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Abstract

A new PV design, called “one axis three position sun tracking PV module”, with low concentration ratio reflector was proposed in the
present study. Every PV module is designed with a low concentration ratio reflector and is mounted on an individual sun tracking frame.
The one axis tracking mechanism adjusts the PV position only at three fixed angles (three position tracking): morning, noon and after-
noon. This “one axis three position sun tracking PV module” can be designed in a simple structure with low cost. A design analysis was
performed in the present study. The analytical results show that the optimal stopping angle § in the morning or afternoon is about 50°
from the solar noon position and the optimal switching angle that controls the best time for changing the attitude of the PV module is
half of the stopping angle, i.e. 0y = /2, and both are independent of the latitude. The power generation increases by approximately
24.5% as compared to a fixed PV module for latitude ¢ < 50°. The analysis also shows that the effect of installation misalignment away
from the true south direction is negligible (<2%) if the alignment error is less than 15°. An experiment performed in the present study
indicates that the PV power generation can increase by about 23% using low concentration (2X) reflectors. Hence, combining with the
power output increase of 24.5%, by using one axis three position tracking, the total increase in power generation is about 56%. The eco-

nomic analysis shows that the price reduction is between 20% and 30% for the various market prices of flat plate PV modules.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The electricity generation cost of solar PV (photovol-
taic) systems is still very high, several times that of conven-
tional power generation. This makes the dissemination of
solar PV very difficult.

The tracking flat PV system is one of the methods to
reduce the power generation cost. Neville [11] has shown
theoretically that for a mid latitude region (¢ = 30°), com-
pared to a fixed PV module tilted at an angle equal to the
local latitude, the power generation can increase about 41%
using two axis tracking. For a one axis tracking PV system,
the power increase is 36%. Several approaches to track the
sun using a one axis open loop [6], two axis closed loop [10]
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and two axis open loop [12] tracking have been proposed
by many researchers. There are also many different control-
lers to implement the control schemes, e.g. PLA [1] (pro-
grammable logic array), PC [14] and microprocessor [7].

Another solution toward cost reduction [3] is to use
reflector or Fresnel lens [4] to concentrate the solar radia-
tion incident upon a high efficiency solar cell [13]. It has
been shown experimentally that the concentrator PV pro-
duces 37% more energy than the flat plate module in a
one year comparison in Northern California. The area of
PV can be largely reduced if the concentration ratio is high
(>100X). However, this requires a high precision two axis
sun tracking technology, which is very sophisticated,
expensive and less reliable. In the present study, we pro-
pose a new idea of one axis three position tracking PV
module with low concentration ratio reflector to provide
a more simple PV tracking system, which can reduce the
power generation cost.


mailto:bjhuang@seed.net.tw

1274 B.J. Huang, F.S. Sun | Energy Conversion and Management 48 (2007) 1273-1280

Nomenclature

A altitude of observer, kilometers

ap,ai, k,ay,aj, k*,ro,r1, 7, parameters for 1y, dimension-
less

Gy extraterrestrial (AMO) solar radiation on hori-
zontal plane, W/m?

Gy, beam radiation on horizontal plane, W/m?>

G solar constant, 1353 W/m?
H height of shading plate, mm

I. clear sky horizontal radiation, J/m?

Iy clear sky horizontal beam radiation, J/m?

Iq clear sky horizontal diffuse radiation, J/m>

Iy, extraterrestrial (AMO) solar radiation, J/m?

It solar radiation on tilted plane, J/m?

L distance between photosensing element and
shading plate, mm

n nth day of year, day

P, PV module size, Wp

Oopt  optimal yearly total solar incident radiation,
MJ/m?

Qw1 yearly total solar incident radiation, MJ/m?

Ry ratio of beam radiation on tilted surface to that
on horizontal surface, dimensionless
concentration ratio, times

tilt angle of tracker, degree

stopping angle of tracker, degree

installation error of tracker, degree
declination, degree

solar incident angle with respect to PV normal
vector, degree

H switching angle of tracker, degree

D= ™R ><

>

0, solar incident zenith angle, degree

A slope of PV surface, dimensionless

1Y diffuse ground reflectance, dimensionless

b atmosphere transmittance for beam radiation,
dimensionless

T4 atmosphere transmittance for diffuse radiation,
dimensionless

¢ latitude of installation location, degree

w solar time hour angle, degree

2. Design analysis of one axis three position sun tracking PV
module

2.1. Design of one axis sun tracking PV module

The conventional one axis sun tracking system requires
continuous tracking using feedback or open loop control.
The tracker is usually designed in a large scale in order
to mount multiple flat PV modules. This makes the struc-
ture very heavy, complicated and not easy to install. We
propose the idea of a simple one axis sun tracking PV mod-
ule. Every PV module is mounted on an individual sun
tracking frame. The one axis tracking mechanism adjusts
the PV position only at three fixed angles (three position
tracking): morning, noon and afternoon. We call this
“one axis three position sun tracking PV”. The tracker is
designed in simple structure with low cost.

