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ABSTRACT 
 

The majority of new and existing small photovoltaic (PV) installations in South 

Africa are fixed-panel systems, largely due to the cost of photovoltaic panel 

components having reduced steadily in recent years where an increased 

requirement is met with a larger number of panels, whilst tracking system costs 

remain prohibitively expensive. Fixed installations realise only a part of their 

energy potential as they are truly effective for only short periods of the day. 

The aim of this study is to investigate and build on the current technology of PV 

tracking systems with the aim of specifying a simple control and actuation 

system which performs the tracking function. The eventual purpose of this 

thesis is to reliably produce more energy from solar photovoltaic installations 

than similar installations using fixed panels. This would be achieved by the use 

of an effective and affordable tracking system which yields acceptable accuracy 

and reliability and opens the potential for the system to be further developed for 

other purposes. These alternative uses could be the control of sunlight into 

green buildings, control of dampers for building ventilation and cooling and 

Trombe wall air control. This study has investigated the potential of several 

passive and active methods to actuate a sun tracking system. A useful closed 

loop system, which uses low pressure hydraulics, was developed and tested. 

The prototype is detailed in the drawings, Appendix D. 

Keywords: solar power, photovoltaic systems, solar tracking, double axis 
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1.0 SUMMARY: 

 

Electronic tracking systems for photovoltaic (PV) systems are commercially 

available. They are accurate  but expensive in relation to the components which 

they serve. One source in the USA (1) estimates the additional cost of a typical 

4kWe installation at 57% for single axis and 100% for a dual axis tracking 

system, over the cost of a fixed system. These statements are made against 

assumptions of 35% to 40% improved production and states that payback 

periods could be up to 19 years when calculated as savings against US power 

costs.  

The drawbacks of these devices in the Republic of South Africa (RSA) is a 

shortage of local technical support and poor operation in cloudy weather or in 

other diffuse sunlight conditions. Despite these disadvantages, single axis 

installations which track only the elevation of the sun, such as those used on 

large installations, display definite increases in energy production in 

comparison with fixed panel installations. Further improvements can be realised 

by adding a second axis of articulation to track the compass angle (azimuth) in 

addition to the elevation tracking, which increases production still further. It 

stands to reason that the expected benefit should outweigh the additional cost. 

The very wide range of reported improvements due to tracking, ranging from 

10% to 75%, are not irrational, but that the diverse results are dependent on 

many variables such as light diffusion and angle of latitude of the test site (2). 

Conservatively, a 20% increase for the first tracking axis (polar tracking East to 

West) and a further 10% gain from the second axis (North elevation) appear to 

be achievable at the site, as borne out by the research.   
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Dual axis trackers constantly align their photovoltaic (PV) payload to the 

position of the sun and automatically also adjust for the gradual seasonal 

changes of both the azimuth and the zenith, due to their closed loop feedback 

control system. 

This research attempts to simplify the actuation and feedback systems with the 

view to achieving acceptable accuracy with an affordable yet reliable tracking 

system. 
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2.0 INTRODUCTION: 

 

The path of the sun observed from any place on earth and on any day of the 

year is well documented. The directional variations from sunrise to sunset, as 

well as the elevation of the sun vary with the angle of latitude of the observer, 

time of day and day of the year. Due to the arc shape of the solar path, the 

angular position of the sun angle changes with every passing minute at an 

average rate of around four minutes per degree of arc.  

For simplicity, observations of the sun are taken relative to the site on earth, 

as if the sun travels the solar path and not that the earth travels about the sun. 

To simplify the complex arc of the solar path, the sun position is considered as 

the junction of two angles as seen by the observer, these being the azimuth 

angle and the elevation angle. Manipulation of the panel normal to these two 

planes ensures highly accurate co-ordinates of the sun’s position. 

For simplicity, cost and risk purposes, small installations in South Africa are 

generally fixed. They are mounted North facing and aligned to some elevated 

angle approximating the angle of latitude of the site but often just coincident 

with the roof angle. That useful power is generated from this setup is testimony 

to the forgiving nature of photovoltaic panels, as useful generation is obtained 

despite some considerable daily and seasonal misalignment, due partly to the 

ambient or background radiation. The panel alignment is sometimes biased for 

a greater benefit early or late in the day by a bias of the azimuth eastward or 

westward, also often installed to align below the equinox noon zenith to improve 

wintertime production. Due mainly to the angular error and reflection, the fixed 

panel is considerably underproductive in the early morning and late afternoon, 
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allowing the alignment to be optimal for just a few minutes per year, with only 

minutes of near-optimum exposure each day when the solar radiation 

approaches a right angle with the panel. 

The solution is obviously to manipulate the panel to face the sun as squarely 

as possible for as long as possible on every sunshine day of the year.  

The installer is faced with a choice of several tracking devices which track either 

or both of the solar coordinates and are commonly labelled single axis or double 

axis systems, although the single axis being tracked may be either the azimuth 

angle or the elevation angle. The articulation of the azimuth axis is also most 

often rotational about a vertical axis, rather than tilting. 

 

Single axis tracking is usually in the elevation plane, which also requires the 

smaller articulation of the two axes and requires less land area due to the 

panels being arranged with minimal side clearance. Most large installations with 

dual axis tracking systems rotate the payload to track the azimuth and tilt to 

track the elevation (Rotate/Tilt). Applications of large dual axis installations and 

smaller off-grid installations, utilising single frame structures often tilt the 

payload in both planes (Tilt/Tilt).  

These are the only methods of terrestrial dual axis payload articulation although 

they are described in literature by many different names and acronyms.  

 

The drive to improve energy production from a defined size of installation is 

frustrated by the ever decreasing cost of photovoltaic panels reducing from R5-

00/kWh in 2005 to around R0-60 in 2020 (3), however the landed costs of the 

auxiliary components - inverter units and battery storage - are still excessive 
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and prices are still escalating due to unfavourable foreign exchange rates. 

Additional choices such as the superior Lithium-ion type batteries and grid-tied 

inverter functions escalate the overall balance of installation cost by a further 

estimated 40%. 

 

Dependent on ground albedo and light conditions at the site, an underslung 

additional panel, a bifacial or back panel, is reported to add up to 35% of 

production in stand-alone installations and another 30% to the cost of the single 

panel system (3). Back panel installations are also expected to benefit from 

tracking due to the reflected background albedo being aligned to the azimuth 

but no study could be found to quantify this theory at the time of writing. 

 

A longer term motivation  for tracked systems is the pollutant cost of producing 

panels with the view that optimised installations require less panel area per 

Watt hence less pollutants are created per unit of energy produced, whatever 

the future energy requirement and market pricing may be. 

 

An example of a local situation is presented here -  

In RSA, for a year 2020 rounded cost of R 4 615-00 per KWe for panel supply 

only, a single axis tracking kit with a limit of 1 kW payload is advertised online 

for R 4 360-00, or  94% of the panel cost per axis, even before adding the costs 

of the Balance of System (BoS) components and labour. At RSA retail prices 

for domestic power of R1.90/kWh for usage under 350kWh per month (4), the 

payback period for panels only is 20 months at 65% nett output for the fixed 

panels and 29 months for the single axis system and panels. Adding the second 
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tracking axis and estimating the BoS costs at 100%, the fully tracked 1kWe 

installation would cost around R27 000 and save around R340 per month at 

current prices. Scaling up, a useful sized 4kWe household system would cost 

R108 000 and pay for itself after 80 months. These estimations ignore other 

costs such as the power utility’s monthly service charge and escalating power 

tariffs, which would shorten the payback period if taken into account.  

 

The solution appears to be obvious – provide new installations with full tracking 

systems; however there are a few drawbacks to this option in RSA - 

• They are costly. 

• They are not yet well supported in RSA. 

• They are affected by cloudy weather and other atmospheric conditions. 

• They are complex devices reliant on electronics, gearing and electrical 

power. The integrity of each of these components are integral to the 

functionality due to their series arrangement, any component failure 

renders the entire system inoperable. 

• They have limited appeal for some locations such as rooftops, due to 

their space requirement for full articulation. 

• The structural integrity of the installation depends on the interface 

between framework and support structure so that the actuation device 

carries all transmitted loads. In windy areas some of the products on 

offer are too light for the task. 

  

Contributing to this list is the African context; designs and solutions which 

perform satisfactorily in a more benign environment often do not stand the test 
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of time on this continent with its abundance of environmental factors such as 

heat, dust, humidity, aggressive insects, torrential rains and lightning.  

All of the above contribute to the poor selection and availability of tracking 

systems in the local market, to the point where many installers claim that 

tracking systems provide no nett financial benefit and recommend fixed 

installations, using the low cost of the PV panels as motivation. The long term 

performance guarantee expected from the consumer undoubtedly has a 

negative effect on the price of the tracking option. 

 

The intent of this research is to explore various options to enable acceptable 

tracking and the practicality thereof as regards functionality, cost, reliability and 

accuracy. 

 

The research is consolidated to present a possible alternative to the electronic 

systems and proposes a electromechanical device to align a solar payload 

along the path of the sun without the use of electronic circuitry, speed 

reducers or gearing. The device is proven in one axis and a slave linkage 

system developed to approximate the second axis, before being refined to 

enhance maintainability, reliability, performance and longevity. 
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3.0 LIMITATIONS OF THE RESEARCH: 

 

3.1 Movements of the payload 

3.1.1 Azimuth movement type - rotate or tilt  

For maximum exposure it is imperative that a dual axis movement is specified. 

Tracking of the elevation is always achieved through tilting of the payload 

however azimuthal tracking could be achieved with either tilting or rotating 

movements. 

To showcase the wide range of articulation the author has chosen to use a 

rigid centre column and tilting movement for both tracking motions.  

 

3.1.2 Range of movement of the payload 

Articulation of 180˚ is not impossible but rather impractical due to the low 

energy density of early and late solar radiation which renders such large 

actuations for such little gain to be not feasible. For such a panel, a threshold 

angle of 30˚ above the horizons in the East/West (EW) plane is considered 

more practical and yields a somewhat simpler overall articulation. Similarly the 

range of articulation in the North/South (NS) plane range is relative to the EW 

elevation and the noon elevation which ranges seasonally between the 

solstices.  

For proof of concept the prototype will demonstrate a range of around 120˚ 

articulation in the East to West plane. 

 

The location of the test site is at 25.67138˚ East and 34.00190˚ South, which 

places the rounded-off panel angle limits for the solstices at 12° in summer 
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and 57° in winter and the equinoxes at 34°. By fixing the elevation at the angle 

of latitude introduces unacceptable errors in the early and late periods of the 

day and the error at noon ranges from zero at the equinox to 22.4° at the 

solstices, hence some articulation is required for daily elevation to earn the 

definition of a two axis movement. The elevation range must comply to the 

above limits which equate to solar elevations of 78° and 33° respectively at 

the summer and winter solstices. 

 

3.1.3 Parking position 

At sunset and sunrise, the double axis Tilt-Tilt actuated panel would ideally be 

required to face at almost right angles to the East or West to meet the azimuth 

angle of a rising or setting sun (i.e. meet the very low elevation angle as well 

as the morning azimuth angle). However, the limitation of articulation of 30° 

above east and west horizons requires that the panel attitude has some 

northerly component at these limits.   

Within these limits, two main choices exist as to the type of tracking path -  

• The first philosophy is the fold-away concept where the payload returns 

to the horizontal position overnight. This attribute is desirable in stormy 

climates as the night-time resting profile poses a slim profile for storm 

winds, however the system needs to perform an unproductive half a 

cycle of movement to meet the rising sun and again to return to park 

position after the solar day.  

This concept is complex and implies some form of antagonistic drive to 

balance the payload without external stimulus. The actual driving force 
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is the amount by which one of the antagonistic forces exceeds the 

other and necessitates large unproductive forces.  

• The second option is a gravity return system, which is simpler and has 

the advantage of being ready without unproductive early morning 

response. Tracking commences to follow the path of the azimuth whilst 

tilting to the daily zenith angle, then continuing this motion to the 

westerly position at sunset. During the night, the motive source cools or 

drains away and the structure returns to the East facing rest position 

under gravitational force. 

The chosen compromise is a gravity system which has some form of storm 

lockout and a rigid structure to weather the forces imposed on the large 

profile. The antagonistic drive approach will be explored for academic interest.  

 

3.2 Limits of the system 

3.2.1 Accuracy target 

An overall target is the deviation from perfect alignment to be within 10%. 

Neither axis require a bias due to the payload shape being almost square. 

Hence, as an angular measure, 10% implies an accuracy of 90% or 0.9 being 

the Cosine of the compounded error angle. This concept is shown in Figure 

3.2.1 a), b) and c) where the error of alignment manifests as a shadow from a 

perpendicular pin on the payload. This method can be used as a quick 

reference on site to estimate the accuracy of the alignment. Perfect alignment 

creates no shadow from the pin i.e. Cosine 0° = 1. 
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Figure 3.2.1 a) - Using shadow to measure misalignment 

 

In Figure 3.2.1 a) the relative error in elevation is shown as angle β and the 

compounded correction of elevation is angle ⍺. The azimuthal correction is 

shown as angle θ. Angle ∅ is not shown for simplicity. 

The misalignment can be viewed as two components of the shadow being an 

EW component (LEW) and a NS component (LNS). The opposite side of this 

triangle is the length of the shadow LS.  

The triangles denoting the correction angles can produce polar corrections 

given the pin length LP, The shadow length LS and the azimuthal correction 

angle θ - 

EW correction angle = ∅ = Tan-1( LEW / LP) 

NS correction angle = θ = Tan-1( LNS / LP) 

 

Figure 3.2.1 b) illustrates the effect of correcting only angle ∅, causing the 

shadow to fall along the North/South axis, similarly Figure 3.2.1 c) illustrates 



 

 

18 

the correction of only angle θ which causes the shadow to fall on the 

East/West axis. 

 

Figure 3.2.1 b) - East/West error corrected only 

 

 

Figure 3.2.1 c) - North/South error corrected only
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The pin is considered to be of negligible diameter, however the dimension LS 

can be reduced by the radius of the pin to improve accuracy of measurement 

of small misalignments. 

 

3.2.2 Compounded error and misalignment components 

Applying any of the corrections ∅ or θ individually leaves a residual shadow in 

the South or East direction, hence the corrections must be compounded to 

eliminate any shadow. 

To meet the performance criteria of 90% accuracy, the product of these two 

angles’ Cosines must meet or exceed 0.9, hence - 

 

Compounded error in two planes = Cos ∅	x Cos 𝜃 =0.9 

For an equal error in both planes, Cos ∅	= Cos 𝜃 = √0.9 = 0.948 

This implies the error angle range to be 18° in both planes on either side of zero 

error. However, the error angle would not always be equal in two planes hence, 

should one plane be perfectly aligned, i.e. Cos ∅	= 1 then the other plane has 

an admissible Cos	𝜃 alignment error of 0.9, equivalent to 25.8°. 

Figure 3.2.1(d) illustrates the relationship of the permissible errors. 

 

3.2.2  Linear array and matrices 

The above philosophy for a single panel holds true for arrays and matrices but 

for one additional complexity, which is shading from one panel row to the next 

row and adjacent panels. 

This thesis considers a single panel with tilting actuation in two planes, hence 

no allowance is made for shading effects. 
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3.2.3 Physical dimensions 

 For this thesis, a system comprising a single panel set of 4m2 was proposed, 

equivalent to a pair of 325W panels on a fixed frame. The extent of the 

construction of equipment shall be limited to the stage of a satisfactorily 

working prototype, albeit with some upgrades during the evaluation phase. 

The optimisation of the construction of the intended device for the purpose of 

manufacture is considered but implementation is out of the scope of this 

research. 

 

 

Figure 3.2.1(d) Limits of misalignment - permissible error curve 
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3.3 Power, energy and resources  

3.3.1 Material sources and resources 

The bulk of the materials and fabrication resources can be sourced from 

Nelson Mandela University (NMU) facilities. The balance of materials, 

equipment and any specialised services are sourced by the researcher. 

 

3.3.2 Energy sink 

For evaluation of energy production the system must be loaded hence the 

university must have capacity to absorb the power supplied and allow the 

system to perform to its limits. It is planned to connect the panels in parallel 

across a resistance heater and measure the power produced across the 

resistance during several solar days, alternately fixed on some days and 

tracking on other days, corrected for the solar insolation on each day.  

 

3.3.3 Control inputs  

The control inputs are limited to those of a passive physical nature i.e. 

changes in the natural phenomena of temperature, shade and pressure as 

opposed to algorithm based positioner solutions or electronic comparator 

devices. Simplicity is paramount. 

 

3.3.4 Power source 

Power is sourced from the apparatus by whatever means available and not 

from external power inputs.  

Due to the large number of possible motive energy sources that can be 

explored, this thesis is based mainly on the manipulation of water and air to 
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provide the work required, whether directly sourced from the system or 

generated independently by passive means and stored. 

 

3.4 Metrology 

The basis of the accuracy measurements will be done utilising two matched 

solar cells and recording the output current from each. 

 

3.4.1 Orientation of solar cells and utilisation of data 

The first cell is mounted horizontal and records a current which can be 

compared to horizontal radiation measurements recorded elsewhere on site. 

The second cell is mounted flat on the payload platform and measures the 

current produced during the day along the tracked path. 

Comparison of the summation of these two current recordings indicate any 

improvement of the production of the tracked cell over the horizontal cell. The 

full payload output current can be predicted using the horizontal cell output, 

modified to reflect the momentary radiation value and the panel rating. 

 

The payload platform is then fixed facing North at an elevation set to the angle 

of latitude. Comparative current data between the two cells provides a 

comparison of the fixed panel against which the tracked panel can be 

compared, referenced to the radiation and day of the year. 

3.4.2 Load data and comparisons 

The resistance heater considered above is connected across a Wattmeter and 

the output signal logged as instantaneous Watts generated.  
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Synchronous readings of the daily Insolation are also logged for comparison 

purposes in units of W/m2.The ratio of power to insolation, corrected for panel 

area, yields the overall effectivity of the system. The results are plotted to 

illustrate any gains of tracking over fixed systems. 

 

3.4.3 Data acquisition and storage 

The data is collected using synchronised single channel USB dataloggers 

which are retrieved at the end of each phase and the data stored and backed 

up to a portable hard drive. Excerpts of the testing phase are provided in the 

thesis, full data is tabulated in the appendices. 
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4.0  PROBLEM STATEMENT: 

 

A need exists for an economical control and actuation system which can 

manipulate a photovoltaic panel to track the solar path reliably and 

economically, to acceptable accuracy. 

