model. Most of the cities in Spain
territory are suitable for DAST while a few cities are not

recommended due to various reasons including high latitude,
high rainfall, and coastal region.

In this paper, an attempt is made to correlate the perfor-
mance enhancement of DAST based on the clearness index
of the sites in Malaysia. Subsequently, this correlation is used
to estimate the performance boost of DAST at seven cities in
Malaysia.

2. Literature Review

2.1. Clearness Index. Clearness index is chosen as the sole
variable in this work as it is derived from solar irradiance,
the most fundamental factor that influences the performance
of a PV system. Clearness index represents the ratio of the
average global solar irradiation 𝐺 on a horizontal surface to
the extraterrestrial solar irradiation 𝐻

𝑜
on the same surface

and given by the following Equations for daily and hourly
values, respectively [22].

For daily:

𝐾
𝑇
=
𝐺

𝐻
𝑜

. (1)

For hourly:

𝑘
𝑇
=
𝐼
𝐺

𝐼
𝑜

. (2)

The data of global solar radiation over a day and over
an hour, 𝐼

𝐺
, are available from measurements of total solar

radiation on a horizontal surface by using a pyranometer.The
hourly clearness index function could be utilized to calculate
clearness index for longer period by replacing the global solar
radiation and extraterrestrial radiation for the desired period
into (2). Meanwhile, the extraterrestrial solar radiations 𝐻

𝑜

and 𝐼
𝑜
can be defined as the solar radiations incident on

a horizontal plane outside the atmosphere over a day and
a designated period of time within a day, respectively. In
other words, this is the sunlight reaching the ground of the
earth without the presence of atmosphere. The amount of
extraterrestrial radiation reaching the earth ground relies on
the relative position of the earth to the sun on its elliptical
orbit around the sun and the earth declination through this
orbit.𝐻

𝑜
and 𝐼
𝑜
can be calculated by using (3) as follows:
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(3)
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Figure 1: Efficiency of solar tracker works reported around the world.
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Figure 2: The three components of global solar radiation.

The parameters in the equations can be found in the
nomenclature.

𝐻
𝑜
from the sun passes through and is attenuated by

the atmosphere before reaching the surface on the earth as
𝐺. Global solar irradiation consists of direct/beam radiation,
diffuse radiation, and reflected radiation. Beam radiation is
coming directly from the solar disk on a clear sky without
being obstructed by the clouds while diffuse radiation is
the radiation found in cloudy day with the direct solar ray
being firstly scattered by molecules and particles on the
clouds before reaching the solar panels. There is also a very
meager amount of radiation reflected from the clouds and
ground surface, namely, reflected radiation. The components
of global solar radiation are illustrated in Figure 2.

The clearness index is higher in a sunny day as the solar
radiation is dominated by beam radiation and less energy loss
through diffusion and reflection. A higher clearness index
will lead to a higher energy generated and efficiency for
DAST. Hence, the relationship of clearness index with energy
gain and efficiency of DAST is quantified and investigated
experimentally. With the knowledge of the correlation, it
is able to offer an alternative guideline for evaluating the
performance enhancement of DAST to a specific site.

Circumsolar
diffused

Beam

Horizontal brightening
component

Isotropically
diffused

Figure 3: Circumsolar and horizon brightening components added
to the isotropic component in diffusion model [24].

2.2. Diffuse Radiation Model. Diffuse radiation model is
useful for evaluating the global irradiation over tilted surface
by using the global solar radiation over horizontal surface.
Liu and Jordan isotropic model [23] is widely used as it is the
simplest diffusion model for obtaining the global irradiation
over tilted surface. It assumes a uniform distribution of
the ground-reflected radiation and sky-diffuse radiation on
the celestial hemisphere. However, its simplistic nature has
lead to some weaknesses. It neglected the contribution of
circumsolar diffuse radiation and horizontal brightening to
the total diffused radiation.These two components contribute
a remarkable portion in the clear days. Circumsolar diffused
radiation resulted from forward scattering of beam radiation
andwasmainly concentrated in the part of the sky around the
solar disk.

Meanwhile, the horizon brightening component is con-
centrated near the horizon and is most profound in clear
skies [24]. These additional components are schematically
shown in Figure 3. Isotropic model tends to underestimate
the amount of diffuse radiation in clear skies, which leads it
into poorer response in clear days.Thus, the whole estimated
irradiation can fall below the actual value from 3% to 9%
[23, 24].
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In order to have better estimation on the diffuse radiation,
anisotropic models has to be adopted as larger diffuse com-
ponents such as circumsolar diffuse radiation and horizontal
brightening are taken into account. By analyzing various
methodologies of anisotropic models, HDKR anisotropic
model (Hay, Davies, Klucher, Reindl model) [21] is found
to be fairly suitable as some correction factors are added to
account for the horizon brightening on clear days as well as
cloudiness.