PV fixing Frame

Moto:

Adjustable
platform

[ —~——single pole

Fig. 1 is the schematic diagram of the one axis three
position tracking mechanism. The mechanism includes a
single pole support, a tilt adjustable platform, a PV frame
driven by a motor and a solar position sensor. The right
side of Fig. 1 shows the tilt angle of the tracker, «, at the
solar noon position by adjusting the platform.

There are three touch switches mounted on the trans-
mission gear of the frame for signal outputting to the con-
trol circuit. The PV frame will stop at the touch of the next
switch once it is triggered. The designated location of the
switch thus determines the stopping angle. Fig. 2 shows
the stop positions of the tracker.

Fig. 2(B) is the back view of the PV module facing
toward south at solar noon. Three stopping positions are
illustrated in Fig. 2 for morning (A), noon (B) and after-
noon (C). The PV module at position B (noon) is facing
south, while the PV module at positions A and C are facing

side view at solar-noon position

platform

Fig. 1. Schematic diagram of one axis three position tracking PV module.
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Fig. 2. Concept of one axis three position tracking.

toward the east and west, respectively, with an angle f§
from the noon position.

The sun position sensor consists of two photosensing
elements divided by a vertical shading plate (Fig. 3). The
sun’s motion will finally induce a shadow on one of the
photosensing elements. The circuit will detect the signal
as well as the relative sun position and actuate the motor
to move to the next position, which faces the sun more clo-
sely. Since the three position tracking consists of only three
stopping angles: morning (east) angle, noon angle and
afternoon (west) angle, the control circuit is very simple.

The design of the solar position sensor (Fig. 3) will
determine the time for switching the PV to the next posi-
tion. The height of the shading plate H and the distance
of the photosensing element from the plate L will deter-
mine the switching time. Once the frame was triggered by
the sensor signal, the control circuit will start to move
the frame and stop at the next position. This can be
achieved through an analog control circuit.

The performance of the one axis three position solar PV
system depends on the PV tilt angle « at solar noon, stop-
ping angle f3, installation error y with respect to true south
and the switching angle of the sensor 0y. The switching
angle 6y is determined by the sensor design following the
geometric relation tan 0y = L/H.

Photo-sensor .
shading plate

West East

Fig. 3. Schematic of sun position sensor.

The question remaining to be answered is how to find an
optimal stopping angle  which will generate the highest
electric power or receive the maximum incident solar radi-
ation on the PV for a tilt angle o and switching angle of the
sensor fy (i.e. sensor design) even with an installation error
7. A system analysis was first conducted in the present
study to determine the yearly total incident solar radiation
upon the three position tracking PV system at various
design parameters and to find an optimal design.

2.2. Instantaneous total solar radiation incident upon a one
axis three position tracking PV

Referring to Fig. 4 for the coordinate system of the
tracking PV, we can calculate the instantaneous solar radi-
ation incident upon the one axis three position tracking PV
module using Liu and Jordan’s model [9]:

1 2 1 - /
Iy = TRy + L (222 4 1p (—22222), (1)
2 2
cos 0
_ 7 2
b cosf,’ @)

where p is the ground reflectance, about 0.2 for snow free
ground and 0.7 for snow ground, 4 is the slope of the PV
surface; and I, is the clear sky horizontal beam radiation,
which can be calculated by Hottel’s model [5]:

[cb :[OnTb COS 02. (3)

The atmosphere transmittance for beam radiation 1y, is the
ratio of the beam radiation Gy, to the air mass zero (AMO)
extraterrestrial radiation G,

Ty = Gb,,/Go (4)
that can be expressed as
T = ag + aje K080, (5)

The constants ay = roay; a; = raj; k =ri k" for the stan-
dard atmosphere with 23 km visibility are found from

