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Abstract

That solar tracking improves energy vields from
solar harvest systems is not debatable. Nor is the
under powering of tropical Africa amidst plenty of
energy resources — including solar. This paper pres-
ents a review of recent literature on tracking as
applied to domestic solar harnessing devices. The
purpose is to find basic requirements in design of a
suitable solar tracker for the region’s rural homes. It
is concluded that Single axis passive trackers possi-
bly will stand better chances of acceptability in the
region.
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1. Introduction

It is an established fact that tracking improves ener-
gy vields from solar harvest devices. But there are
doubts about the efficacy of this improvement for
small systems and in high diffuse radiation areas.
Mousazadeh et al. (2009), for example, advise
against use of tracking for small systems because of
disproportionate energy consumption by the track-
ing mechanisms. Elmer (2006) reported a lack of
significant total energy gain from solar tracking in
Great Britain because of excessive diffuse radiation.
In Hanover, Germany, Beringer et al. (2011) report-
ed that the tilt angle of fixed panels was nearly irrel-
evant as far as total annual yields were concerned.
Does this mean tracking does not yield more ener-
gy? — Not necessarily. Kanyarusoke et al. (2012a)
showed that at latitude (L), a fixed slope (8) surface

receives radiation at a best angle on the day when
the sun declination (8) satisfies the condition in
equation (1). Hence all fixed surfaces do so at their
appropriate times. Whether the total annual yield
for one inclination is higher than that at another

depends on additional factors like climatic
conditions.
B-|L-8| = Minimum (1)

Tracking enables multiple repetition of this con-
dition — and hence can in general be expected to
increase yield as reported by many researchers and
inventers in different circumstances. Theoretical
analysis on photovoltaic yields from a 180 Watt
peak panel at 80 African weather stations
(Kanyarusoke et al., 2012b) seemed to suggest
there can be substantial gains using various modes
of tracking except in rainy equatorial and sandy,
windy Sahel regions. There, effects of diffuse radia-
tion were as important as in Elmer’s case above.
Focusing on systems for home use, this paper
reviews available literature on tracking devices.

The paper is organized as follows: Section 2
gives a short brief about tropical Africa. Focus is on
energy and technical issues affecting tracker mar-
keting. Section 3 reviews the trackers. Section 4
summarises issues about the technologies in the tar-
get market segment.

2. Tropical Africa: Energy issues and solar
tracking needs

Tropical Africa is that part of the continent lying
between latitudes =23.5°. This means the sun is
directly overhead twice annually. It also means the

86 Journal of Energy in Southern Africa « Vol 26 No 1 « February 2015



sun’s rays do come from the northern and southern
directions at different times of the year. Hence, the
use of fixed slope panels facing either direction
poses problems of missing beam radiation at certain
times of the year.

This region is described by the International
Energy Agency (IEA) as underpowered because of
inadequate grid power supply (IEA 2011). Hence,
self-generation is a necessity in many situations. At
village level, the easiest, safest and most convenient
form of self-electric generation is to use photovolta-
ic (PV) systems. But PV systems’ thermodynamic
efficiencies are in the 10 to 16% range. ldeally
therefore, they should be installed to track the sun
so as to maximise incident energy if costs of doing
so are justified by additional vield.

The only area where tracking is being used out
of necessity is in concentrated solar power (CSP)
systems. Nigeria has many documented research
outputs on this. Between Oyetunji’s (1989) work on
composite conical concentrators, Oyetunji et al.
(1989) and Abdulrahim’s (2008) PhD work on bi
focal solar tracking and (Abdulrahim et al., 2010),
there were not less than seven significant contribu-
tions at honours and M Sc degree research levels in
the area.

The extensive energy poverty in tropical Africa
amidst an abundant solar resource supply and a
growing middle class means that a large potential
for innovative solar energy harvesting devices
exists. The progressive efforts by African govern-
ments to increase the solar resource component in
their energy mixes (Karekezi, 2002; Bugaje, 2006;
UN, 2007; Brew-Hammond and Kemausuor, 2009)
and to rural-electrify (UNEC, 2006; Fluri, 2009;
Brent and Rogers, 2010; Pegels, 2010; UN, 2014)
create opportunities for a mass market of suitably
designed solar tracking devices not just to cater for

Zenith
A

% June 21st noon

Nadir
Figure 1: Apparent sun motion on the ‘inside’ surface of an inverted celestial
hemisphere for a place ‘P’ within the tropics

PV and CSP but also for Solar Thermal (ST) appli-
cations.