 

Sub-Problem 1: Control system and actuation  

• Research the potential of using differential temperature of gases to 

provide a control error signal. 

• Research the conversion of the error signal  to a differential pressure 

signal through heating and cooling. 

• Research the potential of shading of a PV cell to provide a control error 

signal. 

• Test and identify methods of using an error signal to do useful work in 

an actuator. 

• Identify and solve the related issues of damping, feedback and 

positioning. 

• Prove the control process, using a mathematical model with estimated 

physical dimensions and heat exchange values to simulate the various 

options of signal magnification. 

• Confirm the process using a computational model of the heat exchange, 

feedback and damped responses. 
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Sub-Problem 2: Prototyping and Testing  

• Conceptualise and design all components required to produce a 

prototype device based on the results of Sub Problem 1 above. These 

components are expected to be structural, pneumatic and hydraulic in 

nature. 

• Manufacture the prototype and assemble on the site provided by NMU. 

• Perform the testing regimen as detailed in the Research Methodology 

Plan, Chapter 6 below. 

 

Sub-Problem 3: Final Specification 

• Once testing is conclusive, consider every aspect of the prototype 

construction to improve ease and cost of manufacture. 

• Produce a comprehensive final specification for the machine.  

 

 

As evidenced by the conclusions to this work, the above actions were 

completed and are documented in this thesis and its appendices. 
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5.0 SIGNIFICANCE OF THE RESEARCH: 

 

The objective of the research is to improve the productivity and hence cost 

effectivity of discrete PV installations through the use of a passive tracking 

system, by proving the concept with a prototype and by producing a final 

specification for a marketable device. 

 

The significance of this research has a bearing on both environmental as well 

as financial aspects which have a further effect at the socio-economic level. 

 

5.1 Environmental Impact of PV panels. 

Photovoltaic cells produce no pollutants during operation but do require energy 

and create pollutants during their manufacture. According to Dai-Prá et al  (5), 

the energy required to manufacture a solar module requires 8.5 years of 

operation to recover, whereafter the balance of a 25 year operating life can be 

considered clean energy production, chemical pollutants during manufacture 

not considered. The National Renewable Energy Laboratories of the USA 

(NREL) state that the carbon produced by PV manufacture, transport and 

installation is only 80g/kWh as opposed to 1000g/kWh for fossil fuel energy 

generation (6). Despite this fact, the availability of fossil fuels and the current 

state of the environment due to climate change and continued production of 

greenhouse gases compels us to use more renewable energy resources, 

amongst them the compromise of electricity generated by solar photovoltaic 

means. The impact of this alternative pollution can be reduced by producing the 

best possible output for every panel installed.  
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Assuming that a properly tracked system can conservatively produce 35% more 

power across its lifetime, by comparison the future demand could be met by 

26% less PV hence manufacturing related pollutants could be reduced by 26%.  

 

5.2 Financial Impact 

A complete system comprises solar panels, an inverter unit, a storage device 

and cabling and installation with connection to the system by a licensed 

wireman. Local company Smart Energy SA offers several 3kW systems with 

prices ranging from R69 000 for the entry level grid-tied system. Using the 

NREL calculator (7), this system will produce 3573 kWh per annum, a saving 

of R6 788-00 and implying a payback period of 10 years. The calculator was 

set for single and double axis tracking estimates and returned savings of R9 

000 and R12 170 per annum, suggesting payback periods reducing to 68 

months. 

 

There is as yet no administration cost from local authorities although City of 

Cape Town has stated their intention to pay 70c/kWh for grid feed and R1-90 

for withdrawal.  

 

On a socio-economic level, the research could impact positively on home 

owners and schools, whose power supply projects would benefit from a 

reduced footprint and more effective usage of assets. Another effect is to lower 

the cost of an effective system and widen the range of income groups who can 

afford to enjoy the benefits of this facility. 
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The research is significant to the Nelson Mandela University because it 

enhances an application of renewable energy and in so doing supports the 

renewable energy programme. 
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6.0 RESEARCH METHODOLOGY PLAN: 

 

For clarity please refer to the Record of Activities, Appendix A. 

To successfully realise the problem statement, the following methodology is 

planned – 

6.1 Conduct Market Study  

The market is researched to obtain technical and costing data on various 

tracking devices available.  

Simultaneously, local providers and installers are interviewed about various 

aspects on the application of tracking technology in the local context and their 

observations and opinions are recorded. 

 

6.2 Develop Prototype by Parts 

6.2.1 Test rig 

Design, fabricate, erect and maintain a suitable test rig which can be converted 

to trial several tracking variants.  

As far as possible the components are made to be adaptable for use in the final 

complete prototype.  

 

6.2.2 Trials of tracking variants 

Cursory testing of several variants is done on the Primary axis to gauge 

response and practicality. The best performer of the trials will be pursued 

further. Non preferred variants are documented and recorded in the testing 

record in Appendix B. 
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6.2.3 Secondary axis activated 

The success of the primary axis allows the complexity of the second  axis to be 

included in the test rig without PV panels and some functional testing 

performed. A performance model, provided in Appendix F, is generated to 

predict performance. 

 

6.2.4 Comparative testing 

A pair of identical PV cells are mounted on the test rig, one vertical and one 

fixed to the payload plane. Current readings are collected over several months 

to establish a trend between the tracked plane and the vertical fixed plane.  

 

6.2.5 Loaded and energised 

The payload frame is fitted with two panels and these are connected to a load 

for evaluation of output. The articulation and balance are calibrated until 

response meets expectation. During this exercise, the East/West axis will be 

disabled for a period to produce a comparison with a fixed system, corrected 

for variability using daily insolation data. This concludes the testing of the 

functionality and accuracy of the drive system.    

 

6.3 Develop Performance Model 

The basic mathematical model in Appendix F is updated to match the actual 

results and eliminate any initial assumptions. 

The model includes use of double panels and ground albedo. 
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6.4 Running activities 

During normal running of the assembled system power data is collected 

routinely, accuracy is checked periodically and the results condensed to form a 

longer-term analysis.  

Maintenance and any breakdown event is recorded, the cause determined and 

steps taken to prevent recurrence. During this phase the final specification will 

be drafted. 

 

6.5 Finalise Thesis 

A draft thesis is maintained throughout the project. The final specification is 

drawn up according to good engineering practises and material and cost 

information at that time. The thesis and associated documentation is submitted 

for scrutiny and evaluation to the Faculty.    

A journal paper is drafted once the initial power testing results are compiled and 

submitted for publication during the thesis evaluation period.  

A detailed costing exercise is undertaken under the assumptions of specific 

production volumes and manufacturing processes.  
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7.0 LITERATURE STUDY: 

 

7.1 Local Practise 

The overwhelming majority of small and medium installations in RSA are fixed 

systems, generally tilted to approximately the angle of latitude of the site and 

pointed true north in the southern hemisphere. Their power characteristic plot 

shows a pronounced bell-curve as the relative azimuth and elevation angles 

become progressively more advantageous until (true) noon and deteriorate in 

similar fashion thereafter, leaving the early and late parts of the solar day 

relatively unproductive. A popular installer has many examples where the 

panels are laid almost flat on the roofs of factories and shopping malls, as 

evidenced by the Photo 7.1, installed at latitude 29°South (Gateway Mall, 

Durban). The noon area aperture for a flat installation at this latitude ranges 

from 99% at summer solstice, through 87% at the equinox and only 62% at 

the winter solstice. Ironically, power requirements for lighting and heating are 

higher during the winter months due to shorter daylight hours and cooler days. 

This situation worsens with an increase in the latitude of a site as shown by 

Bahrami (8) and in Brazil by de Melo (9), for example a flat installation in Cape 

Town or Sydney at latitudes approaching 34°South has corresponding 

aperture areas of 98%, 83% and 56%. These figures are the best case 

scenarios as they only account for one direction of misalignment at solar 

noon. The East/West aperture area compounds these errors in the early and 

later parts of the day to yield a much lower daily aperture/time integral. Other 

influences such as sky clarity, humidity and coastal proximity also play a role 

in the strength of the insolation (9). 
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Photo 7.1 Flat mounted panels at Gateway Mall, KZN 

 

"Gateway rooftop solar PV system. Photo courtesy of the SOLA Group 

(https://sola.africa/)". 

 

7.2 Current Technology 

7.2.1  Light source comparison 

Tracking systems based on the error signal from different views of the same 

light source (10) currently dominate the tracking system market in one- or two-

axis configurations. This system is a basic feedback control system which 

provides the input to a motorised actuation system to execute the control 

signals and align the payload with the ever-shifting solar angles of azimuth 

and elevation. See Figure 7.2.1  which shows the possible articulation 

choices. The simplest type of tracker is a single axis control and is usually 

employed to tilt the payload to follow the sun’s elevation above the horizon, 

whilst the direction of the payload is fixed at an angle approximately true north 

or south, dependent on the hemisphere of the site. 
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Figure 7.2.1  Choices for panel articulation 

 

 

This provides the biggest payback for a single axis tracker in terms of power 

output and capital cost, according to Mousazadeh, but also advises against 

tracking of small systems due to the disproportionate energy requirement for 

tracking (11).  

A second axis of control is available on more advanced trackers which 

supplements the above function with an additional East/West rotation. This 

two-axis system doubles the component count, cost and complexity of the of 

the single axis system but improves effectivity by around twice again of the 

improvement of the azimuth tracker (12).  
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Control systems, or devices whose purpose is to achieve a specific outcome 

by reacting to observed inputs, are of two basic types namely open systems 

and closed loop functions. Open systems control without regard to 

downstream effects (a pump whose speed is controlled by line frequency is 

oblivious to the level in the delivery side dam), whereas closed systems 

employ feedback to regulate the primary function, for example slowing the 

pump down when the dam level rises to a given height. The response of the 

controller can be modified in speed or extent to achieve a desired outcome. 

Clearly a tracking system requires feedback control to constantly follow the 

sun’s path without any pre-programmed interrupts. 

  

For this type of control, an error signal prompts a control response. The error 

is derived from a misaligned PV output from two light sensors with unequal 

outputs, due to one PV cell being more directly in alignment with the sun 

hence producing a stronger signal current. The logic maintains that the 

payload must move to benefit the poorer light signal and once a pre-

determined error signal magnitude is reached i.e. a threshold start value, the 

power circuit to the motor is energised step-wise with the correct polarity to 

correct the alignment error. The payload moves and stops with the motor step 

and the feedback circuit re-evaluates the two source signals. This process is 

constantly repeated step-wise via the micro-controller until the two signals are 

similar or within a specified acceptable error tolerance i.e. acceptable error or 

ideally zero error signal. As the sun moves, the feedback error again 

increases until the threshold start voltage is again exceeded and the power 

circuit is stepped again. Damping and response are provided by motor speed 
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control, program wait commands and gearing. In this way, the tracker 

constantly re-adjusts itself to satisfy the error signal.  

It can be appreciated that the mode of operation is not smooth but step-wise, 

resulting in a payload travel of many small start/stop operations.   

An increased error signal tolerance increases the size of the stepped 

reactions and reduces the stress cycles, but at the cost of accuracy. 

Considering that energy absorption is a continuous process, systems that 

respond in steps are only truly accurate for short periods of time, so that 

effectivity of the system is an average of the steps and overall effectivity of a 

PV panel is less than with a smooth or step-less system. Smooth response 

requires extremely small steps of feedback; it is most desirable to have 

constant (analogue) feedback.  

One method to achieve this would be a similar system to the above motorised 

feedback system but with the improvement of a direct response to error i.e. in 

place of the error signal, both light sensors generate opposing magnetic fields 

within the same mechanical linkage. Once the fields are balanced the payload 

is in position, as the sun moves the changing magnetic field maintains the 

payload in optimum position (13). One problem prevents this system from 

being practically applied – the signal is too weak to do much work at all and 

must be amplified. Although this is achievable, the complexity persists in the 

form of induction actuators, amplifiers and external motive power 

requirements.  

 

A further refinement which has found favour in the concentrator community is 

the addition of a computerised overriding controller, which uses date and time 
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to produce a desired position of the mirrors through the use of a heliostat 

algorithm. Where the simplistic optical system loses its way due to cloud or 

other interference, the computerised system takes control (14). 

 

Despite all of the above, for the purpose of PV power generation, the 

background or ambient radiation provides a more forgiving environment for 

trackers in that exact alignment generates only slightly more energy than a 

closely approximated alignment, hence the limitation of a 90% alignment 

being deemed sufficient (12). 

 

7.2.2 Bi-metallic strip passive trackers 

This concept employs uneven heating of two or more bi-metallic strips to 

cause a deflection which is transmitted to the payload platform, tilting the 

platform towards the heat source. The strips have been employed in various 

orientations, some vertical and anchored to the ground, acting on the payload 

as proposed by Brito (15). Other designs use bimetallic strips horizontally 

mounted on the edges of the payload and acting against the centre column as 

suggested by Clifford (16). 

Although the bi-metal deflection is almost proportional to the temperature 

change, the deflection is rather small and requires a large leverage ratio to 

achieve significant movement. The leverage acts to the disadvantage of the 

system when acted on from external forces, such as wind, when a small 

external force creates a large deflection of the payload platform.  
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Photo 7.2.2 A bi-metallic actuated single axis platform 

 
 

 

7.2.3 Heated refrigerant passive trackers  

This type of tracker has been utilised by the company Zomeworks who have 

installed in excess of 75 000 systems worldwide since their inception in the 

1980’s (17). 

These are essentially a tilt/tilt type installation with the payload connected to 

the centre column via a universal joint. Thin tubes containing a liquid 

refrigerant gas are placed on opposite sides of the frame, either on two sides 

for single axis movement or four sides to create double axis pairs.  Each tube 

is connected to a slim, high pressure actuator housed and anchored in the 

central column and connected to the payload platform via ball joints. The 
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tubes are framed inside curved reflectors to concentrate the radiation onto the 

tube surface. The misaligned panel causes one tube to heat more than the 

others, evaporating the refrigerant and causing a reaction to tilt the payload 

towards the heat source. As the cooler tube moves into alignment it begins to 

heat and the resultant gas pressure increase resists the movement. Ideally, 

the gas pressures all balance at perfect alignment and the system tilts along 

the solar path to maintain that equilibrium. 

This system is totally passive but has some drawbacks. The leverage against 

the actuator, as with bi-metallics, is relatively large. The actuating pressures 

attained are also large, but exerted on relatively small bore actuator areas to 

conserve the available volume and achieve the desired travel, to meet a 

satisfactory range of articulation. For these reasons, this type of tracker is 

suitable for clear and windless days. On days with intermittent cloud, the 

system tends to oscillate constantly towards the park position and then try to 

catch up during a sunny patch. The time lag between heating and cooling 

tends to aggravate this problem. Other disadvantages of the system is the 

tendency to return to the horizontal overnight as the systems cool and 

pressures equalise. This causes a slow morning startup due to thermal inertia 

and the poor angle for heating the eastern refrigerant tube. Two positive 

aspects of this horizontal parking mode are the low profile presented to 

overnight storm winds and the fact that on cloudy days, the unresponsive 

panel stays horizontal and produces more power than a tracked system could 

provide, as discussed later. Zomeworks have discontinued manufacture of 

their passive tracker as electronic systems are more attractive in their 

simplicity and cost. 
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7.2.4 Shape Memory Alloys (SMA’s) 

Certain metal alloys of Iron, Copper, Gold, Nickel, Titanium and Zn have 

‘shape memory’, which results in the alloyed material undergoing a transition 

between Austenite and Martensite when cooling, and the reverse reaction 

during heating. The mechanical effect produced when the metal is distorted 

cold is a strong reaction which causes the metal to revert to its original shape 

when heated. The best effect is obtained with Nickel Titanium alloys (NiTi) 

which is used for certain actuation duties. Poulek (18) utilised this feature to 

use a SMA actuator to track the sun using the thermal differential from a 

misaligned payload. His device actuated a single axis through the use of two 

bent leaf springs of Copper-Zinc-Aluminium alloy mounted antagonistically 

against a stator beam and inside a casing whose opening held a magnifying 

lens. A mirror surface was placed across the fulcrum between the springs. 

The wire springs, which were deformed cold, provided equal torque and 

hence equilibrium of the beam. Misaligned sunlight passing through the lens 

focussed on one spring which attempted to return to its original shape 

(Martensite to Austenite change) and generating greater torque force than its 

antagonistic twin, rotating the beam and improving the alignment. Once in 

alignment, the light focussed on the mirror and was reflected away from the 

springs, preventing further heating. Movement of the sun increased the 

misalignment and one of the springs would experience heating, again 

correcting the misalignment. In this way, Poulek’s tracker ‘locked-on’ to the 

sun and maintained a good alignment across the day, within its 140° range.  
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7.3 Actuators 

7.3.1 Common types 

The most common type of actuator for small scale trackers is a linear screw 

type actuator with a geared drive as shown in Photo 7.3.1. This type of 

actuator allows very precise adjustment and has a large mechanical 

advantage, which prevents the system being manipulated by external forces.  

 

Photo 7.3.1  Electrically actuated platform 

 

With compliments of Valdorex Greenpower   

The disadvantages of this concept are - 

• in some designs the actuator screw cannot be completely sealed 

against the elements, leading to contamination and wear.  

• all external loads are transmitted to the anchor points via the screw 

threads, which have a limited shear area.  
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• at full extension the actuator is at its weakest and vulnerable to 

buckling under high externally applied loads. 

This type of device is also available for multiple panel arrays as a heavy duty 

actuator system (19). 

Lighter versions intended for small scale and domestic installations lack the 

industrial robustness of the equipment intended for commercial use and 

display many lower specification features. These are evident in the sheer 

lightness of construction, for example - 

• casings are often thin steel pressings 

• body tubes are light gauge aluminium tubing 

• seals are standard nitrile rubber 

• gearing is made of Nylon and Acetyl, not steel or bronze 

• bearings are plain type bushings 

 

Sector and worm drives are also offered for large scale solar farm installations 

for tilting of one or both axes (20). These are heavy duty devices with 

commensurate cost. A worm wheel is driven by a motor and drives a sector 

gear which is attached to the payload. The motion is not reversible so cannot 

be affected by wind or other external loads. These devices range from single 

payload actuators to multiple payload array drives. The model shown in the 

reference can operate up to 100 panels of 2m2 in single axis tilt configuration. 