Anisotropic model considers that the radiation on the
tilted surface is contributed by three components which
are beam, anisotropic diffuse, and solar radiation diffusely
reflected form the ground as in

𝐼
𝑇
= (𝐼
𝐵
+ 𝐼
𝐷
𝐴
𝑖
) 𝑅
𝐵
+ 𝐼
𝐷
(1 − 𝐴

𝑖
) (
1 + cos𝛽

2
)

× (1 + 𝑓sin3 (
𝛽

2
)) + 𝐼

𝐺
𝜌(

1 − cos𝛽
2

) .

(4)

Erbs et al. correlation [25] in (5a), (5b), and (5c) makes
it possible to obtain the isotropic diffuse component of
radiation 𝐼

𝐷
, by using the clearness index 𝑘

𝑡
at each timewhile

the beam radiation is then being found from the difference
between global solar radiation over horizontal surface 𝐼

𝐺
and

𝐼
𝐷
as in (6). Consider

𝐼
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𝐼
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𝑡
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𝑡
≤ 0.22, (5a)

𝐼
𝐷

𝐼
𝐺

= 0.9511 − 0.1604𝑘
𝑡
+ 4.488𝑘

2

𝑡
− 16.638𝑘

3

𝑡

+ 12.336𝑘
4

𝑡
for 0.22 < 𝑘

𝑡
≤ 0.8,

(5b)

𝐼
𝐷

𝐼
𝐺

= 0.165 for 𝑘
𝑡
> 0.8, (5c)

𝐼
𝐺
= 𝐼
𝐷
+ 𝐼
𝐵
. (6)

Geometric factor 𝑅
𝐵
is the ratio of beam radiation on

tilted surface to that on a horizontal surface at any time
[22] that can be obtained from (7). Anisotropy index 𝐴

𝑖

is a function of the transmittance of the atmosphere for
beam radiation. A modulating factor 𝑓 is added into HDKR
diffusion model by Klucher to account for cloudiness of the
sky as follows:

𝑅
𝐵
=

cos 𝜃
cos 𝜃
𝑧

, (7)

𝐴
𝑖
=
𝐼
𝐵

𝐼
𝑜

, (8)

𝑓 = √
𝐼
𝐵

𝐼
𝐺

. (9)

Equation (10) is the angle of incidence of the solar beam
radiation on a tilted surface which is one of the important

expressions to construct the anisotropic diffuse radiation
model. The solar radiation obtained from this model is
compared to the experimental result of the proposed DAST
prototype. The DAST prototype is using equatorial tracking
system. Photoresistors are used as the sensors to track the
position of the sun. Hence, angle of incidence of the solar
beam which is one of the elements of mathematical approach
is not adopted for the solar tracking purpose of the proposed
DAST prototype.

𝜃
𝑧
is the angle of incidence of beam radiation on tilted

surface and solar zenith angle. Consider

cos 𝜃 = sin 𝛿 sin𝜙 cos𝛽 − sin 𝛿 cos𝜙 sin𝛽 cos 𝛾

+ cos 𝛿 cos𝜙 cos𝛽 cos𝜔

+ cos 𝛿 sin𝜙 sin𝛽 cos 𝛾 cos𝜔

+ cos 𝛿 sin𝛽 sin 𝛾 sin𝜔,

(10)

cos 𝜃
𝑧
= cos𝜙 cos 𝛿 cos𝜔 + sin𝜙 sin 𝛿. (11)

In addition, the albedo𝜌 (dimensionless) is the composite
ground reflectance which is required to estimate the reflected
irradiance. It normally takes a value of 0.2 except for the case
of snowy ground it would have a higher value. 𝛽 is the slope
of the tilted surface and together with solar azimuth angle 𝛾
would make sure that the PV system face the sun’s position
at all times. The location latitude 𝜙, declination 𝛿, and Julian
day 𝑛 are some additional variables to be considered in this
model:

𝛾 = sign (𝜔)


cos−1
cos 𝜃
𝑧
sin𝜙 − sin 𝛿

sin 𝜃
𝑧
cos𝜙



,

𝛿 = 23.45 sin(360284 + 𝑛
365

) .