In summary therefore: first, there is a big poten-
tial for solar engineering development for tropical
African homes. Secondly, some of these applica-
tions need to track the sun. But even where systems
are being developed, tracking is limited only to
where it is absolutely essential.

3. Solar tracking technologies
Solar tracking is the act of making a solar collection
surface change its orientation with the movement of
the sun in the sky. There are two significant relative
motions in the earth-sun system. The first is the
diurnal movement due to the earth’s rotation about
its axis, causing day and night. This is responsible
for the hourly variation of incident solar radiation
on a surface. The second is the much slower move-
ment due to the earth’s elliptical voyage round the
sun. Two factors in this motion combine to affect
incident radiation. First, the actual sun-earth dis-
tance affects the extra-terrestrial radiation in accor-
dance with an inverse square law. Secondly, the
angle between the earth’s equatorial plane and its
orbit causes an apparent seasonal north-south
range of travel of the sun in the upper celestial
hemisphere. Figure 1 shows the relative motions.
Full control of solar harvest surface orientation is
therefore a 2-degree of freedom problem. In prac-
tice, control is achieved by manipulating rotations
about 2 of any 3 orthogonal axes. Commonly used
axes are: West-East; North-South in the horizontal
plane and the vertical Nadir-Zenith. Mousazadeh et
al. (2009), Kelly and Gibson (2010), Barsoum and
Vasant (2010), Seme et al. (2011), Tina and
Gagliano, (2011) — among others — report the fol-
lowing pairs to constrain the rotation as to keep the
surface facing the sun all day long.

Sun pathwhen 6§ = Latitude of P

\ Celestial hemisphere
\ above horizon

North

W= West

Celestial hemisphere
below horizon

Apparent sunrise point oscillation
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e W-E and S-N
* S-N and Nadir — Zenith
* Nadir — Zenith and W-E

Rotation about these axes affects the surface
slope B and its azimuth . Tracking manipulates
these angles to vary with the sun angles: the eleva-
tion a and the solar azimuth . These are depend-
ent on the time and day of year. Hence, from a
tracking point of view, they are independent vari-
ables. Figure 2 shows the four angles.

Inclined solar catchment surface: B°to
horizontal; ¢°fromN-S plane

Figure 2: Important angles for a solar tracking
surface: ‘I’ is the incidence angle to be
minimised

Broadly, the angles 8 and y track a and v
using mechanisms classified according to two crite-
ria (Helwa, et al., 2000; Markvart, 2000; Chong
and Wong, 2009):

* Passive or Active tracking
* One axis or Two axes tracking

3.1 Passive tracking

When the radiation catchment plane or aperture is
adjusted without use of electrical power, the track-
ing is said to be passive.

Shaded cylinder:
receives extra liquid

Shade

Passive single axis trackers

Passive tracking on one axis is commonest in solar
thermal systems employing tubular absorbers.
These include (Winston, 2001; Kalogirou, 2007):
compound parabolic collectors (CPCs), linear
Fresnel reflectors (LFRs), parabolic trough collectors
(PTCs) and cylindrical trough collectors (CTCs).
The radiation catchment plane is directed to the sun
usually in incremental steps about either a horizon-
tal S-N or one parallel to the earth’s rotational axis.

One example of a passive tracker is that by
Zomeworks. It uses a refrigerant under suitable
pressure in two cylinders running along the edges of
the radiation catchment surface as shown in Figure
3. The cylinders are shaded and connected by a
pipe/tube. When the incident radiation is not nor-
mal to the catchment plane, one of the cylinders is
heated more than the other. Some of the refrigerant
in the affected cylinder evaporates to create a new
saturation pressure. The pressure rise forces some
liquid into the cooler shaded cylinder, causing an
extra torque to act on the structure’s rotational axis.
The shading is designed such that this torque turns
the un-shaded cylinder towards shade. Damping
helps stabilise the system quickly.

The main problems with the Zomeworks tracker
are: lack of an evening/night return mechanism;
slow wakeup response in the mornings due to limi-
tation on the surface inclination angle . Poulek
(1994) and Full (2010) have faulted the use of
refrigerants on account of environmental and safe-
ty concerns. Use of safer refrigerants like R134a can
help address this issue.