A recent commercial product for large scale PV arrays is the pneumatic 

bellows concept (21). A series of triangular rubber bellows are bonded 

together and mounted between the support column and the unbalanced 

payload. Pressurisation of the bladder extends the bellows portion and tilts the 
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payload platform. The payload is weighted to oppose the actuator and a 

bleed-off allows the payload to reset towards the default (morning) setting. 

Control is achieved by feedback from an optical comparator. An attempt to 

produce a bellows-derived actuation may be beneficial to the research. 

 

For low friction actuation, a device which uses a rolling diaphragm (22) 

performs the role as a pneumatic or low pressure hydraulic cylinder. In place 

of the conventional piston and seal arrangement, a tubular diaphragm is used 

which is connected internally to the cylinder and, inverted within itself, has the 

other end connected to the cylinder rod. The space inside the diaphragm is 

pressurised with the motive fluid, which causes the rod to be extended and 

the diaphragm to be rolled out along the inside of the cylinder. The diaphragm 

is designed for high flexure and low extensibility thereby minimising rubbing 

action between the diaphragm and cylinder walls and delivering a highly 

efficient stroke. This device would certainly enhance the actuation of a solar 

tracking system, however the available models have large bore short stroke 

versions only for heavy duty applications.  

Some developments in the use of rolling diaphragm actuators has been 

proposed in the medical field as a hermetically sealed spring with selective 

damping (23). These devices with their adjustable tension, silent operation 

and low frictional hysteresis are considered to be ideal tensioning devices for 

rehabilitation and permanent prostheses.   The solar tracking actuator 

requires a stroke of at least 200mm to achieve 120° articulation without the 

actuator fouling on the centre column, use of the available device would 

require secondary linkages, increasing friction losses, cost and complexity.  
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Whilst a small bore, long stroke rolling diaphragm actuator may not be 

commercially available, some effort towards producing such a device could be 

beneficial. 

A fluid driven tracking system is patented by Martinez (24) using two hydraulic 

actuators to actuate the two major tilt axes. The system uses conventional 

hydraulics and is unsuitable for domestic or small installation uses due to the 

size and cost. 

 

7.3.2 Newer technology actuators 

In their overview of novel actuation methods with a focus on robotic 

applications, Boyraz et al (25) investigates five types of actuation methods - 

shape memory alloys, fluidic elastomers, dielectric electro activated polymers, 

shape morphing polymers and electromagnetic actuators. 

Of particular interest is the Fluidic Elastomer Actuation where a polymer 

‘muscle’ is cast with voids, either interconnected (vascular) or isolated 

chambers as illustrated in Figure 7.3.2 below. 

The combination of fluidic pressurisation (or de-pressurisation or evacuation) 

of the various voids and vascular chambers causes the actuator to distort and 

do external work. In this way the actuator can extend, retract, bend curl, twist 

or perform any number of three dimensional movements.  

This development is an evolution of the bellows concept (21) in that it could 

manipulate a payload in two planes using one actuator. This type of motion 

would require a column elastomer with four vertical rows of voids, 

pressurisation of two rows on any one side produces plain bending (flexing) 

whereas pressurisation and evacuation of diagonally opposed columns 
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produces flexure in the diagonal plane. For more precise positioning, several 

rows of voids at differing pressures increase the articulation in small 

increments across many angles. The fluid could be gaseous or liquid with the 

advantage that incompressible fluids would result in a firmer response, 

dependent on the elasticity of the material of the structure. Continuing this 

theme of pressurised geometric shapes, Blanes et al (26) proposed Additive 

Manufactured Polyamide actuator shapes to perform various motions. Their 

geometric shapes took the form of stacked toroids, serpentine tubes, spiral 

tubes and spheres. This work was intended to advance food handling robotics 

using small pressure and forces.  

 

Figure 7.3.2 Fluidic Elastomer Actuation 
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7.4 Potential gains due to tracking 

Using a water pump as measurement of energy absorbed, Bione et al (27) 

realised a 50% increase in generated energy between fixed and tracked PV 

panels, using the same pumping equipment. 

Baltas et al (28) found that fully tracked systems produced between 22.5% 

and 33% more energy than fixed systems, measured at three different sites. It 

was also found that by stepping the position of the array East to West in two 

stages daily and adjusting monthly for seasonal elevation changes, the 

installation produced 95% of the power of a fully tracked array. 

 

Nann (29) found that a single axis tracked system produces almost as much 

energy as a dual axis for half the cost, a fact confirmed by Dickinson (30) on 

an annualised basis.  

Estimated by Kalogirou (31), collector efficiencies of single axis tracking 

concentrator systems at the summer and winter solstices respectively would 

produce daily collection rates of 91.7% for polar East/West, 74% increasing to 

86.2% for polar North/South tracking, 97.7% decreasing to 60.9% for a 

rotating fixed tilt type, all measured against a fully tracked system (100%). On 

this basis, a single axis polar East/West system appears to outperform any 

other single axis method. Annualised, the other single axis methods, rotating 

fixed tilt and northerly polar tilt produce very similar energy values. 

Chang (32) produced a study using an east-to-west single axis tilt mechanism 

as compared to a horizontal panel, under varying latitudes and sky conditions. 

He found that the benefits were less than that of a single axis north-to-south 

tilt. Of greater interest is his claim that the tracked panel production increase 



 

 

47 

compared to the horizontal fixed panel varies from 12% to 134% between 

equator and the arctic.  

Li et al (33) studied north-south tilted single axis trackers and concluded that 

the annualised energy generated was 96% of that of a fully tracked 

equivalent. When compared with fixed panels at optimum tilt angle they found 

that the improvement under high radiation conditions was 30% but in poorer 

conditions around 20%. It is not clear whether the effect of the background 

radiation or diffusion of the direct sunlight was the cause of this discrepancy. 

 

7.5 Practicality of solar tracking in windy conditions 

A payload suspended on actuators raises several concerns - 

High wind loads can be experienced at any time of day, if the wind loading 

coincides with a large profile of a tilted panel array the coefficient of discharge 

of the wind force is magnified and the structure is abnormally stressed. 

Considering that all forces between the payload and the foundation are 

transmitted via the actuators raises the concern that the actuators need a 

higher safety factor than that required for normal operation. 

The degree of motion is limited when considering mounting on a sloped 

surface such as a roof. The payload would need to be suspended above the 

roof to allow some movement and the wind reaction needs to be considered 

for the interface to the roof as well as the actuator, i.e. the stresses will be 

higher for the tilted profile than for panels mounted parallel and close to the 

roof surface. 

Many studies have been done to determine the effects of wind on a tilted 

plane. Chu (34) determined that the maximum wind pressure occurred at an 
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inclination of 45° with wind facing 0° and 180°. The maximum inclination of the 

test device was 45°. It is most probable that a larger inclination will attract a 

larger wind load. Of greater concern was the yawing and pitching motions 

experienced when the wind direction was oblique. The wind creates 

alternating forces on opposite sides of the payload which could excite 

structural resonance with disastrous effects especially in an undamped 

structure. Chou et al (35) extended the study by monitoring elevations up to 

80° and studied the pressure variations in two planes across a range of wind 

directions. The findings up to 40° concur with several other studies but a step 

change is experienced at inclinations above 50° producing a ‘kink in the curve’ 

and causing upliftment co-efficients which are very similar for 60° to 80° 

elevations. 

The resonant problem is presented further by Rohr et al (36) when studied as 

a row or array of payloads in which each payload experiences a slightly higher 

deflection than its predecessor, resulting in ‘galloping’ arrays which stress and 

cause shearing of the common drive. This research is pertinent to single 

payloads as well, due to the same mechanism of vortex creation and vortex 

detachment lead to wildly undulating forces, as demonstrated in the paper’s 

CFD renderings. A highly destructive form of resonance experienced in 

column mounted payloads is the torsional resonance about the vertical axis. 

Where this stiffness cannot be increased above wind shear excitation 

frequencies, the system needs to be flexible to allow deflection but with 

damping to absorb the resonant strain energy. 
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7.6  Cloudy or dusty environments   

Cloud cover can confound optical trackers once the background radiation 

approximates or exceeds the direct radiation. Even considering perfect 

tracking through manual or algorithmic means, the tracked panel does not 

always exceed the performance of an equivalent fixed panel. As shown by 

Quesada (37), cloudy day results in Montreal, Canada, showed that the 

horizontal panel output exceeded the tracked panel output. On heavy overcast 

days it is more feasible to place the panel in a horizontal parked position than 

to attempt to track the sun behind the cloud cover. Elmer (38) reported that 

due to the diffuse light conditions in UK that tracking did not yield a significant 

gain. For reason of this diffuse sunlight, this situation should exist across 

northern Europe and Scandinavia. 

 

It is a well known problem that dust accumulation on PV panels causes 

production losses. This fact is especially pertinent in low rainfall and dusty 

environments and at the mid-latitudes where the low panel angle far exceeds 

the repose angle for dust to slide off. Zorilla et al (39) studied the effects of 

dust coating of the glass of  a fixed panel in a natural environment in Spain. 

During the rainy season even 1mm of rainfall was sufficient to restore the full 

effectivity of the panel, however in the dry summer months the losses 

exceeded 20% of expected output. Left to the elements, an overall loss of 4% 

of annual generation was experienced due to periods of dust contamination. 

Hussain (40) did practical experiments using different types of dust, ranging 

from chalk dust to rice husk. He concluded that the finer the contaminant, the 

higher the losses, largely irrespective of the nature of the dust but 
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acknowledged greater losses by dusts of red soil, then limestone and then fly 

ash. He also concluded that in desert areas, losses of up to 60% of output 

were possible. Logically, a payload that moves, whether it be rotating or tilting, 

stands a better chance of dislodging dust and finding a favourable aspect 

across the wind to keep itself relatively clear.  

 

Cleaning of PV panels in dusty surroundings has received some innovative 

advances. Air and water cleaning systems are prevalent, however an effective 

dry cleaning method is a periodic static discharge which repels around 90% of 

the dust and can be regulated to perform autonomous cleaning periodically, at 

very small energy cost (41).  

An innovative approach takes its cue from the lotus flower which emerges 

clean from the mud of its surroundings. Forbes (42) describes two innovative 

paint coatings which stay clean, one requires only water to stay clean in 

marine environments but the other, designed for transparent window surfaces,  

equally  repels dust and water by employing nano-hairs which cause any 

contaminant to roll off the surface whilst the transparency remains unaffected. 

 

A PV system to power streetlights was proposed by Zhang et al (43) who 

used four photo cells to track the payload in clear weather and a timer and 

stepper motor system for hazy conditions. The stepper motor advanced every 

few minutes when the photocell outputs were low. 

 

A more sophisticated PLC based system was developed by Sungur (44). He 

programmed a PLC for a two axis solution for the position of the sun at each 
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minute of each day of the year and maintained accurate pointing in heavy 

overcast. As we have seen from Quesada, this performance is unnecessary 

when the background radiation equals or exceeds the direct radiation. 

 

After evaluating five different tracking methods under three basic atmospheric 

conditions, clear, partly cloudy and heavy overcast, Koussa (45) discovered 

that under heavy overcast all tracking methods produced roughly the same 

amount of energy and the horizontal fixed panel performing the best. 

 

7.7 Energy required for tracking 

Not considering the additional burden of frost or snow, the amount of energy 

required to track a PV payload may be small, relative to the generation 

capacity of that payload. The reason for this is that whether the actuation is 

tilting or rotating, designers attempt to balance the payload so that the 

actuation forces required are balanced out to a large extent and the nett force 

required is little more than friction. Even a constant wind force will in most 

cases result in an almost even reaction about the axes, unless the velocity 

and angle of attack induce harmonic vibration, in which case the forces are 

large and alternating.  

Lorenzo (46) describes the single axis Toledo plant in Spain (erected 1994) as 

having four payload sets of 250m2, each driven by a 2.5hp (1.87kW) 

motorised drive. The drive capacity represents around 7% of installed 

capacity, but it must be noted that the drive only operates periodically and 

probably below 70% of its full rating, for reliability’s sake.  To estimate an 

accurate energy ratio between drive and installed capacity requires 
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knowledge of the drive time. Another method would be to know the energy 

requirement for one tracking cycle and divide that into the daily power 

generated to arrive at an energy usage percentage as a percentage of 

production. 

Ahmad (47) declares a figure of 5.89% of generated power used by a two axis 

tracking system. A closer look at the research reveals that his PLC based 

controller used 5.84% of the power, the actual actuating motors used only 

0.05%. It is also evident that the power was generated by two panels with a 

rating of 38W, which is impractically small. 

The drive system in reference (20) specifies energy consumption for a single 

axis at 600kWh/MWp/Annum. At its maximum load the unit consumes around 

0.27% of the installed capacity. 

 

7.8 Predicting the path of the sun 

To begin to predict the position of the sun at a given site on the earth, some 

relevant site data is required, as the solar path changes each day and across 

the seasons. The most basic information is the site polar co-ordinates, latitude 

and longitude. The longitude is required to determine the solar noon at the 

site, when the sun reaches its daily zenith. The latitude dictates the noon 

elevation of the sun at the solstices and sets the limits for the noon elevation 

at the winter and summer equinoxes. 

Many papers have been published of algorithms to produce a solar map for 

any particular site. An algorithm produced for the NREL by Reda and Andreas 

(48) produces a useful result valid for the years -2000 to +6000 with a claimed 
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uncertainty of 0.0003°. This is a complex calculation in sixteen parts and the 

result is irrefutably accurate. 

 

For practical purposes, a website such as  www.sunearthtools.com (49) will 

produce a polar plot of azimuth and elevation for any grid reference and for 

any particular day, including shadow effects for adjacent buildings. Such a plot 

for the test site is produced in Figure 7.8 . The plot also shows the curves for 

seasonal limits. This plot was produced for the equinoxes on 21 March and 21 

September. It is clear from the plot that, without shade from adjacent 

buildings, midsummer sunrise would occur at 29° South of East or Azimuth 

119° but in midwinter this angle would be almost 29° North of East. 

The plot is useful for setting up a tracking system as it references the 

elevation of the sun at any hour of the day on any day of the year. 

 

7.9 Self actuating systems 

In steam and thermal practise, there are several devices which self-actuate to 

achieve some form of control, using the medium being controlled as the 

actuation source. An example is a self-actuating temperature control valve 

whic 

The system uses heat from the system being controlled to evaporate the fluid 

in the bulb and adjust the valve plug position to modify flow through the valve. 

Actuation is normally achieved by a light metal bellows and calibration is 

achieved by varying the volume in the sensor bulb (50). h uses a sealed bulb 

of fluid and a capillary tube to actuate a valve. 

 



 

 

54 

Figure 7.8 - Polar plot of the solar path at NMU North Campus

 

(Presented with permission from Creative Commons) 

 

This principle is used across a variety of valve designs to regulate flow of 

cooling or heating fluids. The actuation strength and displacement is reliant on 

the volume of gas or vapor available and the temperature attained. For a large 

scale version of such a device, the same relationship is relevant and may be a 

workable solution for a passive solar tracker using thermal imbalance to 

correct alignment with the heat source i.e. the sun.  
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Another example of self actuation is the flue gas damper for fireplaces in cold 

climates. The damper is normally closed to exclude draughts with a small 

opening to allow a small fire to be started in the fireplace. 

As soon as warm flue gases pass through the opening the damper begins to 

open itself. More heat causes a wider opening of the damper and the once the 

fire is out the actuator cools and the damper returns to the closed position. 

These damper actuators are usually bi-metallic devices of various designs, of 

which there are around thirty registered patents in the USA alone. Other 

common uses for self-actuating devices are automotive cooling thermostatic 

valves (wax expansion), electric kettle automatic circuit breaker and 

refrigerator thermostats.  

 

7.10  Powering the second axis 

In the limitations of this thesis, a tilt/tilt dual axis system was decided on, based 

on initial research which indicated that useful gains could be made from the 

second tracking axis (51,52). 

Mauro (53), He (54) and Hubach (55) all imagined that the first axis and the 

second axis could be combined to provide a rolling deck which remained normal 

to the sun. They concentrated on a four legged approach, one had four corner 

actuators with universal joints at each connection and worked on an algorithm 

to achieve two basic angles of correction. The other design was similar but each 

leg had a folding ‘knee’ to achieve the desired extension. 

The work of Comsit (56) derived a position for the southerly tilting axis assuming 

an actuated rotating vertical primary axis. The linkages were on lockable sliders 

which allowed periodic adjustment for seasonal zenith and nadir positions. 
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No reference could be found to explore the possibility of using the idea of 

Comsit for a Tilt/Tilt configuration, i.e. actively tracking one tilting axis and 

passively tilting the second in a fixed but adjustable relationship. The actuation 

of a second axis from the first requires additional energy. The amount of energy 

required may be little more than the bearing friction and any damping or external 

(wind, snow) loading that may be present, should the system be well balanced 

to start with. 

 

 

7.11 Summary of facts arising from the literature 

Several pertinent facts have arisen from the initial research and interviews 

conducted  

• There appears to be no consensus as to which tracking method is most 

effective and some research contradicts others, however it is noted that 

the research is done at diverse latitudes, on different continents, with 

differing atmospheric conditions and climates, all of which affect the 

annualised outputs. One aspect is certain, tracking systems of 

whatever nature, can increase solar electrical production by up to 35% 

(11,12) more than a fixed system, dependent on several variables. 

Using the logic of Chang (32) the NMU has the potential to collect 58% 

more energy than a fixed tilted payload, annually, using a perfectly 

tracked system. A pertinent statement is that of Kanyarusoke et al (51) 

who points out that the further the site is from the equator, the higher 

the benefit of the second axis of tracking.  
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• The method of tracking being considered, single axis, double axis, 

Tilt/Tilt or Rotate Tilt should take cognisance of the existing research in 

order to find the best solution for the intended locality.   

• Perfect tracking alignment is not required in order to achieve significant 

improvements in production, as evidenced by the compounded error 

argument discussed in the project limitations; a 90% accuracy is 

achieved despite 18° misalignment in two planes.  (28,29,30) 

• Tracking systems are expensive in South Africa, often matching the 

cost of an entire fixed installation. Scarcity of local demand due to the 

negative aspects of quality, service, price and reliability places a further 

premium on these costs. 

• Performance of the electronic systems (comparator and feedback 

types, with or without computational assistance), take good advantage 

of the available sunlight, although complexity and often questionable 

quality detracts from the benefits through unreliable performance. Lack 

of maintenance infrastructure and local know-how exacerbate the 

situation.  