(12)

3. Experimental Setup

A Dual-Axis Solar Tracker (DAST) and a Static Solar System
(SSS) with horizontal orientation are used in this experiment.
The solar tracker has two axis of rotation which enable it to
rotate along the eastwest and northsouth axis. The type of
Dual-Axis Tracking System that is used in this research falls
into the category of equatorial as categorized by Alexandru
[26].The DAST proposed here is able to track the sun on two
independent axes. The hardware prototype of the DAST and
its rotational axes are shown in Figure 4. The daily motion
of the sun (from east at dawn to the west at dusk) is tracked
by the DAST on first axis (axis “1”: daily motion, E: East,
W: West). The rotational range of this axis is ±70∘ with the
position of solar noon as the reference position (0∘). On
the other hand, the seasonal variation of the Sun position is
tracked by the DAST via the second axis (axis “2”: elevation,
N: North, S: South). This axis has ±30∘ rotational range
for tracking the altitude angle of sun during the different
seasons.The reference (“zero”) positions for the angular fields
of the two rotational axes is better illustrated by referring
to Figure 5. Figure 5(a) shows the DAST on a horizontal
position at which both daily (eastwest) axis and elevation
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(northsouth) axis on their reference (“zero”) position. The
normal of the PV panel is coincided with the zenith axis
at this position and acts as the reference position of the
rotational ranges. The individual reference positions and
rotational range of both axes are shown in Figures 5(b) and
5(c), respectively. The sun-tracking mechanism is based on
two pairs of Photoresistors as sensors to locate the position of
the sun. Two direct-current (DC) linear actuators rotate the
PV panel towards the sun’s position upon the signals from
microcontroller. The tracking is done on a fifteen-minute-
basis as the sunmoves at a slow speed along the sun path.The
control technique adopted in the proposed DAST is a closed-
loop (with photosensor) approach. The DAST would track
the sun’s position based on the light intensity received by the
photo-sensor. As the movement of the sun is slow in nature,
continuous tracking of the sun’s position is not necessary.
Hence, DAST tracks the sun once in every fifteen minutes.
In other words, the fifteen minutes is an interval between
consecutive tracking. This main purpose of this approach
is to reduce the power consumption for doing redundant
tracking. A Sanyo 210Watt Monocrystalline PV panel is used
in the DAST and static system, respectively. The technical
characteristics of the PV panel are shown in Table 5. In order
to make sure the PV panels on both systems are operating on
the Maximum Power Point (MPP), Constant Voltage (CV)
Maximum Power Point Tracker (MPPT) with buck converter
is connected to PVpanels [27].Theopen-circuit voltage (𝑉oc),
short-circuit current (𝐼sc), maximum-power voltage, (𝑉mp)
andmaximum-power current (𝐼mp) are measured and logged
with an interval of 1 minute. The maximum power can be
obtained via the product 𝑉mp and 𝐼mp. The energy generated
in a day or an hour could be obtained by integrating the
maximum power along the period of time. The energy gain
Δ𝐸 (kWhr) and efficiency 𝜂 (%) of DAST over SSS which will
be widely used in this work can be calculated from energy
generated by DAST 𝐸DAST and energy generated by SSS 𝐸SSS
and the energy consumption for performing the tracking 𝐸

𝐶

as follows:

Δ𝐸 = 𝐸DAST − 𝐸SSS − 𝐸𝐶,

𝜂 =
Δ𝐸

𝐸SSS
× 100%,

𝐸
𝐶
=
𝑉track (𝑉) × 𝐼drawn × (𝐴) × time (hr)

Area of Panel (m2)
.

(13)

Indeed, the energy consumption is an essential part in
calculating the energy gain (Δ𝐸). If the energy consumed
in tracking is substantial, it might not be worthwhile for
adopting a solar tracker. The energy gained from the benefit
of tracking could not justify the energy consumed in doing
the tracking. The Global Solar Irradiance of both systems
is measured by using a well-calibrated Li-Cor (LI 210SA)
pyranometer, respectively. The daily data collection starts
from 7 am until 7 pm corresponding to the typical day time
in Kuala Lumpur, Malaysia, where the experimental setup is
installed. The data are logged into EEPROMs and extracted
out at the end of the day for analysis in Microsoft Excel and
Matlab.

E

W

N

S

Axis “1”

Axis “2”

Figure 4: The hardware prototype of the DAST and its rotational
axes.