Poulek developed a tracker using a shape mem-
ory alloy (SMA) to actuate the rotation. Two identi-
cal cylindrical actuators were symmetrically encased
in a rotating cylinder with a lens at its opening as
shown in Figure 4. Each actuator’s one end joined
a plane mirror attached to the rotating case while
the other end was fixed to the frame (stator) sup-

Radiation catchment surface

Un-shaded cylinder:
pressure buildup
forces liquid out

Liquid refrigerant flow

Damped catchment surface rotation
to ‘normalise’ the incident radiation

Rugged supportframe

Figure 3: Zomeworks solar tracker — principle of operation
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porting the radiation catchment plane. When the
plane is properly oriented to the sun, the lens focus-
es the radiation onto the mirror which reflects it
back preventing the SMAs from receiving it. On
misalignment however, one of the SMAs receives
the radiation, gets heated above its transformation
temperature and then changes shape, rotating the
mirror — and hence the plane — until radiation is
again incident on the mirror.

Figure 4: Poulek’s single axis passive solar
tracker
With permission from Elsevier: Solar Energy
Materials and Solar cells: 33 (1994): 288 & 289

The tracker uses Cu-Zn-Al alloy. Because of the
material’s high damping characteristics, oscillations
do not arise. It returns itself to morning conditions
at night. Its downside is the 140° swing limit —
meaning some energy harvest in the mornings and
evenings is lost.

Clifford and Eastwood (2004) designed a track-
er using the more common and robust alumini-
um/steel bimetallic strips. The strips are shaded and
attached to the edges of the radiation catchment
plane like the cylinders in the Zomeworks tracker.
The more expansive aluminium is on the outside.
Connected to the strips midpoints are masses which
help amplify moments caused by the differential
expansion on heating. The resulting net moment
turns the radiation catchment plane to shade the
hot strip. A mass-damper-thermally induced spring

system was able to achieve a tracking range of 120°
under lab conditions in the UK.

Although the design had equatorial regions in
mind, it wasn’t field tested in the target area. Full
(2011) made a similar design in Kenya, using the
strips and turning on a shaft from locally available
bamboo plants. The tracker was reported to help
increase photo-electricity generation by 38%. Still
in rural Kenya, Mwithiga and Kigo (2006) devel-
oped a manually operated coffee beans dryer (see
Figure 5). But the tracking labour cost could not be
justified for a low value crop like coffee.

In his PhD thesis, Abdulrahim (2010) reviewed
work that had been done in Nigeria especially on
solar concentrators. Works by Oyetunji, et al.
(1989) and by Suleiman, et al. (1989) at Ahmed
Belo University (ABU) were cited. Oyetunji’s group
was reported to have worked on conical concentra-
tors while the latter group worked on cylindrical col-
lectors. All tracking was manual. In the 1990s,
works by Musa, et al. (1992), Ajiva (1995), and
Mshelbwala (1996) were reported. Musa’s work
group designed, constructed and tested a Fresnel
concentrator which they manually tracked every 20
minutes. In spite of the improved performance, the
labour requirement was too much to let the project
proceed. Ajiya designed and tested a manually
steerable parabolic cooker. It performed satisfactori-
ly — achieving 30% energy efficiency. Mshelbwala
modified the cooker by supporting the cooking pot
to directly receive the reflected radiation. He reports
to have raised the efficiency to 46.6%.

This century has seen improvements on earlier
designs and further developments at many research
centres across Nigeria — eventually culminating in
the mechanically tracked bifocal collector of
Abdulrahim’s doctoral thesis in 2008. Ahmed
(2001) improved parabolic trough collection at
ABU. Pelemo, et al. (2002a, b, 2003) worked on
circular parabolic concentrators — improving con-
centrating ability, and demonstrating applications in
water distillation. Abdulrahim’s mechanical tracker
— the first recorded mechanical tracker in Nigeria —

Insulating
board

Wire-mesh
compartments

(b)

Figure 5: Mwithiga and Kigo’s coffee bean manual sun tracking dryer
With permission from Elsevier: Journal of Food Engineering 74 (2006):248
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was powered by a dropping weight that operates a
clock mechanism driving the collector through a
chain drive.

Outside Africa, only a few additional passive
devices have been developed because focus has
been on active systems. Hitchcock (1976) patented
a buoyancy powered unit for the US navy. An array
of Fresnel reflectors was kept pointed to the sun
using water. Buoyancy produced movement when-
ever individual reflector elements were out of align-
ment. The issues with this tracker are that in morn-
ing hours, it takes about one hour to ‘wake’ up; it
needs very precise manufacturing and assembly
and uses a lot of water. It is big and not suitable for
domestic applications.