• Judging from the huge body of research into the subject as well as the 

numerous methods which have been devised to monitor and track the 

solar path, a system which delivers the benefits and negates the 

current problems would have far reaching demand in new and 

retrofitted installations. 

• Tracked systems are considered by installers to be weaker than fixed 

systems since any external loading (wind, snow, birds) is transmitted to 

the support structure via the tracking actuation mechanism. This is not 
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necessarily true but rather depends on the design strength and 

suitability of the actuation devices. 
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8.0 SYSTEM CONCEPTS: 

It is a goal of this project to achieve the tracking function in the simplest 

manner possible without resorting to external power, electronic control 

systems, time based algorithms, complex gear reductions and any other 

complexities which add cost and detract from longevity and reliability. 

The largest required movement is in the primary axis from East to West. Once 

this axis has been mastered the smaller movement of the daily elevation can 

be addressed. As stated in the limitations, the choice of articulation is a dual 

axis Tilt/Tilt system. 

 

8.1 Requirements for actuation and control 

Actuation and control of a physical system requires work potential and limits to 

initiate and retard the rate of that work in comparison with a target position.  

To move a structure from one position to a new position requires work where  

a force is exerted over a given distance. To do this work using a fluid, the 

force required is dependent on the pressure generated per unit area and the 

displacement is dependent on the effective volume of pressurised fluid 

available. To do the work using an unbalanced mass of fluid is dependent on 

the fluid density and volume displaced. 

The force required to initiate movement is the sum of all resistances to motion 

including some form of damping, seal friction, bearing friction, opposition from 

an antagonistic cylinder, imbalance forces and other external influences such 

as wind. The chosen articulation is the tilting of a frame, so that the forces can 

be translated into moments of the frame about a central pivot, both positive 

and negative. 
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It is considered that movement is always slight, moving from one state of 

equilibrium to a new equilibrium, with some frictional hysteresis. 

The temperature differential across a misaligned payload is proportional to 

pressure change, in a closed system, and the pressure differential thus 

created is utilised to correct the misalignment through antagonistic actuation. 

Positional control occurs when the pressures are balanced and no further 

work can be done to alter the platform angle.  

In cases where the light source is interrupted, as on a cloudy day, the payload 

should remain static or recline slowly back to park position. Best productivity 

on an overcast day is achieved with a fixed horizontal panel, showing an 

improvement over a tracked panel (37,44) under these circumstances. 

 

8.2 System variants considered 

Actuation systems use various physical processes to do work on a system 

and control the position of the payload. Some examples are differential 

temperature, evaporation of refrigerant, change of state of wax, displacement 

of a mass or distortion of bimetallic strips. Some of these processes are 

passive and others are assisted. The mechanism for each actuation type 

differs widely from mechanical linkages to simple cylinders. 

This chapter explores some of these passive actuation methods that were 

considered and tested and their potential to perform the tracking function.  

 

8.2.1 Plain surface heating of a captive gas 

This method as shown in Figure 8.2.1 entails a hollow framework free to pivot 

in the planes required to follow the sun. The frame members are arranged to 
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face the compass directions and each member is hermetically sealed. All 

values of pressure and volume are initially equal.  

The frame is partly shaded to receive sunlight only in its compass direction i.e. 

sun from the East only falls on the East member. The air trapped in the 

members is unevenly heated and the expanding air harnessed in an actuator 

which tilts the frame toward the sun. The opposite member is in 

communication with its own actuator which is arranged in conflict with the first 

i.e. antagonistically arranged so that the heated tube is tilted towards the heat 

source and control is exercised by the gradual exposure, heating and 

resistance from the opposite, cool, tube. 

This system returns to park position when all gas volumes revert to their initial 

pre-charged state and the payload is horizontal. This requires the system to 

respond to the rising sun before actual tracking starts. 

  The warm actuator expands according to the general gas law from a 

condition (1) to a condition (2) - 

   (P1V1)/T1 = (P2V2)/T2  . . . . .(A) 

The opposing actuator is slowly compressed at constant temperature 

according to Boyle’s law to a different condition (3) - 

   P1V1 = P3V3              

However, neglecting friction, the new pressure P2 balances with the opposing 

pressure P3 for equilibrium, hence for the cool side gas - 

   P1V1 = P2V3           . . . . (B) 

As both volumetric changes supplement one another in a fixed volumetric 

ratio i.e. opposing pneumatic cylinders, - 

   V2 + V3 = 2V1        . . . . (C) 
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Figure 8.2.1 - Plain surface heating of a captive gas 

 

Manipulation of the above equations A and B by equating both sides to P1V1 

leads to the statement -  

   V3 = (V2 T1)/T2 

Manipulation of equation C in favour of V3 and equating both sides to cancel 

V3 yields the solution for V2  in terms of the known values - 

   V2 = 2V1/(1 + T1/T2) 

 

The solution for V3 is found as the difference from 2V1 and the equilibrium 

pressure P2 is found from equation B.The work potential of this concept is 

limited to the differential temperature and initial charge pressure of the gas. A 

differential temperature of 20°C between the sensors would provide a 

pressure differential of 6.8 kPa(g) from an initial condition at NTP. 
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8.2.2 Enhanced heating of opposed captive gases using solar tubes 

The system as described in paragraph 8.1.1 is upgraded to include two solar 

tubes which increases the maximum temperature above 150°C, with a 

corresponding pressure differential of 44kPa(g), as shown in Figure 8.2.2.  

The tubes would be mounted with preferential shade plates to ensure the East 

tube is exposed when the West tube is shaded, for antagonistic control and a 

rest position of a horizontal payload. The benefit of this system is the higher 

available gas pressure and potentially higher work capacity. 

 

Figure 8.2.2 - Enhanced heating of opposed captive gases 

 

8.2.3 Enhanced heating of parallel captive gas volumes 

A variation of the previous system is achieved by different arrangement of  the 

same equipment, shown in Figure 8.2.3. The payload balance is disturbed to 

produce a bias to the East, so that the rest position becomes fully tilted to the 
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rising sun. The shade plates are both arranged to shade West to enable both 

tubes to heat at the same time and angle. The solar collector tubes are 

connected to the same cylinder to provide a reservoir of twice the volume of 

the previous arrangement but at the same pressure, alternately the second 

tube may be connected to the second cylinder rod-end to approximately 

double the moment with the same available expansion volume as before. The 

intent is that the solar tubes create a tilting movement away from the heat 

source which balances the heat-derived moment with the out-of-balance 

moment to track the sun until the motive moment is lost in late afternoon, at 

which the gas cools and the payload succumbs to the gravity moment and 

returns East for the next day. The pressure potential remains as with the 

previous concept but the available volume or actuator area is doubled. 

Multiple collector tubes increase the available volume further but add 

complexity. 

Figure 8.2.3 - Enhanced heating of captive gas volumes in parallel 
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8.2.4 Gas expansion to displace a liquid weight 

In a departure from using the heat derived pressure in a cylinder, the air is 

used to displace water from a fixed reservoir to a second reservoir on the 

payload platform with the intent of disturbing the equilibrium, as shown below 

in Figure 8.2.4.  

Position control is again regulated by shade caused by the relative angle 

between sun and collector tube shade plate. As the tube is shaded the gas 

cools and allows fluid to siphon back to the fixed reservoir. The head pressure 

requirement is the height of the payload platform above the fixed reservoir and 

the gas volume that can be expanded at this pressure is the equivalent fluid 

volume which can be displaced to meet and exceed the bias mass. 

 

Figure 8.2.4 - Gas expansion to displace a liquid mass 
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8.2.5 Auxiliary PV and pump in an electro-hydraulic combination 

It was observed that the placement of PV cells in their panel configuration 

resulted in an almost zero panel output when a small section of the panel is 

shaded, despite the largest area of the panel exposed to strong sunlight.  

The current output of the panel is also relatively proportional to the unshaded 

area. See Figure 8.2.5 below. 

Using the above characteristic as a sun angle reference, a pump which is 

started by a cyclically shaded auxiliary PV panel pressurises a hydraulic 

cylinder which in turn is linked to the payload platform angle. The philosophy 

is that the pump speed increases as a function of the available current, again 

proportional to the degree of shade on the panel.  

The pump constantly maintains a shade angle which holds the payload panel 

normal to the direction of the sun.  

To prevent the pump running in a zero flow condition, a small leak-off ensures 

cooling flow through the pump and has the added benefit of allowing the 

platform to pass through the optimum angle twice per cycle.  

At the end of day, the pump slows and stops and the leak-off flow allows the 

platform to revert to its easterly bias overnight. 
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Figure 8.2.5 - Electro-Hydraulic combination 

 

8.2.6  Auxiliary PV and pump in a disturbed balance arrangement 

Similar to the above arrangement, this variant shown in Figure 8.2.6 requires 

no cylinders or linkages. The auxiliary PV panel is fitted as before but in place 

of the cylinder a tank is fitted to the West side member. When the tank is 

empty, the bias weight keeps the panel at the East limit. The PV causes water 

to be pumped to the tank which in turn disturbs the balance of the structure 

and it tilts in favour of the increasing tank mass. As before, movement of the 

shade across the auxiliary panel causes the circuit to shut down and the 

frame slowly returns to the biased position as fluid siphons back to the 

reservoir. To ensure rapid response and retarded return, a check valve is 

required in the delivery line which is bypassed with a restricted bypass tube 

for return flow. 

Figure 8.2.6 - Auxiliary PV and pump in unbalanced mass arrangement 
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8.3  Amplifying a thermal error signal 

Given sufficient amplification, the thermal pressure may possibly be utilised to 

do useful work. Methods of amplification are explored below.  

 

8.3.1  Elevated pre-charge pressure  

By raising the captive gas initial pressure increases the differential pressure 

once heated. The pre-charge pressure limitation is the sensor tube (pressure 

vessel) construction mass and proportionality ratios. An increase of pre-

charge pressure will not increase the actuation stroke of antagonistically 

arranged actuators and cannot be realistically used in unopposed systems. 

The negative aspect of this method is the reality of the inevitable small 

leakage and the need for periodic recharging of the system, whereas systems 

which use barometric pressure may be self-recharging during the overnight 

cooling period through a check valve from atmosphere. 
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8.3.2 Greenhouse cover 

Another form of amplification of the temperature input signal would be the 

greenhouse cover aspect of solar heated devices. A sensor tube with a glass 

cover will heat faster and more effectively to a higher temperature than a plain 

tube, also weather and wind effects are removed from the considerations or at 

least minimised.  

 

8.3.3 Insulation 

Insulation of the sensor tubes around the ‘dead’ or non-insolated surfaces will 

reduce radiation and convection losses and allow a higher temperature 

equilibrium, as well as shield the tubes from ground albedo which would affect 

the response. The gains in temperature will be offset in cooling response, 

which may have a positive effect on stability by introducing a measure of 

damping. 

 

8.3.4 Use of solar tubes 

In a departure from using the frame mounted air reservoirs, solar tubes can be 

mounted on the frame to provide much higher temperatures and pressures 

due to their enhanced vacuum insulation.   

The super insulation provided by the vacuum tube does however hinder 

cooling response as the heat is not easily rejected. A potential solution lies in 

rejection of the heat outside of the tube, say at a protruding stub. In this way 

the irradiated solar tube generates much more heat than is rejected but cools 

faster when shaded.    



 

 

70 

 

8.3.5 Mechanical advantage 

Utilising a given pressurised volume with which to do work also has the 

amplification opportunity of increased actuator area to increase force, 

however the moment of the actuation will remain constant when considered in 

the volumetric sense. An actuation force well above frictional resistance is 

preferable to a weaker force exerted over a longer stroke, where the frictional 

resistance may be at or near the applied force. The relationship between 

friction force and diameter of any pneumatic cylinder needs to be determined 

as a design guideline. 

 

8.4 Practicalities to be considered 

8.4.1 Friction effects  

Pneumatic seals are dynamic in that increased pressure results in increased 

normal force between seal and cylinder wall, increasing frictional resistance to 

movement.  

Friction effects cause a step-wise adjustment which is required to be small 

and dependent on the free movement and lubrication of the bearings of the 

mechanical structure. This situation is akin to the ‘chalkboard screech’ where 

movement is vibratory in nature due to motion opposed by alternatively static 

and dynamic friction co-efficients. The differential pressure increase across 

the stationary piston until the static friction is overcome, after which the 

displacement is exaggerated and movement overshoots due to momentum, 

finally losing motive force and stopping, which in turn invokes the static co-

efficient of friction again. In pneumatic trade terminology, this phenomenon is 
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known as ‘stiction’ and causes jerky movement and over- and undershoot 

control response. 

The stepping increments are also required to be small so as not to cause any 

noticeable inertial effects i.e. there are no start/stop inertial loads of the 

magnitude experienced with motors and gearing.  

A possible solution to the frictional resistance and ‘stiction’ phenomenon at 

low pressures is by using a diaphragm actuator. Conventional diaphragm 

actuators generate large forces through their large area but have limited 

stroke and a non-linear pressure to displacement ratio and antagonistic 

resistance of the extended diaphragm. A hybrid device combining the 

hermetic and low friction properties of a diaphragm actuator with the linear 

properties of a pneumatic cylinder is the recent development of the rolling 

diaphragm actuator where the pressure fluid is supplied dynamically, unlike 

the similar air spring device which utilises a captive passive gas charge within 

the device.  

 

8.4.2 Damping 

A further consideration for response is that of damping. A simple restrictor in 

the impulse line between actuator and sensor will reduce the severity of any 

errant response but also reduce start-up response. Considering that the 

horizontal resting system parks in a neutral position overnight, it is required to 

respond to the rising sun through a large angle of movement, so that any 

response delay due to restriction will cause a loss of production in the 

morning. The sundown situation is different in that it does not matter whether 

the response from sundown to park position takes a long time, as production 
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has ended for the day. For this reason, it is considered that response and 

damping be biased toward an easterly response, thereby minimising wasted 

production time in the morning. This is effected by a dual path damping 

system comprising a feed line with check valve in parallel to a bypass circuit 

with restrictor. Flow can pass freely from the East sensor to the actuator, via 

the check valve, to effect fast response to the rising sun. The return flow is 

blocked by the check valve and flow is forced through the parallel circuit 

containing the flow restriction.  

 

8.4.3 Air - over - Oil sealing 

Due to the low density of gases, hermetic sealing across component sliding 

interfaces is not possible with conventional pneumatic cylinders without 

periodic topping up.  

One method of reducing gas leakage is through use of an air-over-oil type 

hydraulic/pneumatic hybrid system. The oil leakage can be very well 

controlled due to higher viscosity and the 800x density increase over air 

hence near-perfect sealing of the actuator cylinders is possible. The amount 

of oil in the system may range from just sufficient to keep seals wetted or to 

an entirely hydraulic cylinder with the air-to-oil interface in a separate 

reservoir.  

Any oil vapours absorbed into the air charge remain in suspension and 

periodically condense within the system, hence piping dead spaces and 

slopes are important.  

A definite benefit of this partially hydraulic system is the ease with which the 

response can be damped as well as other hydraulic concepts that can be 
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applied. For example, external effects such as roosting of large birds or 

sudden gusts of wind can be resisted by introduction of a mechanical loading 

valve; any sudden surge of fluid causes the valve to snap shut and release 

again slowly once the disturbance has passed. 

 

8.4.4 Volatile gas mixtures and chemical compatibility 

Adjustment of temperature/pressure characteristics can be achieved by using 

gas mixtures. A variation of simply heated gases using a refrigerant or low 

boiling point medium, either as a pure compound or as an air-to-vapour 

mixture, allows some modification of the mixture’s expansion characteristics 

through Daltons law of partial pressure of each compound.  

An inexpensive route would be to use a common compound such as an 

Acetone vapour and air mixture along with commercial pneumatic cylinders. 

To ensure long term integrity of the mixture, the air-over-oil method would 

ensure that the cylinder seals provide a liquid seal and long term pressure 

integrity, however the acetone, thinner or alcohol refrigerant would tend to 

condense in the cooler volume of the cylinder and react with- or dilute the oil 

mixture. A viscous medium which is elastomer friendly is required to achieve 

the wet seal. Due to the insolubility of Glycerine in Acetone, these compounds 

are selected for the prototype testing with Glycerine as the wet seal medium 

and Acetone as the refrigerant motive vapour. 

 

8.4.5 Cylinder orientation and restriction 

The issue of ‘stiction’ remains, as well as the practical requirement for 

damping to resist external forces such as wind gust. The solution to both 
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these considerations may be found in the use of a double acting pneumatic 

cylinder where the unused volume is utilised for hydraulic damping. A further 

enhancement would be to mount the cylinder with rod side down to limit the 

gas sealing to only one (piston) seal. This allows the wet sealing medium 

contemplated above as Glycerine to ride on the piston and ensure a wet seal 

at all times. The damping action is achieved by the use of the rod-end volume 

as a reservoir for the same viscous compound for the wet seal, in 

communication with the opposite cylinder rod-end volume via a restrictor. The 

restrictor ensures that some back pressure on the pneumatic piston seal and 

pressure balancing reduces the seal interface force, reducing piston seal 

friction and permitting a smoother sliding action.  

 

8.4.6 Adaptability for testing other mechanisms 

A different method of control would be to use the sensor pressures as control 

forces only, i.e. by using a shuttle valve for control. The actuation energy 

needs to be sourced from outside the system, which is a departure from the 

intent of an independent operation. As a potential solution, a method of 

generating pressurised air within the system, using sunshine as input energy, 

would need to be explored to render a fully passive solution. To utilise such an 

air supply, a unique control is needed to respond to the very small sensor 

pressure changes during accurate tracking manoeuvres. The sensor 

pressures may be utilised as pilot operations for the use of a modified 3 

position 5 port pneumatic control valve for each axis. 
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8.5 Summary of all the variants considered 

8.5.1 Passive methods 

The passive thermal methods considered in paragraphs 8.2.1 to 8.2.4 were 

tested using the Tilt/Tilt test rig. In all instances, response was found to be 

slow due to thermal inertia and external effects of cool wind over heated 

surfaces. Angular displacement was found to be quite small in most systems. 

In all systems, the strength of the response was found to fall far short of the 

external factors, especially wind force in this region. 