4. Result

4.1. Results of Daily Power Generation. Themaximum power
obtained by DAST in a low clearness index day and high
clearness index day has substantial difference. Figures 6 and
7 show an example of electrical power generation along a day
for an overcast day with 𝐾

𝑇
of 0.34 and a sunny day with

𝐾
𝑇
of 0.62. In a day with low 𝐾

𝑇
, the sun ray is blocked

by the clouds which leads to no beam radiation falling on
the solar panels. This is clearly indicated on the morning
session (7 am to 9 am) and evening session (3 pm to 7 pm)
on Figure 8. The diffused radiation is dominant in these two
periods and there is no advantage for DAST over the SSS.
Kelly and Gibson [28, 29] have shown that diffuse radiation
is isotropically distributed over the whole sky in an overcast
day. Hence, a PV panel positioned horizontally will receive
maximum amount of isotropically distributed sky radiation
compared to tilted position. Conversely, in a day with high
𝐾
𝑇
, the beam radiation is playing a dominant role. 90% of

the global solar radiation is made up by beam radiation [20].
DAST follows the position of the solar disk and ensures
that maximum amount of beam radiation strikes the PV
panels throughout the day. Figure 8 shows the difference of
instantaneous power of DAST and SSS along the sunny day
and cloudy day. Tremendous gain is obtained during the
morning and evening sessions, while the gain at Table 1 shows
the efficiency (𝜂) and energy gained by the DAST over SSS in
twodayswith different value of clearness index.The efficiency
of DAST over SSS varies from 24.91% at an overcast day to
82.12% at a clear day. Likewise, the electrical energy generated
also increases drastically from 108Whr/m2 at a cloudy day to
603Whr/m2 at a clear day. Apparently, the efficiency of DAST
over SSS and additional electrical energy generated in a day
are influenced by the clearness index.

Figure 9 presented an example for a day with the mea-
sured instantaneous irradiance of DAST and horizontally-
positioned SSS together with the modeled irradiance of
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Table 1:The efficiency (𝜂), energy gained by theDAST over SSS, and
energy consumption under different clearness index.

Clearness
index, 𝐾

𝑇

Efficiency, 𝜂
(%)

Energy generated,
(Whr/m2)

Energy
consumption,
(Whr/m2)

0.34 24.91 108 0.30
0.62 82.12 603 0.30

07 08 09 10 11 12 13 14 15 16 17 18 19
0

20

40

60

80

100

120

140

160

Local time (hr)

Electrical power generation versus local time

SSS
DAST

El
ec

tr
ic

al
 p

ow
er

 g
en

er
at

io
n 

(W
/m

2
)

Figure 6: Electrical power generation in an overcast day.

DAST. The modeled irradiance of DAST is generated from
the global irradiance of horizontally positioned SSS.

There are two noticeable findings that can be interpreted
from it. The first finding is that the anisotropic has demon-
strated an inspiring result for estimating the irradiance of the
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Figure 7: Electrical power generation in a sunny day.

DAST as both measured and modeled irradiance have very
similar value. The experimental and modeled DAST would
track the sun on a similar path in order to have the similar
result shown. Hence, HDKR anisotropic diffused model can
be reliably used to infer the instantaneous irradiances of
DAST.The second finding is that the irradiances captured by
both DAST and SSS are not far off from each other during
the midday. It means the incidence angle of sun ray falling on
both does not differ much at this period compared to other
periods of the day. It agrees with the result from Figure 8 that
the advantage of DAST lies on morning and evening session.

For the proposedDAST, the energy consumed ismarginal
compared to the additional energy gain from tracking.
Thus, the energy consumption (𝐸

𝐶
) is not included in the
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Figure 8: Difference of instantaneous power of DAST and SSS along
the sunny day and cloudy day.

calculation of the energy gain. The voltage of the tracking
system𝑉track and the current drawn 𝐼drawn during the tracking
process are shown in Figure 10.

The DAST tracking is done within fifteen seconds dura-
tion for consecutive fifteen minutes. The tracking time is
short as the sun movement does not vary much in fifteen
minutes. The DAST tracks the sun from 7 am to 7 pm
which is equivalent to twelve hours. The approximate energy
consumption used for tracking in a day can be calculated as
follows:

𝐸
𝐶
=
13 × 0.6 × ((15/60 × 60) × 12)

1.58 ∗ 0.812
,

𝐸
𝐶
= 0.30Whr/m2.

(14)

The energy consumption (𝐸
𝐶
) is compared to the differ-

ence between the energy generated between DAST and Static
Solar System (SSS) in a low and high clearness index day,
respectively. Apparently, the energy consumption is relatively
small compared to the energy difference of DAST and SSS for
the DAST proposed in both high clearness index (sunny) and
low clearness index (cloudy) day as shown in Table 1. Hence,
the energy consumption (𝐸

𝐶
) can be safely left out from

the calculation of the energy gained by the DAST over SSS
without significant impact on the final result. However, the
impact of energy consumption (𝐸

𝐶
) should not be overlooked

in a larger system as its value would loom large and become
significant to the difference of energy betweenDAST and SSS.