Zenith

©

Er——

Fig. 4. Geometric definition of the PV module.
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a;, a;, and k", which are given for altitudes less than
2.5 km by

a; = 0.4237 — 0.00821(6 — 4%),

at = 0.5055 4 0.00595(6.5 — 4)°, (6)
k* =0.2711 4+ 0.01858(2.5 — 4)*,

where A is the altitude of the observer in kilometers. The
parameters rg, ; and r;, depend on the climate type and
are given in Table 1. The variable I, is the accumulated

extraterrestrial beam radiation (i.e. at AMO) for a period
(i.e. 1 min) on the nth day of the year:

Io, = /GO,, dr = /GSC (1 +0.033 cos 36;)6;( n) dr. (7)

G is the solar constant (1353 W/m?). The variable I 4 in
Eq. (1) is the diffuse radiation, which can be calculated
using Liu and Jordan’s model [8]:

Ieq = Iyt cOs 0y, (8)
19 = 0.2710 — 0.29397,,. 9)

Referring to Fig. 4, the solar incident angle with respect to
the PV normal vector 6, and the zenith angle 0, are related
to the PV installation tilt angle o, stopping angle ff and so-
lar declination angle J, which can be calculated by Egs. (10)
and (11), which are derived from the relative position of the
sun and the PV attitude [2]:
cos ) = sino;cos f3sin ¢ cos y cos d cos w

— sino.cos fcos y cos ¢ sin &

— sin fsin ysin ¢ cos 6 cos @ + sin fsin y cos ¢ sin &

+ sin occos fsin y cos d sin @ + sin f cos y cos o sin @

+ cos acos ffsin ¢ sin & + cos o cos S cos ¢ cos J sin w,

(10)

cos 0, = cos ¢ cos d cos w + sin ¢ sin J, (11)

cos 4 in Eq. (1) is the inner product of the PV normal vector
and the zenith vector, which is given by

cos /. = coso.cos f, (12)

284 +n
o] aee (13)

0 =23.45sin {360

y 1s the azimuth or installation deviation (misalignment er-
ror) angle of the inclined PV surface away from true south
(negative for eastward and positive for westward); ¢ is the
latitude of the installation location; w is the solar time hour
angle (negative in the morning, positive in the afternoon
and zero at solar noon; 15 degree per hour).

Table 1

o, 1, and Fr

Climate type o I8 e
Tropical 0.95 0.98 1.02
Mid-latitude summer 0.97 0.99 1.02
Sub-arctic summer 0.99 0.99 1.01
Mid-latitude winter 1.03 1.01 1.00

2.3. Optimal design of one axis three position tracking PV
module

The optimal design of the one axis three position track-
ing PV module can be made by calculating the total solar
radiation incident upon the PV at various design parame-
ters. Given the design parameters, we can calculate the
instantaneous total solar radiation incident upon a one axis
three position tracking PV module using Egs. (1)—(13). The
yearly total solar incident radiation on the PV surface can
then be calculated through time integration.

(1) Optimal stop angle for the design with PV tilt angle
equal to location latitude (o = ¢): Many theoretical studies
show that the maximum solar incident radiation can be
obtained if the tilted surface angle approximately equals
the latitude (« = ¢). Hence, we first calculate the yearly
total solar incident radiation Q. for various designs of
stopping angle f at a tilt angle o = 25°, which equals the
latitude of Taiwan. For each stopping angle, we calculate
QOiotal at various switching angles of the sensor (6y) and
find the maximum Qiota1, denoted Qop. Fig. 5 shows that
the optimal stopping angle is 50°, and the optimal switch-
ing angle is 25°, which is half of the stopping angle. It can
be shown from the results of the calculated Q. that the
PV power generation will increase by 24.5% as compared
to a fixed PV module.

(2) Optimal tilt angle with o # ¢. For a more general
case with a # ¢, we repeat the above calculation for differ-
ent solar noon tilt angles o at different latitudes (¢
=25°,45°,65°) to determine the optimal tilt angle o and
stop angle . Fig. 6 presents the optimal tilt angle and opti-
mal stopping angle. Table 2 summarizes the optimal design
conditions for various latitudes. It is seen that the optimal
stopping angle f3 is about 50° regardless of the latitude, and
the optimal switching angle is half of the stopping angle,
i.e. Oy = B/2, irrespective of the latitude (Table 2 and
Fig. 6). This is an important conclusion for the optimal
design of the present one axis three position tracking PV
module.