 

8.5.2 Assisted actuations  

The systems as described in paragraphs 8.2.5 and 8.2.6 displayed positive 

response, satisfactory displacements and resistance to external forces. It was 

decided to proceed with the primary tracking system using one of these 

methods. 
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9.0 PROTOTYPE DESIGN: 

 

More than just a negation of existing system shortfalls, the design should 

contribute to the state of the art and advance the technology beyond what is 

commercially available and affordable. 

The design process lists the negative and positive aspects of electronic 

motorised systems and then continues with a list of potential enhancements to 

improve the technology.  

 

9.1 Current small electronic tracker systems 

– Negatives 

• High cost due to imports, exchange rates, foreign (EU and USA) labour 

cost, foreign royalties, layered commercial processes and import 

duties. Cost meets or exceeds the cost of the entire PV system. 

• Insufficient service facilities for honouring guarantees and performing 

maintenance. A partial cause of the reputation for unreliability. 

• Alternative quality systems sourced from eastern countries, another 

causal factor for unreliability. 

• High complexity. Many components rely on one another in series to 

allow the system to work. A minor failure results in a full system failure. 

• Systems are geared for large solar farm scale installations; options for 

small systems are few. 

• All systems rely on electronic control and electrical power sourced from 

the panel.  
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In conclusion to the view of the existing systems, it is obvious that there is 

room for improvement of several aspects of the status quo. 

 

Positives 

• Accuracy is very good, reliability of higher spec systems is acceptable. 

• Geared systems are not reversible, have high degrees of mechanical 

advantage and have good resistance to external forces dependent on 

their strength of construction. 

 

 

9.2 Desired attributes of the proposed system 

• Independent of external power supplies, minimal drain on the PV 

system. 

• Non-Electronic solution insofar as computational components and 

circuitry, simplicity of any electrical requirement. 

• Acceptable accuracy and acceptable response. 

• Standard materials, locally available. 

• Simple design solution for assembly by hand with minimal technical 

knowledge. 

• Low technology manufacture. 

• High reliability due to simplicity, corrosion resistance, weather 

resistance. 

• Damped to resist external influences such as wind gust, monkeys etc. 

• Long service life, lifetime lubrication. 

• Small actuation forces required due to balanced payload design. 
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• Aesthetically not poorer than current structures. 

• System may extend to several panels in series or matrix layouts. 

 

To achieve the desired attributes, each point is discussed individually with its 

challenges and opportunities – 

 

9.2.1 External Power  

Electrical actuators essentially make use of small motors with large reduction 

drives. These drives are complex and expensive gearing systems. To 

minimise costs the gearing is often made from nylon and polymer materials, 

which have adequate strength if temperature and cleanliness requirements 

are consistently met.  

To move away from external electrical power, another energy source is 

required to actuate the system and do work on the payload. The simplest 

method to produce a mechanical force is through movement of fluids, whether 

through heating and expansion or mechanically pressurised. A ready source 

of energy can be derived from the PV panel itself, provided the consumption is 

small. 

 

9.2.2 Non-Electronic Solution  

Electronics are generally susceptible to deterioration in the environmental 

conditions of heat, humidity, solar radiation, rain, dust and lightning. The use 

of sensor tubes to expand motive gases is a method immune to wind, rain, 

humidity but is reliant on solar radiation to operate. When the weather is wet 

and stormy, the PV system will not be effective anyway, so during heavy rain 
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and dark weather the system shall return to its parking position. Any electrical 

components need to be shielded against moisture, excessive heat and static 

discharge. 

 

 

9.2.3 Accuracy and Response 

Sensors are accurately and firmly fixed to the payload structure. As stated in 

the project limitations, the expected accuracy and response will allow the 

payload to reside within 10% of optimal alignment which results in a minimum 

effectivity of 90% averaged over all seasons. 

 

9.2.4 Standard materials and local availability  

The design must essentially concentrate on the use of locally sourced 

materials. Exotic materials and complex machining or the use of proprietary 

parts from international corporates should be avoided where possible. 

Specialised components for example exotic seals may be considered for their 

role in providing a long reliable life but for the most part the design philosophy 

should hinge on local supply, local fabrication and above all value addition to 

local materials. Due consideration in the design can meet these challenges to 

the benefit of local job creation, support of local commerce and the potential of 

foreign revenue. 

 

9.2.5 Simple Design, hand assembly 

The design philosophy is again stressed as having to epitomise the concept of 

simplicity meeting absolute functionality without compromise to structural 
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integrity or long term reliability. This is achieved through use of hand 

assembled structural joints, clip fittings, pressure locking mechanisms. 

Material selection of lightweight hollow sections and corrosion resistant heat 

treated alloys also aid achievement of this goal. Where possible, use of 

automotive materials such as rubber products, paint and hydraulic 

components is to be considered for this purpose, these generally having met 

high manufacturing standards and generally being immune to the weather 

environment and harsh treatment. 

 

9.2.6 Low-Tech manufacture 

By design, the system apart from the PV panel can be manufactured without 

dependence on large capital equipment and high technology. This allows 

manufacture to be done by several small business workshops delivering to an 

assembly hub. In this way, small operators are empowered and employment 

is distributed amongst many lower income entities rather than a high capital 

batching production line of a large business. 

 

9.2.7 High Reliability and Long Service Life 

The design process will focus on material selection for long life with the 

considerations of fatigue, wear and corrosion but moderated by cost. Another 

aspect to be considered is the sealed unit concept which eliminates joints and 

potential leakage by using permanent fixing methods.  
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9.3 Design Fundamentals 

9.3.1 General Dimensions 

The two test PV panels are sized at 325W rated capacity each and have the 

dimensions of 1m wide and 2m long. For a minimal actuation force and hence 

minimum work done to articulate through the full range, the unit will need to be 

well balanced. To meet this criterion the centre of gravity of the payload must 

pass through the pivot between payload and support structure. The problem 

arises that the centre of gravity of the panel and any support frame would 

pass within the depth of the panel. For this reason the configuration chosen is 

two panels arranged side by side with a central space wherein the pivot may 

be fitted in the centre of gravity. As the pivot will not occupy all of this central 

gap it is conceivable that some smaller PV panels may be fitted in the gap, if 

required. 

The maximum articulation range chosen is 30° above the horizons in the 

East/West direction and a similar arrangement for North/South. This implies 

that the central gap would be in the order of 0.5m wide in order to avoid 

fouling between payload and support structure at the extremes. The general 

payload dimension is then 2.5m in width and 2.0m in length. 

 

9.3.2 Rotational stability 

The chosen configuration is a Tilt/Tilt arrangement. To keep each of the 

control actions from unduly affecting the other, it is important to prevent any 

rotation of the payload such as would be the case if a ball joint pivot is 

selected. The solution to this requirement is the selection or design of a 

Hookes joint which is capable of sufficient articulation to meet the angular 
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motion requirement and the required strength. The centre of the cross of this 

universal is required to be coincident with the payload CG. To attach to a 

payload frame, the centre cross may be unequally sized. 

 

9.3.3 Weather resistance 

The support structure may be a single upright column, whether solid, hollow or 

latticed. The length of the column must ensure that the corner of the frame 

cannot foul with the floor, hence the minimum height between floor and pivot 

is the diagonal between pivot and corner of the payload or 1.6m, which leaves 

a 100mm clearance at maximum articulation. The centre column and payload 

frame must be able to resist storm gusts with a safety factor of 2, the frame 

must also be checked for strength at least equivalent to the panels i.e. 2400N 

wind load and 5400N snow loading. Although the test site is not in a snowy 

climate it is not inconceivable to encounter some hail burden at some time in 

the future. An important consideration is the attachment of the support 

structure to the concrete slab at the test site. It would be advisable to place 

outriggers to reduce the point loads on floor bolts and also use an industrial 

epoxy under these to distribute the load. 

9.3.4 Safety 

As in all designs, intrinsic safety is a necessity. Apart from sufficient strength 

of structures, the design must cater for resistance to collapse or failure 

through looseness, vibration, corrosion or accident. During high winds or 

unexpected gusts the structure may move unexpectedly, so that a safety bolt 

facility must be provided to prevent movement when persons are in close 

proximity during maintenance or inspection. 
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9.4  Detailed design 

The detailed design of the following components is attached in Appendix C. 

 

9.4.1 PV interface frame 

This frame is the carrier for the panels and is mounted to the central pivot. 

The prototype frame also serves as a set of five pressure vessels which 

provide structural strength and a reservoir for motive fluid, as well as 

performing duty as heat sensors. The final design uses unequal leg angle 

sections. 

 

9.4.2 Centre support column 

The support column was designed for the prototype although the design 

parameters also hold true for the final specification. The prototype column 

included a hermetically sealed space for use as bulk air receiver, as forward 

planning for alternative actuation fluid. The design also included 

considerations for the fragility of the rooftop test site, wind loading and 

corrosion. The final design utilises square tubing for the centre column. It has 

optional steel feet for mounting on an existing concrete slab, alternately a pre-

cast site-assembled concrete base is specified. 

 

9.4.3 Hookes  joint 

The payload interface frame must be radially stable to enable Tilt/Tilt panel 

tracking and resist external forces. The prototype used stock mild steel 

sections and common bearings. The final design reduces mass and cost by 

half  without compromising strength.  
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9.4.4 North-South Linkage 

The actuation of the elevation axis is powered by the azimuthal axis. It 

comprises a rigid linkage attached to the centre column by means of a second 

linkage whose ends are fitted with 3-axis ball joints. The mechanism is set up 

to meet the start and end of day azimuth angles and progressively revert to 

the noonday angle of the angle of latitude of the site.  

  

9.4.5 Reinforced concrete (RC) foundation 

A pre-cast foundation is proposed for installation at a greenfield site. The 

assembly consists of two identical and interlocking parts that are assembled in 

a compacted excavation and then backfilled. The centre column bolts onto 

this construction.  

A second foundation proposal is for the site to be excavated and compacted, 

steel reinforcing is assembled in the excavation and some blind shuttering 

limits the cast volume. The mould is then cast and backfilled and backfill 

compacted to produce a single piece foundation. 

 

9.4.6 Return mechanism 

For a final solution that entails a gravity return, some mechanism is required 

to allow the system to return to the parking position at the end of the day. Two 

methods are considered - 

• An electrical cut-out. A limit switch is activated at the end of the east-to-

west tilt range, which resets once the system has reached parking 
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position, or once the payload trigger cell has been tilted beyond the 

light source.  

• A hydraulic cut-out. A ball valve is mounted on a plate with an eccentric 

spring to create a détente which allows the valve to snap open or shut 

from an activating force. The activating force is a lever or cable 

connected to the east-to-west tilting beam. The valve opens at the end 

of stroke and allows the payload to revert to parking position, where the 

valve snaps shut and the hydraulic system is restored for the next 

operation. 
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10.0 TEST RESULTS - OVERVIEW 

This chapter recounts the highlights of the various tests. A detailed record of 

testing is provided in Appendix B. 

In line with the many possible variants considered, Table 10 summarises the 

testing of each variant and their scoring against the desired criteria. Clearly 

the auxiliary PV and pump variant performed better than  the other variants 

and prompted the decision to develop this concept. 

 

Quantitative testing only became possible once the tracking system produced 

predictable and repeatable results. A set of two current sensing PV cells were 

employed, the first mounted on the tracked platform, the second mounted 

horizontal on the centre column. Data from these sensors was logged using 

synchronised, periodic current readings, which are representative of full size 

PV installations. Their comparative data reflects the improvement of the 

productivity of the tracked payload versus the horizontal fixed installation, 

tracked versus fixed tilted and fixed horizontal versus fixed tilted. The 

horizontal fixed sensor is representative of the conventional insolation 

measurements which are recorded by many organisations worldwide, 

providing a link between site data and historical site data. 

 

10.1 Pressure sensors 

During February 2019, a set of steel pressure vessel sensors was constructed 

from square tube with plate ends. The tubes were initially blackened with self-

etching high heat paint, fitted with pneumatic valves and pressure transducers 

and pressurised to 5 Bar(g) at 24˚C. Under full sunshine in still conditions and 
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approaching 1000 W/m2 vertical insolation, the two sensors generated 

585kPa and 589kPa gauge pressure, implying an average gas temperature of 

close to 70˚C. The sensors were shaded in turn using cardboard tunnels with 

sufficient height to allow free convection for cooling. Pressures were 

measured at 5 minute intervals to indicate response time. The pressure 

differential diverged exponentially and settled to within 5% of the final 30-

minute result within the first 10 minutes. Settled temperatures derived from 

gas pressures were typically 68˚C and 29˚C, a differential of 39˚C and which 

concurs with previous estimates of the available limits for a full-size actuation 

system. 

 

10.2 Test rig tilting range 

The original test rig comprised a payload platform from tubing, each member 

being a captive gas pressure vessel. The structure displayed a range of 

movement which would allow a panel angle of 70˚ to all four directions. This 

range reduces to a panel angle of 60˚ to East and West once the balancing 

slides are fully extended. (See Appendix D page 38, Drawing P0000) 

 

10.3 Testing using thermal pressurisation 

Original testing using the test rig pressure vessels fell short of expectations, 

despite the pressure of the closed vessels meeting the calculated value. Initial 

calculations indicated a larger available gas volume expansion than the tests 

produced. The error was found to be a combination of - 

• the omission in the calculation of the lost mass of gas to actuation 

• the constriction of the lost mass due to cooling in the actuator 
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• the effect of gradual ambient warming of the cool gas volume 

• background radiation on the cool gas volume 

 

Although the system did produce some useful expansion to do work, the 

available work was too small for practical purposes. Further pursuit of this 

method requires substantially higher temperatures and impractically large 

volumes to produce sufficient work potential. 

 

10.4  Testing using enhanced thermal pressurisation 

Using solar tubes and steel inserts produced temperatures around 150 ˚C and 

gauge pressures exceeding 40kPa. 

Despite the higher temperatures the gas volumes were the limiting feature.  

The volume of heated gas in the steel pressure vessel inside the solar tube 

further limited the available gas volume despite the large improvement in 

temperature and pressure. The steel mass also drastically increased 

response time, taking around two hours to heat.  

The steel tubes were replaced with longer aluminium tubes of similar cross 

section with no improvement in work potential other than a response time 

improvement to twenty minutes. 
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TABLE 10 - Performance rating of several variants of actuation  
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10.5  Acetone Mixture volume tests 

A separate apparatus was set up to investigate the effects of Acetone 

(CH2)3CO vapour as an air mixture, using a solar tube with a steel insert with 

wick and connected to a pressure gauge and a 50mm pneumatic cylinder. 

The cylinder seal was blanketed with Glycerine to produce a wet seal. Pure 

acetone has a very low vapour pressure at low ambient pressures, hence the 

air mixture moderates this low temperature situation by a Daltons law addition 

of partial pressures and ensuring that the mixture pressure remains positive.  

These tests produced useful pressures and volumes. The side effect is that 

the vapour condenses above the Glycerine layer in the cylinder and remains 

there as an inert fluid, having neither the pressure or heat to become re-

entrained. It was noted that the system pressure performance diminished as 

the liquid volume in the solar tube transferred to the cylinder. 

 

These tests illustrate that an Acetone vapour pressure generator can produce 

good results under the following conditions - 

• The actuator should be located above the vapour generator to ensure 

gravity return of the condensate. The slope of the tubing should allow 

drainage of condensate. 

• The feed pipe should be large enough to allow dual direction flow of 

vapour and returning condensate. 

• The cylinder being pressurised should be arranged such that any 

condensate formed inside can be effectively drained away. 

• The feed line requires insulation to prevent significant heat loss to 

condensation with resultant pressure reduction. 
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• Acetone is reactive with aluminium hence materials such as nickel 

steels must be used. 

 

10.6 Testing using shifting balance 

This variant pumps water from a low reservoir to an eccentrically placed 

reservoir at the edge of the platform. The platform is weighted to face East 

overnight. The heated air from one solar tube aluminium insert displaces the 

water from the airtight low reservoir up to the variable mass reservoir which 

encourages tilting of the platform, in turn causing shading of the solar tube 

and a resultant cooling of the gas, causing drainage of fluid from the variable 

reservoir and reversing the tilt. The intent is that the alternate tilting 

increments follow the angle of the sun until sundown, when heating is lost and 

the fluid drains back to the reservoir, allowing the platform to return to its East 

bias by gravity. 

This theory was tested during the week starting 16 March 2020. The platform 

was fitted up with two glass jars of 500 ml capacity, the first  jar had been 

modified to accept pressurised air of 50 kPa via a sealed tube through the lid. 

A second sealed tube originated in the base of the jar and extended to the 

second bottle. This second bottle was hung from the platform at its western 

end and its lid was perforated to prevent airlocks. The platform was weighted 

to stay tilted to the East when the second bottle was empty.  

A function test using only lung pressure easily displaced water to the second 

reservoir and effected a successful full tilting motion. The water was then 

allowed to siphon back to the airtight bottle with the air hose disconnected. 
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The air tube was connected to the aluminium insert on 17 March. The system 

responded as expected and water was pumped to the second reservoir, 

initiating some tilt. The air pressure was noted to increase to approximate the 

head difference and stabilised there for some time. The limiting factor is again 

the rapidly diminishing pressure and volume of the heated gas once it is used 

to do work. 

This system relies on a delicate balance driven by heating and cooling, the 

heating having a response of twenty minutes and the cooling response 

somewhat slower. The system does perform some tracking although the result 

is difficult to measure due to effects of wind and passing clouds.  

 

10.7 Shade positioned payload 

A pump connected to a pneumatic cylinder provided a firm response which 

provides a powerful hydraulic thrust and which is damped to resist external 

influences. Positioning of the payload is effected by starting and stopping of 

the pump, triggered by the relative position of the sun and shade screen as 

shown in Photo 10.7. 

The system was calibrated to respond within 5˚ either side of optimum when 

running a single axis polar East/West tracking method. The trigger system 

was further developed to react at a total angle of 4˚ using a 5 Volt PV cell and 

relay.  
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Photo 10.7 - Shaded trigger sensor 

 

 

 

10.8 Testing the second axis control linkage 

The initiative to actuate the second axis without duplicating the entire first axis 

system was tested and found to be productive.  

The system uses a drop link pivoted vertically from the major arm of the 

Hookes joint and rotating a bell crank, which in turn lifts a ball jointed 

connecting rod, attached to a bridge across the centre beam frame and 

positioned at 180mm from the centre pivot. See Figure 10.8(a) to (e) for 

clarity. 
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Figure 10.8(a) - Mimic linkage for northerly tilt 

 

In this way the payload is tilted progressively up to the maximum noon 

position and then reduced progressively until sundown, when the payload is 

inclined at its maximum westerly position and retains some northerly tilt. 