4.2. Results of Energy Obtained by DAST and SSS. Figure 11
presented the daily energy captured by DAST and SSS for a
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Figure 9: Measured and modeled (anisotropic diffuse model)
instantaneous irradiance of DAST and measured irradiance of
horizontally positioned SSS.

Tracking: 

Tracking voltage: 13V

Current drawn: 0.6A
Duration: ∼15 s

Figure 10:The voltage of the tracking system,𝑉track, and the current
drawn, 𝐼drawn, during the tracking process.

month in a bar chart. There are various conditions such as
sunny days, cloudy days, and rainy days during this month
which is the typical climate of Malaysia. The weather in a
month could act as a miniature of the weather in a year.

Hence, the underlying factor that determines the amount
of advantage of DAST over SSS has to be found out. As
a result, it leads to the investigation of the energy gain of
both DAST and SSS with respect to clearness index. The
clearness index is imperative for the performance evaluation
of a PV system. It indicates the clarity of a day and the
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Figure 11:The daily energy captured by DAST and SSS for a month.

potential amount of sunlight for converting the solar energy
into electrical energy by the PV system. The availability of
abundant direct sunlight in a day has a profound impact on
the energy generated by a PV system.

Generally, a direct proportional relationship could be
hypothesized for bothDASTand SSSwith respect to clearness
index. Based on the performance of both clear and overcast
days reported on previous section, it could be deduced
that DAST responds to clearness index on a more sensitive
manner compared to a SSS. This is due to its ability to track
the position of the sun and capturedmaximum sunlight from
sunrise to sunset.

Figure 12 shows the energy captured by theDAST and SSS
plotted against clearness index for a month. The trend lines
for both systems are generated by using basic fitting inMatlab.
The standard deviation of DAST and SSS is 0.0418 kWhr/m2
and 0.0175 kWhr/m2, respectively.The slope for both systems
with respect to clearness index is apparently distinct from
each other. Both trends of SSS and DAST have shown a linear
growth with respect to clearness index. However, DAST has a
steeper slope compared to SSS. On the other hand, at the days
with low clearness index (below 0.22), presumably rainy days,
DAST would have lower energy gain than SSS as shown in
the extrapolation from the graph. It is due to the fact that the
available solar radiation in those days is dominantly diffuse
radiation. Direct radiation would be absent or at a relatively
minimal level.Therefore, DAST has no advantage over SSS at
this range of clearness index.

On the other side of the clearness index, the energy
captured by DAST increases in a steeper slope compared to
SSS as the clearness index climbs from medium (0.4) to high
(0.6) level. Thus, it fortifies the inference that greater amount
of energy will be captured by DAST compared to SSS as the
clearness index increase. In other words, the application of
DAST ensures a performance boost of a PV system and the
outcome is exceptionally well as the clearness index increases.
In addition, the trends of both DAST and SSS with respect
to clearness index show that a clearness index offers a good
estimation for energy generation on different weather.

4.3. Results of Daily Clearness Index. An endeavor to dis-
cover the relationship between clearness index and tracking
advantage of DAST is made by plotting both efficiency and
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Figure 12: The energy captured by DAST and SSS against clearness
index for a month.

additional electrical energy gained over the clearness index
for one month duration. There are different kinds of weather
within the period which includes sunny, overcast, partial
cloudy, and rainy days. Figures 13 and 14 show the graphs of
efficiency (𝜂) and Energy Gain (𝐸

𝐺
) versus daily Clearness

Index (𝐾
𝑇
) by one month data of May 2013. A linear trend

line is plotted via basic fitting for both graphs, respectively.
Generally, these two graphs exhibit a weak trend of 𝜂 and 𝐸

𝐺

proportional to 𝐾
𝑇
. The standard deviation of the efficiency

and energy gain is 7.1757% and 0.0355 kWhr/m2.
The advantage of DAST over SSS is more remarkable at

sunny day with high 𝐾
𝑇
(between 0.5 and 0.6) compared

to the overcast and rainy day with low 𝐾
𝑇
(between 0.2

and 0.4). A clear and quantitative conclusion could not
be drawn on the advantage of DAST based on the daily
clearness index. It appears that there are some days that
the efficiency and energy gain is scattered far off from the
linear trend lines. Hence, a look on the energy gain versus
time on Figure 8 would give a more detailed insight on how
the slope of the DAST tracking advantage changes in a day.
It has been found that the effectiveness or energy gain of
DAST is particularly well in the morning and evening as
compared to during themidday.This explains the weak trend
above as the daily clearness index lump the slopes of the
DAST tracking advantage on morning, midday, and evening
without considering that they have different value of slope.