Latitude 25° PV tilt angle o =25°

14000 - 50
Optimal stop angle B =50°

Qopt = 10.280 MJ/m2yr 45
Percentage increase = 24.5%

12000 [

10000 —

435

130

8000
Qtotal = 8,260 MJ/m2yr
(without tracking)

125

6000 - 10

4000

Yearly total irradiance (MJ/m2yr)
Optimal switching angle, n6 (deg)

2000

0 L L L L 0
0 20 40 60 80

Stop angle  (degree)

Fig. 5. Variation of yearly total irradiance on PV with the design of stop
angle f3.
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Fig. 6. Variation of yearly total irradiance with tilt angle.

Table 2
Optimal design at different latitude

Latitude ¢

25¢ 45° 65°
Optimal tilt angle o 22° 36° 44°
Optimal stop angle 8 50° 50° 52°
Optimal switching angle 0y 25° 25° 26°
Qopt (MI/m?) 10,289 8871 6429
QOioral NO tracking (MJ/m?) 8263 7149 5047
Percentage increase (%) 24.5 24.1 27.4

Fig. 7 shows the results for the design following the rule

Ou = B/2. Tt shows that the power generation increases by
approximately 24.5% as compared to the fixed PV module
for latitude ¢ < 50°.

(3) Effect of installation error: Usually, the PV module
installation cannot perfectly be facing the exact south
direction all the time. The power generation will be reduced
due to a misalignment away from the true south direction.
The total solar radiation incident upon the PV module with
the optimal design shown above (i.e. optimal tilt angle,
B =150° and Oy = B/2) can be calculated for different mis-

PV with 3-position tracking
11000

10000
9000
8000

55%
50%
45%
40%
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alignment angles y at various latitudes ¢. The results shown
in Figs. 8 and 9 indicate that the effect of misalignment is
negligible (<2%) if the alignment error is less than 15°.
At a mid-low latitude region ¢ <40°, the reduction of
power generation due to misalignment is about 5%, even
if the alignment error is 35°.

3. Power generation enhancement of one axis three position
sun tracking PV module with low concentration ratio
reflector

In the previous section, the design of the one axis three
position tracking PV module is determined by calculating
the total solar radiation incident upon the PV surface. In
order to increase the power generation, we may further
add a simple reflector on the PV module to build a concen-
trator PV (cPV). A low concentration ratio reflector
(X <3) is preferred since it causes less temperature effect
for the commercial flat plate PV module. An experiment
was conducted in the present study to measure the power
generation enhancement of cPV in use with a 2X concen-
tration ratio reflector.

12000
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=
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o

£

S

= 8000

()

Q

=1

8

2 6000

g

=

S 4000 |

)

5

Q

> 2000 |

0 . . . . . .
0 10 20 30 40 50 60 70
Latitude ¢ (degree)

Fig. 8. Variation of yearly total irradiance on PV module with alignment
error.
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7. Yearly total irradiance for the design following the rule 0y = p/2.

Yearly Total Irradiance Loss Rate (%)
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40
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. 9. PV power generation reduction due to alignment error.
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The experiment used an 85 Wp flat plate PV module [F-
MSN-85W-R02] with 36 solar cells arranged in six parallel
arrays. The solar cell is made from single crystal silicon
with conversion efficiency of 16%. A 60° triangular shape
reflector is placed between two arrays. The aperture area
is 750 mm x 1500 mm, and the total area of solar cells is
750 mm x 750 mm, which means the concentration ratio
of this module is 2 (Fig. 10).

To determine the power generation enhancement due to
the concentration reflector, we built another test rig using
the same PV module but without reflector to measure the
power generation simultaneously. Both PV modules were
mounted on a fixed frame side by side with tilt angle 25°
facing toward south as shown in Fig. 11. The continuous
monitoring data at one day in Fig. 12 shows that the
instantaneous PV power generation of cPV with 2.X reflec-
tor can increase by about 50% at good condition (strong
wind, high irradiation >600 W/m?, narrow solar incident
angle) and mostly within 20-40% at high irradiation. The
daily total solar power generation increases by 23% for
cPV with 2X reflector as compared to the flat plate PV.
The variation of power generation enhancement for cPV
is random due to weather conditions. Together with the
test results of many researchers [3,4,13], it is believed that
23% power generation enhancement is a conservative esti-
mation. We, thus, use this result for evaluating the eco-

PV module; [F-MSN-85W-R02] . reflector
[,

;f.\‘

135mm 125mm

Fig. 10. Schematic diagram of low concentration ratio (2X) cPV module.