 

The system can be set at the median (equinox) position and remain 

unadjusted throughout the year. In this case the noon accuracy is precise at 

both equinoxes but reduces to 92.4% at noon on the solstices. Early morning 

and late afternoon alignment accuracy is dependent on the degree of 

articulation but remains above 90% within the active tracking range. The 

noonday accuracy changes daily by an average 0.08% between the limits of 

92% and 100%. 
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Figure 10.8(b) - View from East at morning position 

 

 

Figure 10.8(c) - View from South at morning position 
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Figure 10.8(d) - View from East at noon position 

 

 

 

Figure 10.8(e) - View from South at noon position 
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This tilting motion reverses as the platform returns to the morning position 

overnight, ready for sunrise with an easterly tilt and again with a northern tilt 

component.  

The linkage was set up for the exact day of the year and observed to be 98% 

compliant, acting as an auxiliary to the hydraulic first axis drive and dependent 

on the accuracy of that actuation. 

By effecting a linkage adjustment of around 7˚ twice yearly increases the 

mean annual noon accuracy to 97%. 

The linkage drawings and components are detailed in Appendix C. A table of 

recommended bell crank drillings is provided for several ranges of latitudes in 

the southern hemisphere.  

 

10.9 Estimating the pointing accuracy 

The pin and shade method of checking absolute alignment was used to 

monitor the accuracy of the tracking function at a glance, in order to rapidly 

correct deficiencies on site without waiting for datalogger downloads and 

trends. A 10mm pin of 80mm length was placed normal to the payload. The 

pin was mounted on a pyramid of washers of known diameters. The length of 

the shade indicates the accuracy of the alignment at a glance. Figure 10.9 (a) 

and 10.9 (b) illustrate the method.  

 

10.10 Solar cell output comparisons - Tracked vs Horizontal 

Testing of the performance of the platform started in earnest once a 

consistent tracking response was achieved during the first quarter of 2020. 
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The two comparator cells were mounted on a common board and connected 

to EasiLog current dataloggers to measure in the range 4 - 20 mA, with 20mA 

representing an insolation of 1000W/m2. The cells were exposed for a period 

of one solar day and produced almost identical results, with a percentage 

deviation of 0.1%. This was neglected and the marginally under-reading cell 

mounted on the tracked plane, for any later benefit of doubt. 

 

Figure 10.9(a) - Shade pin error angles illustrated 

 

For this gauge, the error angle at the edge of each washer is calculated as - 

α = Tan-1 (radius of washer / length of pin) 
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Figure 10.9(b) - Shade pin - from concept to reality 

 

 

During the month of September 2020, the noon setting was fixed at 35° panel 

angle which approximates the equinox position of the noonday sun at the site. 

The results are shown in the current outputs of the tracked and fixed 

horizontal cells. 

Examples are shown below in Figures 10.10(a) and (b) for these equinox 

period test results, two days are chosen for their full day cloudless conditions, 

17 and 30 September 2020. Samples are shown for the period 06h00 to 

17h00. 

The tracked cell produced 17.449 Ampere seconds (As) for the day compared 

to the horizontal cell’s 10.986As for the same period, an improvement of 

58.82% over the horizontal. 
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Figure 10.10(a) - Comparison Tracked vs Horizontal 17 Sept. 2020 

 

 

 

From the curve it can be seen that the current peak exceeds 16mA against 

the horizontal cell’s 11mA. A similar condition was experienced on 30 

September 2020 as shown. On this day the tracked cell produced 17.81As 

against the fixed cell’s 11.31As, an improvement of 57.5%. 

Of interest in these charts is the characteristic irregularities. The abrupt 

morning reaction of the tracked cell is due to the sun emerging over an 

adjacent rooftop. Due to the advantageous alignment at the start of the day, 

the initial ratio of currents produced is between 2::1 and 4::1 in the early 

morning, dependent on mist or low cloud at sunrise. 
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Figure 10.10(b) - Comparison Tracked vs Horizontal 30 Sept. 2020 

 

 

 

The cyclic pattern at the end of the day is due to the termination device which 

cuts the power and allows the payload to drift back to the east, but resets 

several times to keep the panel at maximum tilt position until no more sunlight 

is seen by the shaded sensor. At the end of day, the tracked output is still 

around 100% greater than the horizontal cell output. 

 

Illustrating the findings of Quesada, Koussa and others, a heavy overcast day 

was monitored where the tracker was just able to function. As can be seen in 

Figure 10.10(c) the horizontal cell produces slightly more current than the 

tracked cell, although the tracked system responded earlier and reached peak 
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output around 90 minutes earlier than the static panel. This would contribute 

almost twice as much absorbed energy across this period. 

 

 

Figure 10.10(c) - Comparison of rainy day  27 Oct.  2020 

 

 

 

An unusual behaviour was noted on this occasion in that the payload was 

seen to ignore the direct position of the heavily overcast sun position and 

locked on to the area further west which appeared brighter and exhibited the 

appearance of having greater background radiation, thereby almost matching 

the horizontal cell output.  
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11.0 FINAL SPECIFICATION: 

The specification reflects the final state of the test prototype. All drawings are 

to be found in Appendix D. 

 

11.1 Construction 

11.1.1 General Description 

The specification describes the structures, parts, circuits and loops required to 

construct a sun tracking platform which will support 650We of solar 

photovoltaic panels. It details a Tilt/Tilt operation whereby the payload 

platform tilts in a wide range of angles using an unequal leg Hookes joint 

interface with a centre column, in order to meet the solar path squarely over a 

large part of the solar day. 

 

11.1.2 Centre column and mounting method 

The centre column is flange mounted with an option of bolting to slab or to a 

pre-cast foundation. The slab mounted option has welded foot braces which 

are interlaced with round bar ties to avoid torsional vibration in high winds. 

The foundation mounted option caters for a pre-cast reinforced concrete X-

footing in two parts. Provision is made for wire-tie stiffeners on this option. 

The centre column uses a square section for its lower extremity to resist very 

high bending moments near the base in the event of storm winds. A structural 

tube section extends from the base to meet the Hookes joint. The bearings on 

the centre column are bolted onto a set of short channel sections welded 

rigidly to the tube column upper section. A bridge of inverted channel section 

is welded atop the bearing mounts as a structural torsion stiffener.  
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11.1.3 Payload Platform 

This description is illustrated by Figure 11.1.3. The platform comprises a 

rectangular frame of unequal leg angle sections with the long flange vertical 

and the short flange horizontal facing outwards. The members are joined by 

diagonally drilled corner braces fabricated from equal leg angle. The frame is 

suspended on two backbone members of tapered channel section which are 

placed parallel on either side of the centre of the longest side. The backbone 

members are bolted to bearings via an optional centre of gravity height 

adjuster plate and which connects to the pin ends of the longer Hookes joint 

member via a pair of spherical bearings. 

The shorter Hookes joint pin is held in a second pair of parallel spherical 

bearings mounted on the top of the centre column. 

 Figure 11.1.3 - General arrangement of Tilt-Tilt structure 
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11.1.4 Fluid drive and actuation 

The platform utilises a pneumatic cylinder which is repurposed as a hydraulic 

actuator. Hydraulic pressure is provided by a pump which is stopped and 

started by a positioning circuit. The positioning circuit is energised via a relay 

from a selectively shaded PV cell. Electrical power is tapped from the PV set 

through a DC voltage reducer. 

The actuator is mounted on a pivot fixed to the centre column and acts 

against the longer Hookes joint member by means of an extended clevis. 

Actuation and positioning are provided in one plane only, the second axis is 

actuated by a mimic linkage to the first and tilts toward the northern direction 

as a function of the angle of the Hookes joint main member. The bell crank 

part of the mimic device has various drillings to adjust for improved 

performance at different latitudes or seasons. 

 

11.2 Functional Description  

11.2.1 Hydraulic Operation 

The following description can be read with Figure 11.2.1 Hydraulic circuit 

diagram. 

The hydraulic circuit contains a reservoir, a pump, an actuator and a return 

line which tees from the supply line and returns to the reservoir via a 

restriction and isolation valve. 

When the pump runs, pressurised fluid extends the cylinder and lifts the 

Hooks joint member by means of the clevis extension. As the pump stops, the 

pressurised fluid in the cylinder is held by the pump discharge check valve, 

however a small volume of fluid bleeds out through the restrictor and returns 
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to the reservoir. With no further pump starts the platform returns to its original 

position after some delay by gravity. 

The inlet to the cylinder is also restricted to provide some damping to the 

movement. The cylinder is double acting so the rod end is used as a damper 

against storm winds. The upper chamber is flooded and the entry is 

connected to the reservoir via another restrictor. 

A small volume of air resides inside the cylinder to absorb any shocks such as 

from wind gusts. Excess air in the cylinder is displaced each night through the 

bleed restrictor when the piston recedes. 

 

11.2.2 Electrical operation 

The electrical circuit is illustrated in Figure 11.2.2 Electrical circuit diagram 

and has two discrete circuits - Power and Control. 

The power circuit draws current from the panel voltage reducer direct to the 

motor positive terminal. The negative motor lead continues across the 

contactors of a relay and an isolation switch back to the power supply. When 

the isolator is closed and the relay normally open contactors are closed, the 

motor draws current and runs.  

The control circuit draws power from a selectively shaded PV cell mounted on 

the payload frame and positioned to illuminate when a certain degree of 

misalignment is present. Once the cell is illuminated beyond 75% of its area, 

the resulting current is sufficient to energise the relay coil and pull the relay 

contactors closed, starting the motor. 
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Figure 11.2.1 Hydraulic circuit diagram
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The running motor shifts the position of the payload platform and 

subsequently shades the control PV cell, opening the relay contactors. 

In time, a combination of the changing position of the sun and the reclining 

action due to the leak-off valve, the control PV cell illuminates again and 

advances the payload another increment. 

 

11.3 Performance 

The pump specification is 120 litres per minute at 75 kPa. The pump is a 

positive displacement type and with restricted flow performs a full stroke of the 

cylinder in 3 minutes. 

The restrictors are set to return from full extension over 120 minutes. 

The motor starts approximately every 3 minutes and runs for 6 to 8 strokes. 

The alignment with the polar East to West position is maintained within 2° for 

the operating range of the device. 

The mimic device accuracy of the northerly tilt depends on the bell crank 

setting on the day but ranges above 90% alignment within the actuation range 

of the system when set at the equinox setting of the site. 

  

11.4  Materials 

The materials details can be found on the individual part and assembly 

drawings as well as the costing sheet in Appendix E. 
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Figure 11.2.2 Electrical circuit diagram 
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11.4.1 Commercial components 

Pneumatic Cylinder 

The cylinder is repurposed for low pressure hydraulic duty. The selection code 

is ‘SC-202005261124154646’ and the catalogue page is provided below in 

Figure 11.4.1 (a). 

Hydraulic pump 

The pump selected is a solenoid and plunger type 12V model pulse flow 

electric fuel pump manufactured by Motor Components LLC, USA under the 

trade name Facet ® Electronic Fuel Pump. The installation instructions are 

attached Figure 11.4.1 (b). 

Miniature circuit breaking relay 

The PE series relays provide reliability at low cost. The spec sheet is provided 

below in Figure 11.4.1 (c). 

Rod end connectors 

The mimic linkage requires spherical joints at the ends of the links. These are 

sourced through Bearing Man (Pty) Ltd and manufactured by IKO Nippon 

Thompson Co. Ltd. The part number is PHS 10EC. 

Flange bearings 

The four Hookes joint bearings are 25mm spherical bearings in a 2-hole 

flange mounting, supplied by Bearing Man (Pty) Ltd. 

The Housings are designated FYT5 and the spherical insert YAR 2-2F.  

Fasteners 

Structural bolting is fixed using plated bolts and spring washers. 

Linkages are for the most part lubricated bolt shanks in bushings, these are 

tensioned to the required clearance for minimal play and held in place using 
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Ny-Lok locking nuts. Captured O-rings maintain the lubrication in the swivel 

joints. 

Figure 11.4.1 (a) SC Series Pneumatic cylinder 
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Figure 11.4.1 (b) Pump installation guide 

 

 

 

 

Instructions in Enqlish, Espafrol. and Franeais

FACET.PUROLATOR SOLID STATE ELECTRONIC FUEL PUMP
INSTALLATION INSTRUCTIONS

The Facet-Purolator Solid State Electronic Fuel
Pump is designed to replace the original equip-
ment fuel pump on carburetor-equipped cars,
trucks, agricultural equipment, marine pleasure
craft, and generators. The solid-state design pro-
vides greater reliability, longer life, easy installa-
tion, freedom from hot weather vapor lock, and
faster engine starting in cold weather. When prop-
erly installed, your fuel pump will provide a consis-
tent, steady fuel supply to keep your vehicle
running smoothly for many years to come even
under severe driving conditions.

OPNONAL ITEMS:
2 - 5i16-inch fuel line fittings
2 - 1|4-inch Hex self-tap screws
2 - 1/4-inch nuts
2- 1|4-inch star washers

REQUIRED ITEMS:

2 - Pump must be properly fused with a 3- to
s-Amp automotive-type fuse.

SUGGESTED TOOLS: Electric drill &7132-inch
bit, tube cutter, hose clamp pliers, locking pliers,

7/16-inch wrench & fuel line plugs, hose clamps,
wiring connectors, wire, 5116-inch f lex-hose.

PBEPARATION
1 - Ne*dr (ABC) fire eEinguisher within reach.
2 - DiscohnGct the ve*Fti battery, relieve fuel

line pressure, then disconnect fuel line.
3 - Select mounting area where temperature won't

exceed 140'F (60'C).
4 - Ensure the fuel pump electrical requirements

match those of the vehicle electrical system.

OPTIONAL
lnstall an OIL PRESSURE SAFETY SWITCH dur-
ing installation of tlds fuel pump and connect the
Red power lead to the_L contact. This stops
pump_operation if the engine stops and the
ignition switch is ON. (Fig. 1)

road hazard damage, exhaust systems, and
must be within (12) vertical inches from the
fuel tank (bottom).

2 - Position the pump in an upward direction at
45'away from the tank. Mark and drill (2)

7132-inch holes into the frame aligned to the
mounting bracket. (Fig. 2)

3 - Place the pump over the holes and start the
first 1/4-inch self-tap screw into the frame.
Start the second screw capturing the black
(neg) lead into the other hole. Tighten both
SCTEWS.

p[fSome installations may require fastening_
the bracket to threaded studs with 1/4-inch nuts.

4 - Install the fuel liller (74 micron) on the inlet.
Reconnect fuel line and clean up spilled fuel.

5 - Connect the RED (positive) power lead to the
OIL PRESSURE SAFETY SWITCH OR TO A
RELAY CONTROLLED BY IGNITION. If this
pressure switch is not available, connect to the
ignition switch voltage supply terminal.

Observe the pump is operating by hearing a
vibrating sound from it. Ensure there are no
leaks in the fuel system.

@ --6 - Leconneatlhe-batlenlte@inal9.- 
--NEGATIVE GROUND SySTEM ONLy 7 -Turn ignition switch to ON, and start engine.

1 - ln-line fuel filter (74 micron) to be mounted on 1 - Select mounting location: a clean section of
the pump's inlet port. the frame away from an area susceptible to
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Figure 11.4.1 (c ) Miniature PCB Relay 
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SCHRACK
General Purpose Relays
PCB Relays

Miniature PCB Relay PE 

n 1 pole 5 A, 1 form C (CO) or 6A, 1 form A (NO) contact
n Cadmium-free contacts
n Sensitive coil 200mW
n Ambient temperature 85°C
n Low height 10.0mm
n Plastic materials according to IEC 60335-1 (domestic appliances)

Typical applications 
Industrial electronics, white goods, measurement and control

Approvals  
VDE Cert. No. 40011901, UL E214025 
Technical data of approved types on request  

Contact Data  
Contact arrangement  1 form C (CO) or 1 form A (NO)
Rated voltage  250VAC 
Max. switching voltage  400VAC
Rated current  5A (CO - types)  
   6A (NO - types)
Breaking capacity max.  1250VA (CO - types)  
   1500VA (NO - types)
Contact material  AgNi 90/10, AgSnO2
Frequency of operation 
 with/without load  360/72000 ops/h
Operate/release time  typ. 8/8ms 
Bounce time, form A/form B  typ. 4/6ms

Contact ratings
Type   Contact  Load   Cycles 
IEC 61810
PE013  C (CO)  5A, 250VAC, cosφ=1, 85°C  30x103 
PE014/PE015  C (CO)  5A, 250VAC, cosφ=1, 85°C  100x103 
PE014 A (NO)  5A, 30VDC, 0ms, 85°C  100x103 

PE015 A (NO)  1,5A, 30VDC, 900/h, 50% DF  100x103 
PE034  A (NO)  6A, 250VAC, cosφ=1, 70°C  50x103

UL 508
PE013  C (CO)  5A, 240VAC, resistive, 85°C  30x103 
PE014/PE015  C (CO)  5A, 250VAC, resistive, 85°C  100x103 
PE014  A (NO)  5A, 30VDC, resistive, 85°C  100x103 
PE034  A (NO)  6A, 250VAC, resistive, 70°C  100x103 

PE514  C (CO)  5A, 250VAC, resistive, 85°C  10x103 

Mechanical endurance, DC coil  >15x106 operations.

Coil Data  
Coil voltage range  5 to 48 VDC
Operative range, IEC 61810  2

Coil versions, DC coil  
 Coil Rated Operate Release Coil Rated coil 
 code voltage voltage voltage resistance power 
  VDC VDC VDC Ω±10% mW
 3 3 2.25 0.3 45 200 
 5 5 3.8 0.5 125 200 
 6 6 4.5 0.6 172 209 
 9 9 6.8 0.9 405 200 
 12 12 9.0 1.2 685 210 
 24 24 18.0 2.4 2725 211 
 48 48 36.0 4.8 10970 210

All figures are given for coil without pre-energization, at ambient temperature +23°C.
Other coil voltages on request.

Insulation Data  
Initial dielectric strength 
 between open contacts  1000Vrms 
 between contact and coil  4000Vrms
Initial insulation resistance 
 open contact circuit  >10x109Ω 
 coil-contact circuit  >10x109Ω
Clearance/creepage  
  between contact and coil  ≥3.2/4mm
Material group of insulation parts  IIIa

F0169-C

Z
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11.4.2 Proprietary parts 

Centrifugal pump 

The forward bladed centrifugal pump was developed for the prototype 

hydraulic actuation for many start/stop operations and long service life. Details 

of the pump construction are provided in the drawing series H, attached in 

Appendix D. 