4.4. Results of Segmented Clearness Index. It is necessary to
divide the clearness index into three segments period which
are morning (0700–1100), midday (1101–1500), and evening
(1501–1900) for a better visualization of the influence of



International Journal of Photoenergy 9

0.2 0.3 0.4 0.5 0.6 0.7
10

20

30

40

50

60
Efficiency versus clearness index

Clearness index

Effi
ci

en
cy

 (%
)

Figure 13: Efficiency of DAST over SSS versus daily clearness index.

clearness index. Nevertheless, the splitting of the day into
three segments is not without a tradeoff. Since the clearness
index is split into three periods, the efficiency of DAST over
SSS for a single day could not be established as the portion
contributed by efficiency for three periods and could not be
summed into a total amount as energy gain. Thus, the total
efficiency of a single day could not be obtained although the
total energy gain of DAST can be summed from the three
segments. The tradeoff is justified as a more accurate energy
gain of DAST over SSS resulted from the segmented analysis.
An accurate energy gain is extremely handy for estimating
the additional profit generated by DAST as the Feed-In Tariff
(FID) is based on the energy generated (kWhr) instead of
efficiency. Figure 15 shows the energy gain of DAST over SSS
versus clearness index on three segments period. The three
trend lines are generatedwith polyfit and polyval functions in
Matlab by fitting the experimental data points in least square
sense. The trend lines on morning, midday, and evening for
energy gain versus clearness index are fitted in second-order
polynomial based on the scattered data points. Apparently,
the trend of energy gain with respect to clearness index is
clearer as the day is being segmented into three periods.
Again, the sharp slopes of the efficiency and energy gain
of DAST over SSS during the morning and evening period
are different compared to the smaller slope in midday. The
slope of the energy gain is lower at midday because SSS is
positioned on a horizontal orientation. During the midday,
sun light strikes on the PV panel of SSS with a smaller
incidence angle compared to morning and evening. Most
of the solar energy is captured by SSS within this period.
Thus, the energy gained by DAST over SSS increases in a
smaller slope as clearness index increases. During morning
and evening, DAST has the advantage of facing the solar disk
while SSS stay on its static horizontal position. As a result, the
energy gained byDAST is a lot greater as the day is clearer and
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Figure 14: Energy gain of DAST over SSS versus daily clearness
index.

more solar energy is available.However, the advantage dimin-
ishes as the clearness index drops. As clearness index drops
below approximately 0.15, the energy captured by DAST is
less than SSS as there is only diffuse radiation available.
A horizontally positioned SSS inclined position. Anyway, the
energy captured on this level of clearness index is marginal.
The standard deviation for the trend lines and data points
are 0.0113 kWhr/m2, 0.0133 kWhr/m2, and 0.0109 kWhr/m2
for morning, midday, and evening, respectively. It seems that
the data points are distributed in a smaller range in the three
segments clearness index compared to the daily clearness
index shown in previous section. Hence, the energy gain of a
DAST over SSS can be estimated in a better accuracy by using
segmented clearness index graph given the clearness index of
a site.

4.5. Comparison of Energy Gain of Seven Cities by Using Seg-
mented Clearness Index and Anisotropic Model. The energy
gain versus segmented clearness index graph is used to
estimate the energy gain of other cities in PeninsularMalaysia
based on the segmented clearness index of the cities, respec-
tively. The performance improvement of DAST over SSS in
seven cities of Peninsular Malaysia including Bayan Lepas,
Ipoh, Kuantan,Muadzam Shah, Langkawi, Senai, and Subang
are being estimated by the segmented clearness index graph
method as shown in Figure 16. The hourly data of global
irradiation over horizontal surface in 2009 for the seven cities
is obtained fromMalaysiaMeteorological Department.These
data were measured by using pyranometer in the weather
stations at the seven cities, respectively. Segmented clearness
index can be generated from these data and plotted on the
segmented clearness index graphs to compute the energy gain
of DAST over SSS. Moreover, these data are also put into
HDKR anisotropic model to develop the global irradiation
over the DAST [21]. Electrical energy generated by both
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Figure 15: Energy gain of DAST over SSS on 3 segments period.