Yi and Hwang (2009) patented a water driven
tracker for Kun Shun University, China. A frame
carries a pivoted radiation catchment surface. On
either side of the pivot are spring supported water
tanks with inlet and outlet valves. With the frame
oriented in a W-E direction, one tank is filled with
water at night while the other is emptied. This
makes the surface face eastward. In the morning,
the full tank is emptied in predetermined steps such
that the frame incrementally tilts westward at an
approximate uniform rate of 15° per hour. By solar
noon, the tank is empty — and the frame takes on a
horizontal position. When this happens, incremen-
tal filling of the western tank begins. Consequently,
the catchment surface continues its westward rota-
tion tracking the sun in the afternoon. The night
operation of emptying the western tank and filling
the other completes the cycle for the day.

The invention’s merit is in its relative simplicity
and automated filling and refilling of tanks as driv-
en by a pre-programmed clock mechanism. It
apparently has no ‘wake up’ issues. It is not clear if
the water from one tank is preserved for use in the
other and what mechanism is used to transfer the
water in a night operation.

Passive two axes trackers

Many single axis trackers can be turned into full
tracking types by providing independent means to
turn about a second axis perpendicular to the first
one. In fact, manual mobile types use this approach
to orient the panel. The second axis for these cases
is almost always vertical. An obvious problem is the
additional cost and complexity for the expected
energy gains. The single axis W-E tracking will have
improved vields by 20 — 30% (Bekker, 2007;
Rabinowitz, 2011; Kanyarusoke et al. 2012a, b;
Sobamowo et al., 2012). The additional 5 to 10
percentage points may not easily be justified. This is
particularly true in the tropics where the sun’s noon
zenith angle cannot exceed 47° and therefore the
additional gain is at the lower end. The closer to the
equator, the smaller will be the necessity to double
track.

However, three recent patents have surfaced. Of
these, only one is suitable for smaller domestic sys-
tems. It is similar to an ‘improved’ Zomeworks’.
Djeu (2004) patented a passive full tracker for a
solar concentrator that could be visualised as shown
in Figure 6. A reflecting/refracting system focuses
radiation onto a fixed collector. The energy receiv-
ing sub system is mirrored about a central plane for
balancing purposes. One Gimbal rotates about an
N-S axis and carries the optical system — with its
balancing subsystem. The other rotates about an E-
W axis. The fixed energy collection surface contains
the point of intersection of the two axes. Refrigerant
is held in shaded canisters at either end of the axes.
The canisters for each axis are connected by piping
as in the Zomeworks system.

The technical issues with this system are mainly
to ensure proper balance of the gimbal and the
usual ‘wake up’ and maximum inclination angle
problems.

Energy catchment surface MN-5 & W-E Gimbals

Refrigerant

canisters

Fixed energy collection surface  Balancing dish

Figure 6: A 3-D visualisation of a typical Djeu’s
2004 passive full tracker

3.2 Active tracking

Active trackers use electricity to drive the mecha-
nism. They use any of 3 methods to sense the sun
relative position: Light dependent resistors (LDRs),
Photo transistors and Photocells. The devices are
arranged in pairs to detect differential illumination
which is transduced to an amplifiable voltage. The
amplified signal is then used in a control circuit to
drive a motor rotating the mechanism about an axis
of interest. In general, each control axis will have its
own sensing-control-motor—drive set up. Thus, sin-
gle axis tracking has one set while two axes trackers
have two sets.

Active single axis trackers

There are few active single axis trackers. Zerlaut and
Heiskell (1977) patented a tracker with a clock
override for Desert Sunshine Exposure Tests Inc.
The override prevents fooling of the tracker by
bright objects in the sky when the sun is occluded.
Rizk and Chaiko (2008) designed a unit capable of
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supporting an 8 kg 75 W panel using simple scrap
parts. On a 9 Wp rated panel, they generated 6.3 W
against 3.51 W when the panel was horizontal.
While this is a substantial gain, it would have been
more appropriate to compare yields with those from
an inclined panel — since Australia is situated well
south of the equator — and the optimal fixed slope
panel is not expected to be zero. The tracker con-
sumed 48 mW under no load conditions — or less
than 1% of total power generated.