Hydraulic cylinder 

A low cost hydraulic single acting hydraulic cylinder is detailed in Appendix D. 

This cylinder was manufactured at low cost and tested on the prototype for 

several weeks. The drawings are provided in Appendix D along with the 

casting mould to produce the piston seal. The seal is cast from a good quality 

silicone rubber and works well with the soluble oil and water fluid used in the 

prototype. 

Shade sensor 

A sheet metal pattern is provided in the drawings. The prototype version uses 

a 0.5mm galvanised steel sheet folded as indicated to house the trigger cell. 

The trigger cell is any single PV or set of cells which can produce 5V at 

200mA. The arrangement is such that the full potential is only available once 

the final row of cells or PV circuit emerges from the shade.  

 

11.5 Manufacturing Processes 

11.5.1 Welding notes 

Most welds are performed on mild steel BS43 or S235J structural steel and as 

such do not require any pre-heat or stress relief. 
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Welded parts to be galvanised are first welded and cleaned before 

galvanising. 

Drawings do not specify weldment preparations. As a general rule - 

• fitted parts to be welded will be relieved before welding e.g. the pin 

sleeve in the Hookes joint will have the hole lightly countersunk using a 

pencil grinder before welding,  

• similarly the end pin abutments will be chamfered on the weld side 

before welding. This measure ensures that the fillet weld penetrates 

partway into the joint and reduces the stress raiser that could cause 

cracks in the future, as well as reducing the crevices which initiate 

crevice corrosion from the entrapment of rain and dew and the cycling 

up of concentrations of corrosive agents once these evaporate. 

• Fillet welds on thin wall sections to be made in at least two passes, a 

root using a smaller gauge electrode and a filler cap using a heavier 

gauge electrode and where possible an iron powder filler rod for the 

cap. 

• All welds on stressed joints to be peened after capping.  

• Welding of Grade 8.8 bolting steel for the Hookes joint pins should be 

done with 120°C preheat and covered with insulating material after 

welding for slower cooling. 

 

11.5.2 Surface finish 

All carbon steel parts to be hot dipped galvanised prior to assembly. 

Holes in structural steel to be drilled 1mm oversize during fabrication and 

cleaned 0.5 mm oversize after galvanising. 
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Where galvanising is cleaned for fits or holes are cleaned, a coat of cold 

galvanising coating such as Rustoleum® is to be applied to the area. This 

also applies to foundation bolts that are cut to size. 

Fasteners to be electroplated or cad-coated for corrosion. 

 

11.6 Assembly Guidelines 

To facilitate easy assembly and delivery of components, the structures are 

broken into manageable modules which bolt together. 

 

11.6.1 Assembly procedure - slab mounted 

The structure is assembled from the base to the frame - 

• The column square section is placed in the demarcated position. 

• The outrigger feet are bolted to the square section 

• The outrigger feet are bolted to the rooftop 

• The centre column is dropped into the square section and bolted in 

position 

• The UJ cross is assembled and placed in the NS brackets 

• The NS bearings are fitted and aligned. 

• The EW bearings are fitted to the cross. 

• The EW bearings are attached to the carrier plates 

• The centre columns are loosely bolted to the carrier plates. 

• The adjuster mechanism is assembled on each carrier plate 

• The centre column height is adjusted and bolts torqued. 

• The East frame member is loosely attached to the centre column cleats 

• Safety chains are hooked up to stabilise the structure. 
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• The West frame member is attached loosely to centre column cleats 

• The North and South frame members are fitted with pinned elbows 

• The North and South members are fitted to the East and West 

members. 

• All corners are pinned and tubing properly routed. 

• All bolts are tightened after final alignment is confirmed. 

Balance checks and adjustments are made for the empty frame. 

 

11.6.2 Assembly procedure - prefabricated footing 

The site is marked and excavated to form a cross of 4m legs and 500mm wide 

by 400mm deep. The excavation is marked and levelled and compacted to 

around 30 kPa. It is advisable to pour a 25 to 50mm screed of 90/10 fine sand 

and cement to set the compaction. Assembly of the foundation follows - 

• The first section is placed in the excavation with the tie bolts protruding. 

• The top section is overlaid taking care to guide the tie bolts through the 

guide holes. 

• Once located and before closing the joint, a 50 MPa grout mixture is 

packed into the joint by hand and the tie bolts tightened down whilst the 

grout is still wet, to form a firm joint. 

• The centre column is then mounted on the tie bolts and the installation 

procedure follows the slab mounted guidelines above.  

It is advisable to backfill the exposed prefabricated footing prior to placing any 

panels or allowing any significant wind drag area on the column.  
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11.7 General 

11.7.1 Structure 

The final structure comprises unequal leg angle sections in place of the 

prototype tubing construction. The strength calculations show improved 

resistance against wind and provide better resistance to crevice corrosion. 

The Hookes joint is fabricated from rectangular tubing with welded inserts and 

abutments. This replaces the heavy and costly square bar prototype version 

whilst maintaining strength. 

The vertical support is modified to use only tubing sections with a flange for 

fixing to the foundations. 

All steel members are hot dipped galvanised and electroplated fasteners are 

used. 

 

11.7.2 Foundation 

A prefabricated RC foundation drawing is provided for windy areas or where 

the soil at the site is sandy and not conducive to simple compaction and a 

cast slab. 

 

11.7.3 Panel sizing 

The prototype was designed for 2 x 325W panels. Larger panels can be 

accommodated using C-strut extensions on the basic frame. Balance can be 

regained using underslung steel counterweights. 
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11.7.4  North/South axis bell crank positioning 

The prototype bell crank arm drillings were designed to suit the test site in 

NMB. A table specifying the drilling positions is provided in the specification 

for the solstices and equinoxes of the intended installation site. 
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12.0  CONCLUSIONS: 

As per the Problem Statement in Chapter 4, the goal of the research was to 

find an economical control and actuation system to track the solar path 

reliably and economically, to acceptable accuracy. Comparative testing of 

calibrated cells show up to 58% increase in power generated for the tracked 

platform across a solar day, when compared to a horizontal, fixed cell. 

 

The greatest gains to be made are in the early morning and late afternoon, 

where fixed panels suffer from aperture area losses and glass reflectance 

losses. 

 

The second tilting axis mimics the first axis through a bell crank linkage which 

improves the compounded alignment error by adjusting the northern tilt across 

the day. This linkage is manually adjustable to cater for seasonal elevation 

changes.  

 

12.1 Actuation  

The research has investigated the potential of using the differential 

temperature of captive gases to provide an error signal. This was achieved, 

however it was found that passive systems that rely on heating and cooling of 

gases produce inadequate response to be used as terrestrial tracking devices. 

This is due to the delayed response of heating and cooling as well as the 

disproportionately small energy values with which to do work. External 

influences of wind easily defeat these actuations.  

The research also shows that although physical movement of a balanced 

payload requires very small amounts of energy to manipulate, a large amount 

of damping is required to maintain a smooth tracking response despite 

external forces of wind, birds, monkeys etc. The imbalanced load methods 
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require a high level of damping and so the residual force for actuation is small 

and inconsistent. 

The hydraulic system provided the best response and consistency of all 

options considered. The use of low pressure hydraulics is novel as standard 

hydraulic systems use very high pressures typically ranging from 120 Bar to 

200 Bar. This application functions on less than 1 Bar, hence it is clear that 

the use of commercially available hydraulic and pneumatic equipment is way 

over specified and extremely costly for this service.  

The use of pneumatic equipment provides a better alternative in terms of off-

the-shelf equipment and also allows for high quality standards and guarantees 

of performance and reliability, however the pneumatic equipment range is 

designed and manufactured for a working pressure up to 10 Bar, which is still 

excessive for this application but readily available in a range of sizes for many 

applications. The use of pneumatic equipment is the preferred option when 

erecting contracted installations, i.e. the guarantees are transferrable from 

supplier to end user, the cost implications are still significant. 

 

12.2 Control 

For devices which rely on heating and cooling, the control system would be 

purely proportional, i.e. the sensor surface exposed to the largest and most 

direct radiation would reach the highest temperature and antagonistically 

oppose the cooler sensor, thereby maintaining equilibrium through alignment 

with the sun.  

The hydraulic solution required a feedback system whereby exposure of the 

trigger cell represented threshold misalignment and started the hydraulic 
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pump relay, the pump ran until the cell was again shaded, providing a small 

alignment overshoot. Hydraulic leak-off ensured that the system would 

gradually revert back to the first position unless the cell was again exposed. 

This system hunts back and forth within a small misalignment as long as there 

is sufficient sunlight to trigger the relay. At the end of day, the leak-off causes 

the platform to return to the morning position. 

Here follows the conclusions on specific areas of the research - 

 

12.3 Air sensors 

In the uncovered form, captive gas sensors are sensitive in clear weather but 

their performance deteriorates rapidly with some light cloud cover and wind. 

Higher pre-charge pressures produce a better compliance to ideal 

performance with no significant lag in response. 

Partly insulated sensors improve the overall performance through increased 

temperature response during heating but slow the cooling response 

noticeably.  

Due to performance limitations caused by limited volumes and detrimental 

effects of wind cooling and light cloud, the differential pressure generated by 

plain heating is impractical as a motive energy source.  

 

12.4 Pressure boosted air sensors 

An air pre-charge increases the motive pressure, but a pressure around 5.0 

Bar(g) is required to provide threshold performance. This pressure increases 

the likelihood of leakage and stresses the pneumatic components. 
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An air pre-charge containing doses of low boiling point hydrocarbons and 

spiritous compounds increases the temperature response. System 

repeatability suffers due to the tendency of the liquid compound to condense 

within the cooler zones of the actuators. Where condensate is trapped in the 

cooler zones, the heating pressure drops off.  Where condensate returns to 

the pipe in a batch, the pressure spikes. Startup response is very small until 

the refrigerant boiling point is reached, at which time the pressure increases 

very rapidly. These characteristics make this aspect very difficult to control.  

 

12.5 Chemical compatibility 

Chemical dosage of the charge raises the problems of reaction with metals 

and elastomers. Mineral oils used for wet sealing are diluted by condensed 

spiritous solvents such as paint thinner and acetone, hence the wet seal fluid 

would need to be immiscible with mineral spirits, such as glycerine. Acetone 

dissolves the aluminium oxide layer on aluminium alloys and causes 

aluminium corrosion in the medium term, requiring nickel steel alloys for 

pneumatic components. Leaks in the test cylinders were found to be due to 

surface damage from acetone on the aluminium cylinder bore.  

 

12.6  Enhanced heating with solar tubes  

The solar tubes provide heating up to 160°C and responses are under 20 

minutes using longer tubes and aluminium inserts. The use of the tube without 

a pressure insert allows for negligible mass and very quick response, however 

the construction of these tubes is too fragile to entertain any additional stress, 

as evidenced by the several breakages in pursuit of this goal. 
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The response of the aluminium inserts, although hugely improved over the 

steel inserts, is still too slow to provide accurate tracking control. As 

evidenced by the displaced mass using heated gas, the pressure and volume 

provided by even two tubes in parallel fall way short of the energy required for 

precise tracking and positive positioning against the elements. 

 

12.7 Hydraulic actuation with shaded PV positioner  

As shown in Figure 12.6, the prototype test rig utilised a water heater as a 

heat sink to absorb the power generated and the hydraulics and auxiliary 

battery were contained in PVC electrical cabinets and powered from a 10W 

PV auxiliary panel. A later heat sink utilised five resistance wires in parallel as 

a resistance heater heat sink. 

This system is arguably not a pure passive system, yet the power is derived 

from nature and within the confines of the device without need of 

replenishment from an external source. The energy thus provided experiences 

three conversions to provide actuation. Despite these detractors, this system 

has the energy required for positive actuation. It is held firm against wind and 

other forces due to hydraulic blocking. The pneumatic cylinder variant is run 

on a soluble oil and water mix and requires the expense of cylinder with end 

fixings and anchor points.  

The additional cost for the pump and LP hydraulic actuator matches the 

comparative costs of solar tubes, welded inserts and specialised actuators of 

the other variants, but with the benefits of ready availability of components, 

standard parts, absolute simplicity and the longevity and reliability desired in 

the original proposal. 
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Photo 12.6  Prototype test rig with water tank heat sink 

 

 

 

12.8 Future research 

12.8.1 Low pressure hydraulics equipment and applications 

A market gap exists which could supply low pressure hydraulic actuators and 

pumps for service below 3 Bar. The research has investigated this 

requirement and produced a low pressure single acting hydraulic cylinder 

which performed leak free and reliably for several weeks in the test rig. 

Further pursuit of this market niche will benefit from further development. 
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The research also produced a miniature low flow high head centrifugal pump 

specifically for use with low pressure hydraulic applications and which also 

reveals a gap in the commercial market for this item, probably due to small 

prior demand. Low pressure hydraulics in the built environment offers many 

opportunities for automated actuation of architectural features such as sun 

blinds, ventilation dampers and solar tracking so that development of these 

components will be of benefit for future technologies. 

  

12.8.2 Rolling diaphragm actuators  

During the research, methods of actuation using hermetically sealed heated 

air gave rise to the design and construction of two versions of Rolling 

Diaphragm Actuators, devices which used the inflation of a blocked flexible 

hose against a follower to produce a linear output force. A small bore and long 

stroke linear rolling diaphragm actuator may prove to be useful in architecture 

for the automatic operation of blinds and dampers, also possibly in engines 

utilising waste heat. A short stroke radial rolling diaphragm actuator would be 

useful in agriculture and industry for high force and short stroke applications 

such as fork truck clamping operations for lifting pallets or removal of poles 

from the ground.    

 

12.9 Conformance to requirements 

This concludes the evaluation of the final product to the requirements stated in 

the Prototype Design and Limitations sections - 
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12.9.1 Prototype design requirements  

• Non electronic solution. The system uses 12V electrical circuitry and 

components. The control circuit is a 5V circuit powered by a PV cell.. 

The use of power derived from the main panel would also be 

considered to be an electronic component in the circuit.  

Some electronic componentry (PV) is unavoidable.  

The system returns to its parking position when the sunlight levels are 

unproductive. 

• The payload resides within the 10% margin of alignment during the 

tracked period, when set at the Equinox position for year round 

operation. Increased performance is achieved with seasonal settings 

i.e. between equinox and solstices. 

• Construction is performed manually without specialised equipment and 

using hand tools. Manufacturing processes require welding and 

galvanising facilities - common in most partially industrialised areas. 

Materials with exception of PV panels are all locally sourced products 

of steel, fasteners, paint and concrete construction materials. 

• The design simplicity is self-evident. Automotive components are used 

for the positive displacement pump option. The relay is imported at a 

value of R35-00. The actuator is locally manufactured, however the 

proprietary cylinder is available using both imported and local 

aluminium sections and local labour component. 

• The Hookes joint design provides the required rotational stability. 

The framework can withstand 10kNm applied wind load (Calculated at 

the worst case scenario whereby the Cd of the wind loading is taken as 
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unity and the wind is considered at 160 km/h at 20°C and 1 

Atmosphere barometric pressure, see Appendix C). 

• Static loading is made from mass estimates of 130 kg (1275 N) for the 

suspended payload. Torsional stability is provided by tie rods across 

the support feet. Damping is provided in the form of hydraulic 

restrictors to prevent excessive movement during wind gusts. 

• The North-South mimic linkage performs as expected and has two 

settings for seasonal adjustment. 

• The cut-out and return mechanism functions as expected using a 

power cut-out limit switch and gravity return through restricted leak-off. 
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1.0  OVERVIEW 
This work record serves as a summary of the actual work performed during the 

research period, whether productively contributing to the end result or not.  

The purpose of the record is to capture any lessons learned which could be shared 

with future research along similar lines, to illustrate the quantity of effort exerted 

during the research, to serve as a record of potential future research and to record 

any milestones that may not directly have contributed to the final thesis. The 

summary below is compiled from the project diary log sheets. 

 
2.0 INITIATION       MAY 2018 - FEB 2019 
(GOALS - Pre-study / Registration / Proposal / Acceptance) 

This phase was entered with a strong personal pre-conception that heated gases 

would be the final solution, based on initial literature and assumptions. The proposal 

reflects this bias which did not bear fruit. The lesson learned here is to keep the 

option range wide until detailed knowledge indicates a clear direction for the 

research. 

 

3.0 RESEARCH 1st PHASE     FEB 2019 - MAY 2019 
(GOALS - Options / Limitations / Provisional Costing / Provisional Schedule, 

Common apparatus fabrication / Generalised literature study) 

 

Despite mounting indications to the contrary the heating theme was favoured at the 

cost of more viable options, affecting the literature study, schedule and costing. 

Several months were dedicated to developing a small bore/long stroke Rolling 

Diaphragm actuator which required a research project of its own and may serve as a 

useful component in air engines or transmissions.  

More time was spent pursuing an alternative Radial type actuator that was very 

effective when using an air source but could not be hermetically sealed for use with 

the captive heated gas concept, proving to be another device which would find uses 

in agriculture and factories as a rugged actuator for clamping and holding but failed 

to deliver the requirements for this thesis.  

A further period was spent devising a thermal compressor and pneumatic relay 

system to provide a compressed air supply to enable and justify the work spent on 



the actuator developments. These pursuits have merit for other purposes such as 

architectural features, building automation and remote valve and damper drives but 

failed to meet the brief of the thesis - simplicity, cost, effectivity and reliability. 

 

4.0 SELECT OPTIONS      MAR 2019 - MAY 2019 
(GOALS - Begin draft thesis / collect relevant references / decision on final direction 

of research / firming up of limitations, schedule and cost) 

 

The heated gas theme still dominated the work flow, encouraged by static results 

obtained with high pressure air and refrigerant mixtures. The test rig was built and 

achieved the desired outcomes in terms of structural functionality. The test rig design 

was influenced by a second personal bias towards a tilting concept, fuelled by 

literature which indicated tilting in two planes would be the most effective 

arrangement.  

 

5.0 OPTION TRIALS      MAR 2019 - MAY 2020 
(GOALS - Trial testing of heated gas expansions, displaced mass testing and 

hydraulic systems) 

The heated gas option proved to be unworkable despite many innovations to 

increase the work output of the process such as enhanced heating, acetone vapour 

generation and increased heated volumes. At this late stage, somewhat hurried 

research began in earnest to find viable alternatives to power the successful test rig. 