DAST and SSS can be converted from the global irradiation,
respectively, by using the average effectiveness of the PV
panel on DAST and SSS, 0.15. The energy generated for both
systems in a year are being averaged into a mean daily energy
generated and divided into three segments. Subsequently,
average energy gain of DAST over SSS on the three periods
can be obtained by using the mean energy generated for both
systems in three segments.

The average efficiency and energy gain of DAST over
SSS in three segments of a day by using anisotropic model
are plotted on the segmented clearness index graphs. It is
observed that there are some similarities on the response of
efficiency and energy gain of DAST over SSS with respect
to the segmented clearness index in both anisotropic model
and segmented clearness index curve from experimental.
The slopes of both anisotropic model and experimental
generally agree with each other albeit some discrepancies
appearing due to some reasons. The value generated from
anisotropic model tends to be slightly higher due to the
horizon brightening component that may be estimated on
a higher level than the actual level [22]. Besides that, an
accurate estimation of the irradiation for anisotropic model
cannot be obtained as there are a few days in a year that
the weather stations in the seven cities were undergoing
maintenance and data are not available during the short stint.
Nonetheless, it has shown that the segmented experimental
generated curve that can be used to estimate the energy gain
of DAST over SSS with a low margin of error. The energy
gain of DAST over SSS based on both anisotropic model
and segmented experimental generated curve are tabulated
on Tables 2, 3, and 4 for morning, midday, and evening.
It has been shown that, in terms of energy gain of DAST

0.2 0.3 0.4 0.5 0.6 0.7
0

0.05

0.1

0.15

0.2
Energy gain versus clearness index

Clearness index

Morning cities
Morning
Midday cities

Midday
Evening cities
Evening

En
er

gy
 g

ai
n 

(k
W

h/
m

2
)

Figure 16: Energy gain of DAST over SSS for 7 cities developed by
anisotropic model on 3 segments clearness index.

Table 2: Energy gain based on experimental curve and isotropic
model on morning segment.

Cities 𝐾
𝑇

Energy gain (kWhr/m2)
Experiment Anisotropic

Bayan Lepas 0.458 0.083 0.071
Ipoh 0.476 0.091 0.088
Kuantan 0.515 0.112 0.119
Langkawi 0.619 0.175 0.183
Muadzam Shah 0.455 0.081 0.074
Senai 0.417 0.064 0.055
Subang 0.492 0.099 0.095

over SSS, Langkawi has the greatest potential for installing
DAST while Senai has the least advantage among the seven
cities. Langkawi is an island and is close to the coastal area,
the clearness index is higher, and clearer days are available
throughout the year. Senai is on the southern part of the
Peninsular Malaysia and in an inland site which leads to
higher precipitation and relatively regular rainfall. Hence, it
has lower clearness index on three segments of the day and
lower energy gain of using DAST.

Consider a proposed 1MWPV solar farm in Langkawi
which is expected to produce 1310MWhr from horizontal
orientation system per year from 4800 solar panels. The
additional profit by incorporating DAST onto this solar
farm is calculated. The Malaysia feed-in-tariffs (FIT) for
grid-connected PV systems with 1MW capacity are up to
$0.35/kWhr as of year 2013. The additional energy gain of
DAST in Langkawi is 0.31 kWhr/m2. A 1MWPV system
with 210W and an area of 1.283m2 PV panels could generate
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Table 3: Energy gain based on experimental curve and isotropic
model on midday segment.

Cities 𝐾
𝑇

Energy gain (kWhr/m2)
Experiment Anisotropic

Bayan Lepas 0.561 0.071 0.075
Ipoh 0.564 0.071 0.073
Kuantan 0.494 0.060 0.062
Langkawi 0.529 0.066 0.073
Muadzam Shah 0.495 0.060 0.062
Senai 0.418 0.049 0.053
Subang 0.570 0.072 0.074

Table 4: Energy gain based on experimental curve and isotropic
model on evening segment.

Cities 𝐾
𝑇

Energy gain (kWhr/m2)
Experiment Anisotropic

Bayan Lepas 0.490 0.105 0.101
Ipoh 0.370 0.048 0.052
Kuantan 0.391 0.056 0.046
Langkawi 0.420 0.069 0.064
Muadzam Shah 0.354 0.041 0.035
Senai 0.262 0.015 0.020
Subang 0.401 0.061 0.071

Table 5: Technical characteristics of PV panel.