Active two axes trackers
Most amply reported active trackers are of the two
axes type. Bakos (2006) reports use of 2 sets of
LDRs as sensors to drive a 1370 rpm, 0.37 kW
motor on the W-E axis and a 930 rpm, 0.75 kW one
on the vertical. It is an electromechanical drive
employing 4 relays and 2 electronic circuits con-
nected to a computer with suitable software. A
46.46% energy gain when compared to a fixed 40°
slope panel is reported. Louchene et al. (2007)
report the use of fuzzy logic in generation of com-
mand signals to the drive motors.

Barsoum and Vasant (2010) report the design of
a simplified full axes tracking system shown in
Figure 7. It uses LDRs and varies the panel’s
azimuth and slope.

Solar panel

Bave

Figure 7: Barsoum and Vasant’s solar tracking
prototype
(With permission from: Global Journal on
Technology and Optimisation Vol. 1, 2010 pp38-45)

Meyer (2010) patented a unit using lead screws
driven by stepper motors to adjust the collection
surface at two places. The surface was supported
on spherical bearings at a third point. Martinez
(2010) reports a bigger variant of linear positioning
control. Hydraulic actuators in two orthogonal
directions do the positioning. It is not suitable for
rural African homes. Sobolewski et al. (2011)
patented a roof mounted PV tracker at Rutgers, The

State University of New Jersey, US. The tracker is
mounted at the apex of an East-West roof to max-
imise tracking angles in these directions. Figure 8
gives the arrangement and the reported limit
angles.

While this is an improvement on other roof
mounted systems, it still leaves a big fraction of
hours under non optimal tracking conditions.

4. The technologies and relevance in

Tropical Africa’s context

Research on tracking technology developments in
tropical Africa is rather scarce. It is mainly Nigeria
and Kenya showing some limited activity on the
international scene. Fairly recent work in other
developing countries has been reported, particular-
ly in China, work by Wu Chun —Sheng et al. (2008)
on automatic sun tracking and that by Chia-Yen Lee
et al. (2009) on general tracking mechanisms. In the
Middle East, Arafat et al. (2010) work was looked
at. Quite earlier in the history of solar thermal elec-
tricity technology, Mill’s global review is of interest.
(Mill, 2004). So is Tomson’s simplified two position
tracker (Tomson, 2007). Recent work by Slama and
Combarnous (2011) on orange peels drying in
Tunisia can help improve performance of crop dry-
ers using solar thermal systems.

Figure 8: Sobolewski et al.’s roof apex mounted
full tracker and the tracking angles progression
across the day

The following works between 2012 and early
2013 are also noteworthy: Kelly and Gibson (2012)
patented a cloudy-conditions tracker for General
Motors Global Technology Operations. It automati-
cally changes to a horizontal slope when the sun is
occluded. This maximises diffuse radiation capture.
In China, He et al. (2012) used a parallel links
mechanism to track on two axes. They report motor
power consumption reduction of up to 70%.
Ghazali and Rahman (2012) investigated perform-
ance of amorphous, poly and mono crystalline solar
panels under tracking conditions in Malaysia. They
found that polycrystalline panels did best. In
Bangladesh, Rahman et al. (2013) used LDRs and
two amplifiers to demonstrate a gain of 52.78%
energy vield between fixed slope and two axes
tracking.
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These technologies are yet to be fully adopted in
Tropical Africa’s homes. Apart from the fact that
domestic solar energy systems are still few, there are
issues with the technologies that may need to be
addressed before widespread adoption.

4.1 Problems with the technologies

From tropical Africa’s perspective, Table 1 sum-
marises possible pertinent technology issues under
the headings of energy sourcing; sensing and actu-
ation.

5. Conclusion

In this paper, the more recent tracking technologies
were reviewed. It was found that current technolo-
gies have many issues to resolve before adoption at
a domestic level in rural Africa. Functionality, legal-
ity, security, operability and maintainability were
some of the issues encountered.

In absence of empirical long term tracker per-
formance data in the region, it is difficult to give
definitive recommendations on type(s) of trackers
which will be most successful. A particular tracker’s
acceptance elsewhere is not a guarantor of its suc-
cess in the region. This is because the art of track-
ing can theoretically be implemented by many com-
peting low level technologies as described in parts
of the survey above. Never the less, single axis
trackers showed that clock controlled passive track-

ers with weights of either solids or non-polluting lig-
uids could possibly stand better chances of accept-
ability in the region.
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