PV with 2X reflector

Fixed frame

iy PV without
\?/ concentrator
6%6 cells v ;
)/ 4/

p
/ ¢ >
< 4/ £
7, /'
s /,'
/ \\
78
’ /
7 /s
\/
-\“-,_ /(/ y

Fig. 11. Schematic diagram of comparison test of two PV modules.
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0 200 400 600 800
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Fig. 12. Variation of power generation ratio with solar irradiation for two
PV modules (2004/06/18).

nomic feasibility of a one axis three position sun tracking
PV module with low concentration ratio reflector.

4. Economic feasibility of one axis three position sun
tracking PV module with low concentration ratio reflector

The above test results show that PV power generation
can be increased by about 23% using a low concentration
(2X) reflector. In addition, the previous analysis shows that
the one axis three position tracking will increase power out-
put by approximately 24.5%. Combining both, we can have
about 56% increase in power generation. It is estimated
that the additional cost for the tracking mechanism, reflec-
tor and PV packaging is estimated to be 100 US dollars for
a 100 Wp PV module. The additional cost will be higher for
larger PV modules due to the increase in structure weight
and PV area. It is estimated the additional cost C, (in
USD) for a PV module size P, (Wp) follows the following
relation:

C, = 100 + 0.5(P, — 100),

For example, for a PV module size 200 Wp, the addi-
tional cost is 150 USD, which needs to be added to the sale
price, but the additional power output of 112 Wp can be
created by this new design. That is, the new PV module
can be rated as 312 Wp. The net value gained is, thus,
410 US dollars based on the present market price of flat
plate PV modules, USD 5 per Wp. This corresponds to a
price reduction 26.3% at the sale price of 3.69 USD/Wp
(total price USD 1150 per module). A price reduction of
19.9% is still possible even if the market price of the PV
module is down to USD 3/Wp in the future. Fig. 13 sum-
marizes the new PV price and the price reduction percent-
age of the present new PV module with one axis three
position tracking and 2X concentration reflector. It can
be seen from Fig. 13 that the price reduction will not

in USD. (14)
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Fig. 13. Price reduction estimation for PV module with one axis three position tracking with 2X concentrator reflector.

change too much if the size of the flat plate PV module is
larger than 160 Wp. Fig. 13 indicates that the price reduc-
tion is always between 20% and 30% for various market
prices of flat plate PV modules.

For smaller PV module size (<100 Wp), the price reduc-
tion of a PV module with one axis three position tracking
and 2X concentration reflector becomes not significant if
the market price of the flat plate PV module is less than
USD 3/Wp.

5. Discussion and conclusion

A new design idea of a one axis three position tracking
PV module was proposed in the present study. Every PV
module is mounted on an individual sun tracking frame.
The one axis tracking mechanism adjusts the PV position
only at three fixed angles (three position tracking): morn-
ing, noon and afternoon.

A design analysis of the one axis three position sun
tracking PV module was performed in the present study.
The analytical results show that the optimal stopping angle
f is about 50°, and the optimal switching angle, which con-
trols the best time for changing the attitude of the PV mod-
ule is half of the stopping angle, i.e. 0y = /2, and both
values are regardless of the latitude. The power generation
increases by approximately 24.5% as compared to a fixed
PV module for latitudes ¢ < 50°.

The analysis also indicates that the effect of installation
misalignment away from the true south direction on the
total solar radiation incident upon the PV module or PV
power generation is negligible (<2%) if the alignment error
is less than 15°. At mid-low latitude regions ¢ < 40°, the
reduction of power generation due to misalignment is
about 5% even if the alignment error is 35°. The analytical

results show that the present one axis three position sun
tracking PV module is quite promising in cost reduction.
This ““one axis three position sun tracking PV module”
can be designed in a simple structure with low cost.

The present analysis shows that the PV power genera-
tion can be increased further by about 23% using a low
concentration (2X) reflector in addition to the power out-
put increase of 24.5% by using one axis three position
tracking. Combining both, the total increase in power gen-
eration is about 56%.

The economic analysis shows that for a PV module size
of 200 Wp, the price reduction is 26.3% at a sale price of
3.69 USD/Wp. A price reduction of 19.9% is still possible
even if the market price of the flat plate PV module is down
to USD 3/Wp in the future. The price reduction will not
change too much if the size of the flat plate PV module is
larger than 160 Wp. For smaller flat plate PV module sizes
(<100 Wp), the price reduction for a PV module with one
axis three position tracking and 2X concentration reflector
becomes not significant if the market price of the flat plate
PV module is less than USD 3/Wp.
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