Sanyo HIP-210NKHB5
Maximum power (𝑃max) [W] 210
Max. power voltage (𝑉mp) [V] 41.3
Max. power current (𝐼mp) [A] 5.09
Open circuit voltage (𝑉oc) [V] 50.9
Short circuit current (𝐼sc) [A] 5.57
Dimension (𝐿 ∗𝑊 ∗ 𝐷) [m] 1.58 ∗ 0.812 ∗ 0.035

Weight [kg] 15
Cell efficiency [%] 18.9
Module efficiency [%] 16.4

an additional energy of 1909 kWhr per day. Assume a 10%
inverter loss for converting the DC (Direct Current) power
from PV into AC (Alternating Current) for feeding into grid,
$601.34 daily extra profit can be obtained by using DAST.
An annual additional profit of $219,499 is the advantage of
DAST over SSS. Similar financial analyses on the other cities
which are being done and the additional financial gain due
to the advantage of DAST over SSS are shown in Figure 17.
The estimated profit could offer important information for
solar farm investor in making decision whether the long-
term investment is sustainable after deducting the one-off
additional cost of mechanical structure and motor for DAST.
More detailed studies on the cost estimation of DAST and its
variation with respect to capacity will be the goal for future
work. In this analysis, the focus is put upon the average
additional energy gain of DAST over SSS with respect to
clearness index.
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Figure 17: Estimated additional financial gain for seven cities with
DAST.

5. Conclusion

This work demonstrates the correlation of clearness index
with energy gain and efficiency of DAST over SSS based
on experimental setup. Apparent advantage of DAST occurs
in morning and evening sessions due to the ability of
DAST to follow the sun’s position throughout the day as
compared to the static position of SSS. A segmented clearness
index graph for the experimental result is plotted and it
shows a lower standard deviation and better correlation
for clearness index with both energy gain and efficiency
during morning, midday, and evening. This correlation has
been used, respectively, to estimate the energy gain of seven
cities in Peninsular Malaysia and compared with their value
developed by anisotropic model. A similar trend for the
response of energy gain and efficiency to clearness index is
found. It shows that this correlation can offer an estimation
of the energy gain of DAST over SSS while considering
the potential of installing PV system on a site. Additional
financial gain due to the advantage of DAST over SSS for
seven cities is also calculated based on a 1MWPV solar farm
case study and Malaysia feed-in-tariffs (FIT). Moreover, this
work could be a starting point for further detailed economic
analysis for DAST. More economical details included cost
analysis of DAST; ground field price and payback period
could be explored to validate the investment model of DAST
solar farm in the future works.

Nomenclature

DAST: Dual Axis Solar Tracker
SSS: Static Solar System
PV: Photovoltaic
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𝐾
𝑇
: Clearness index for a day (-)

𝑘
𝑇
: Clearness index for an hour (-)

𝐺: Global solar radiation over a day (W/m2)
𝐻
𝑜
: Extraterrestrial radiation over a day (W/m2)

𝐼
𝐺
: Global solar radiation over an hour (W/m2)

𝐼
𝑜
: Extraterrestrial radiation over an hour

(W/m2)
𝐺SC: Solar constant, 1367 (W/m2)
𝑛: Julian day (-)
𝜙: Latitude (∘)
𝛿: Declination (∘)
𝜔
𝑠
: Sunset hour angle (∘)

𝜔
1
: Hour angle for start of an hour (∘)

𝜔
2
: Hour angle for end of an hour (∘)

Δ𝐸: Energy gain of DAST over SSS (kWhr/m2)
𝐸DAST: Energy generated by DAST (kWhr/m2)
𝐸SSS: Energy generated by SSS (kWhr/m2)
𝐸
𝐶
: Energy consumed by DAST (kWhr/m2)

𝑉track: The voltage of the tracking system (V)
𝐼drawn: The current drawn by the tracking system (A)
MPPT: Maximum Power Point Tracking (-)
CV: Constant Voltage method for MPPT (-)
𝜂: Efficiency of DAST over SSS (-)
𝐼
𝑇
: Radiation received by tilted surface (W/m2)

𝐼
𝐵
: Beam component of irradiance over horizon-

tal surface (W/m2)
𝑅
𝐵
: Geometric factor (-)

𝐴
𝑖
: Anisotropy index (-)

𝑓: Modulating factor account for cloudiness (-)
𝐼
𝐷
: Diffusive component of irradiance over hori-

zontal surface (W/m2)
𝛽: Slope of tilted surface (∘)
𝜌: Albedo (-)
𝐼
𝐺
: Radiation received by horizontal surface

(W/m2)
𝜃: Angle of incidence of beam radiation on tilted

surface (∘)
𝜃
𝑍
: Solar zenith angle (∘)

𝛾: Solar azimuth angle (∘).
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