Some success was enjoyed by the use of shifting water weights and hydraulic 

actuation using a pump and shaded PV panel, which later developed into two 

circuits, power and control. Real response and actuation prompted rapid 

development of this option. 

Research on site was halted during the pandemic but a scaled down apparatus was 

set up at home to pursue the solution.  

 

6.0 RESEARCH 2nd PHASE     APR 2020 - JUN 2020 
(GOALS - Focussed literature study / detailed design / specialised equipment 

fabrication / Final proto building / Testing of chosen option) 

 



In pursuit of the hydraulic option during level 5 lockdown, much equipment had to be 

manufactured from the home workshop. A hydraulic cylinder, an electrical relay and 

a centrifugal pump were examples of these, with parts manufactured from whatever 

could be found or salvaged from household equipment. The option proves to be 

successful and warrants further development. Further literature was researched in a 

more focussed direction to support the practical work. 

 

7.0 CONSOLIDATION      JUN 2020 - NOV 2020 
(GOALS - Collate data / preliminary conclusions / equipment improvement or 

upgrade / Continue data collection to monitor changes / Edit Thesis and request 

comment) 

 

This phase could only begin once useful data was available and saw rapid progress 

from April 2020. Small improvements to the prototype are still being effected until the 

outcome of the thesis evaluation, to be added as a postscript at final submission. 

 

8.0 CONCLUSIONS      SEP 2020 - JAN 2021 
(GOALS - Complete appendices / package results / complete drawings / edit 

specification / submit Thesis for examination) 

 

Thesis final draft completed 6 December 2020. Appendices compiled and finalised 

12 December. Drawings completed 12 November.  

Submission of complete document for examination by 15 December 2020. NMU 

revised calendar examination deadline 8 January 2021 due to the pandemic. 
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1.0 PRELIMINARY TESTING 
The concept of using the energy of a differential temperature ‘error signal’ to control 

and actuate a tracking system appears to be rather straightforward, however the 

physical device and assembly would be quite novel and required much development 

to produce a test model.  

 

1.1 Temperature range and response 
Initial testing started on 5 February 2019 with the temperature trials of a miniature 

sensor rod to investigate the temperature limits for a larger system. 

A raw aluminium rod was fitted with a thermocouple and placed North/South on a 

glass surface for one solar day, see Figure 1.1a. For successive days, changes to 

simulate various absorption effects were tested on the same sensor, these being the 

selective surface coating, surface finish, glass cover and insulation between sensor 

and lower glass surface. The Figures 1.1a and b illustrate these attempts. Each 

change improved the overall temperature peak and heating response, culminating in 

a 78˚C temperature peak at insolation over 800 W/m2 at ambient air temperature of 

29˚C. This implies that a system is required whose maximum differential is within 

49K.  

 

Figure 1.1a 

 



Figure 1.1b 

 
 

Figure 1.1c 

 
 

1.2  Effect of directional shading 
A second range of tests was undertaken using a pair of ammonia blackened copper 

tube sensors using all the boundary accessories as used in the initial model tests but 



with one sensor biased 60˚ to the east and the other biased 60˚ to the west. 

Temperature/time plots resembled those of the earlier tests and a clear definition 

was seen between the daily curves, with the easterly biased sensor peaking before 

noon and the westerly biased sensor peaking in the early afternoon. The differential 

between these curves was plotted but shows that the West biased sensor does not 

convincingly overtake the East sensor due to the increase in temperature from 

background radiation and the delayed cooling caused by backing insulation. Despite 

this, the temperature difference is a function of the degree of misalignment as 

evidenced by the early part of the curve. This is important if the error signal is to be 

used to provide the energy source for self-correction. 

 

Figure 1.2  

 
 

1.3 Pressurised sensor performance 
Building on the above experimentation, a set of steel pressure vessel sensors was 

constructed from square tube with plate ends. The tubes were initially blackened with 

self-etching high heat paint, fitted with pneumatic valves and pressure transducers 

and pressurised to 5 Bar(g) at 24˚C. Under full sunshine in still conditions and 

approaching 1000 W/m2 vertical insolation, the two sensors generated 585kPa and 

589kPa guage pressure, implying an average gas temperature of close to 70˚C. The 



sensors were shaded in turn using cardboard tunnels with sufficient height to allow 

free convection. Pressures were measured at 5 minute intervals to indicate response 

time. The pressure differential diverged exponentially and settled to within 5% of the 

final 30-minute result within the first 10 minutes. Settled temperatures derived from 

gas pressures were typically 68˚C and 29˚C, a differential of 39˚C and which concurs 

with previous estimates of the available limits for a full-size actuation system. 

 

1.4 Actuation from thermally derived pressure increases 
A trial using the bare square tube sensors was attempted during early March 2019 

using a conventional 50mm pneumatic air cylinder with 200mm stroke length. The 

sensor pressures were balanced and the cylinder stroke centred. The sensors were 

initially shaded in turn to gauge response and travel, however the ‘stiction’ 

phenomenon allowed only large step changes at the limits of expansion and often no 

movement at all where the differential pressure was too low to overcome friction. It 

was observed that directly after a change, if the movement was initially assisted it 

would continue very slowly without sticking, indicating that the dynamic friction co-

efficient was much less than the static. The viscosity of the cylinder lubricant would 

also aggravate this damping effect. The surface temperature of the un-covered and 

uninsulated sensors did not exceed 63° Celsius whilst the daily insolation peaked at 

around 865 W/m2.  

A further minor development was the insulation of the sensors on two sides with 

16mm expanded styrene foam, so as to create directionally preferential heating. 

 

2.0 ACTUATOR TESTING  
The answer to the low friction requirement appeared to be possibly found in the 

rolling diaphragm actuator (RDA) concept, however a search for commercially 

available components yielded nothing in the required range, the offerings limited to 

large bore short stroke models and very small scale items for surgical use. Due to 

commercial unavailability, a rolling diaphragm actuator was designed and built in 

March 2019 as a low-cost trial for evaluation using low pressure. The first actuator 

had internal diameter of 40mm and a stroke of 80mm with extended length of 

460mm. It was successful at low pressures, the diaphragm inflated at 12kPa and 

once partially inflated offered minimal resistance to movement. A second identical 



model followed a week later with a sleeve coupler to create an antagonistic pair for 

testing purposes and the pair were pressure tested at 300 kPa (gge).  

 

2.1 First antagonistic testing  
The two actuators were mounted on a stand with a tilting beam on a low friction pivot 

and the ability to articulate 60° below the horizon in both directions.  

At the end of March 2019, the sensors were positioned horizontally along the 

North/South axis and rotated to allow one to be biased to the East and the other to 

the West. The actuators and their tilting beam were connected to the sensors and 

the whole system pressurised to 50 kPa (gge) and the tilting beam centralised to the 

cylinders, with a horizontal position, prior to sunrise. This series of tests was 

postponed due to problems with a swivel bearing in the tilting beam pivot, so that a 

different approach was attempted. 

 

2.2 Horizontal antagonistic testing using fixed sensors 
During April 2019, the two prototype RDAs were attached to a beam facing one 

another with their rod ends connected and compressed to half stroke. The RDAs 

were connected to the directional sensors as before and the movement of the 

coupling and time of day were monitored from 12 April 2019 in a series of tests to 

compare movement with the ideal. The results show positive response and 

approximate the ideal curve, when used with low pressures up to 75 kPa. 

Deficiencies with the prototype RDAs were evident at higher pressures and the units 

eventually became unresponsive and repeatedly jammed above 1 Bar (g). 

The ideal curve was created using the product of an energy approximation for each 

hour of the solar day based on typical values of the daily solar insolation bell curve 

and the insolated area of two sides of the square tube sensor using the sum of the 

sine and cosine of the azimuth angle for the corresponding hour of the day for April 

2019. The actual curve corresponded to this ideal within a 78% compliance as 

depicted by the clear day readings of 15 April 2019 despite some early morning mist. 

This result includes a correction for the early morning ‘thermal inertia’ of a cold 

system with considerable metal mass, a small input energy value and a seasonally 

changing sunrise time. The results are plotted as Displacement vs Hour of Day 



curves and clearly show the effect of mist, cloud and rain on the sensor, which is 

essentially a partly insulated solar collector without glass cover. 

Figure 2.2 (a-e) serve to illustrate these effects – 

 
Figure 2.2(a)  

 
 
Figure 2.2(b) 
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Figure 2.2(c) 

 
 
Figure 2.2(d) 

 
 

Despite these encouraging results, the pre-charge pressure was limited due to the 

actuator construction hence the actuation forces were small, heightening the effect of 

friction in the guide bushes. It is also clear that the performance is heavily dependent 

on clear weather due to the threshold friction.   
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Figure 2.2(e) Summary of antagonistic heated air tests 

 
 

The first prototype RDAs were observed to have these deficiencies – 

• Permanent deformation of the diaphragm. Once inflated regularly above 1 Bar 

(g) the butyl elastic material deforms permanently and fouls over the front of 

the piston. 

• The bearing length of 50mm and the 0.2mm clearance of the rod allows a 

minor angular misalignment. The cast shape of the diaphragm as well as this 

clearance allows enough misalignment to cause fouling between the piston 

back end and the diaphragm outer, especially when the actuator has some 

bending moment applied, as with the tilting beam arrangement. 

• At pressures above 65 kPa the material stretches and ‘balloons’ into the 

available space. This distorts the pressure and volume relationship between 

the two cylinders i.e. the relationship between volume and actuator rod stroke 

is not linear. 

• The membrane stretch displacement at various stroke lengths and pressures 

causes frictional work against the cylinder wall, reducing the amount of 

available work for actuation. 

Considered solutions to these issues are the use of a conical diaphragm, a non-

elastic but flexible diaphragm membrane and a longer or more rigid guide bearing. 

There is also the possibility of a centralising guide rod sliding within the hollow 



actuator rod and rigidly attached to the back actuator plug, although this requires a 

diaphragm with a seal ring at both ends.  

 

The poor frictional response from standard pneumatic cylinders and the encouraging 

results using a preliminary rolling diaphragm actuator concept led to a higher 

specification actuator which reduced the frictional losses substantially and utilised a 

low cost replaceable diaphragm with limited elasticity, more rigid than the butyl 

rubber tubing used in the trials.  

The new diaphragm is closed at one end with a locating nub to position the 

diaphragm centrally at all times. The rear is fitted with an extrusion ring which locks 

the diaphragm in position and provides an airtight seal.  

The membrane is a composite of high grade silicon rubber impregnated into a fabric 

blank.  

The fabric selected is a raw cotton weave which has excellent wicking qualities to 

assist with impregnation of the silicon, as well as adequate strength. The cotton 

fibres are 0.2mm in diameter with a minimum breaking strain of 327g. Tensile testing 

produces a strength of the fabric in excess of 8kg/cm when applied in the weft 

direction. 

The membrane was pressure tested and the result compared to various other 

materials. The test membrane fractured in tension at a pressure of 9.6 Bar with a 

permanent deformation of 5% at failure. By comparison a sample of membrane from 

a life saving device failed at 2.1 Bar and a sample from a brand name inflatable boat 

failed at 3.5 Bar. Both of these materials deformed in excess of 20% at failure. 

The diaphragms were hand made by the author due to lack of a supplier for small 

batch prototype rubber parts within the required time frame. The final diaphragm 

design is cylindrical in the static end and conical at the rolling end in order to 

enhance the rolling clearance. To take advantage of the small elasticity difference 

between the two fabric dimensions, the weave is placed circumferentially where it is 

supported by the cylinder wall and the weft placed longitudinally where the smaller 

elasticity limits the frictional work done. The unavoidable fabric joints are effected 

using a raw latex bonding agent which is vulcanised by ironing. The fabric blank 

seams are placed and oriented in such a way as to confirm the seam using internal 

pressure and to ensure stressed seams are always in shear, i.e. the bond is not 

subjected to tensile stress.  



The cylinder friction is well below the 3% of applied force as specified in 

commercially available versions and has the added benefits of the correct stroke and 

a pressure rating comparable with the commercial offerings, however reliability and 

air retention of the handmade diaphragm were not up to standard.  

 

3.0 TESTING USING THE TEST RIG 
The test rig was assembled without solar panels fitted until a reliable tracking of the 

frame could be achieved. The RDA concept had proven to be not reliable without 

extensive development of the diaphragm.  

A radial version of the RDA was produced with a double acting linkage to the test rig 

and tested using various types of flexible lay-flat hose as the diaphragm with various 

designs of end clamping and inlet porting within the clamps. These actuators worked 

extremely well with compressed air, producing very high output forces across a 

relatively short stroke. Performance with the small pressure available from plain tube 

heating produced disappointing results due to the small forces and short stroke. A 

magnifying linkage increased the stroke at the cost of even smaller output force.  

 

The use of standard pneumatic equipment was considered, provided the issues of 

leakage, chemical compatibility, damping and ‘sticky’ motion could be resolved. 

 

In February 2020 the test assembly was stripped down, maintained and lubricated 

for a new series of tests using pneumatic cylinders. The test rig was rotated 90° to 

facilitate the vertical actuator configuration and the necessary mountings and 

attachments designed and fabricated. The frame was balanced and aligned to be 

very slightly underslung so as to return to the horizontal without external assistance. 

 

3.1 Air testing using the plain frame 
On 15 February 2020, the assembly was completed for the East/West actuation 

tests with two 25mm x 200mm pneumatic cylinders installed rod side down. This 

configuration had the intent to limit any potential leakage to only one seal as well as 

ensuring a wet seal by introducing a viscous fluid on top of the piston. Glycerine was 

introduced into the upper chamber of both actuators to provide the wet seal of 

around 2cm in depth, or 5cm3 in volume, which ensures full stroke operation without 



fluid carryover. Both rod end ports were connected together without a restrictor, to 

prevent dirt ingress.  

To estimate the baseline data, an air pump was connected to one cylinder port whilst 

the other was left open. A pressure of 25 kPa(g) was required to initiate movement, 

equating to a force of 12.2 N at a radius of 90 mm which represents a total frictional 

moment of 1.1 Nm. Considering that the bearing frictional moment is only 6.32 x10-3 

Nm each (SKF Bearing Friction Calculator) it appears that the cylinder seal static 

friction force is around 6N per cylinder. The dynamic co-efficient of friction was 

observed to be much lower, once in motion the frame continued to move to its 

maximum incline but if halted, would remain in that position. 

A differential pressure of 25kPa equates to a sensor temperature of 93°C above 

ambient for a pre-charge pressure of 0 kPa(g) and initial charge temperature of 

20°C, which is impractical for plain heating surfaces.  

Using a 5 Bar(g) pre-charge pressure would require differential heating of only 32°C 

but with the higher stresses and potential leaks at this maximum pressure for the 

system. 

The above threshold pressure and temperature only allows initial movement, control 

and actuation require higher values.  

 

On 16 February 2020 the apparatus was set up with two cylinders opposed 

antagonistically, using natural air at barometric pressure, prior to sunrise. The East 

sensor was connected to the West cylinder and vice versa. Both systems were 

connected by a connecting line with a blocking valve (Partition valve) and the 

common line was routed to atmosphere via a second blocking valve (Atmospheric 

valve). 

The frame was set horizontal with both blocking valves open so as to equalise 

pressures and volumes in both systems at ambient temperature of 20°C. The 

Atmospheric valve was shut followed by the Partition valve at 07h15. The rod end 

ports were left connected to each other to prevent dirt ingress, i.e. no damping. 

The West sensor was covered with loose tissue paper to prevent heating. Despite 

frequent light cloud cover, the differential temperature was measured at 8-15 am to 

be 12°C (36°C hot side, 24°C cold side). The derived pressures would correspond to 

105.46 kPa versus 101.36 kPa, a differential of 4.1 kPa. Clearly the pressure 



differential falls way short of the friction threshold pressure of 25 kPa as measured 

previously and predictably the frame failed to move despite the temperature 

differential increasing with time. 

The system was pressurised to the full 5 Bar(g) limit to soak overnight and confirm 

zero leakage.   

On 17 February 2020 the apparatus was set up as before with the exception that the 

system was manually pressurised through the Atmospheric valve before being 

partitioned. Successive planned tests at 1 Bar(g) through 4 Bar(g) were omitted due 

to the obvious inadequacy of small differential temperatures to overcome the friction 

force of the cylinder seals.  

Further delays were due to the need to design, fabricate and fit a locking system for 

the North/South axis in order to evaluate motion of the East/West axis in isolation. A 

second modification was a stopper to limit East/West movement and prevent 

damage to the pneumatic cylinders. Excessive wind and cloud further delayed 

testing at the site. Polystyrene shade strips were also installed on the East and West 

sensors to ensure selective shading. 

On 1 March 2020 and the following two weeks, the system was tested at various 

pre-charge pressures, air only, and plain heating. Despite the increased charge 

pressure, the actuation force dropped away rapidly with an increase in cylinder 

stroke. Overall angular displacement was in the region of 10 degrees of arc on the 

best day, shown in Figure 3.1, far short of any useful travel. 

 
3.2 Acetone mixture volume tests 
Pure acetone has a very low vapour pressure at low ambient pressures, hence the 

air mixture moderates this low temperature situation by a Daltons law addition of 

partial pressures and ensuring that the mixture pressure remains positive. This is 

clear from Figure 3.2 below, which is the result of a 2.5 :: 1 by mass mixture of 

acetone to air in a steel lined solar collector. With the insert sealed, the partial 

pressures combine to produce a more moderate response, where the maximum air 

pressure is around 40 kPa(g) at maximum collector temperature. 

A separate apparatus was set up to investigate the effects of Acetone (CH2)3CO 

vapour as an air mixture, using a solar tube with a steel insert with gypsum wick and 

connected to a pressure gauge and a 50mm pneumatic cylinder.  
 



Figure 3.1 

 
 

The cylinder rod-end volume remained open to atmosphere via bronze strainers. Into 

the feed tube a measure of 10cc of pure Acetone was added to create a mixture ratio 

of 5 :: 1 kg acetone to air. 
The tube was rocked to disperse the fluid to the wick. The block valve was then 

opened to the cylinder. The result was dramatic, with the cylinder opening with some 

force. 

It is clear that the acetone mixture creates a response very different to that of the 

plain air, whilst it is still liquid in the hot tube, however the data clearly shows that the 

effect decreases once a saturated mixture is achieved with the existent air due to the 

loss of acetone in the mix as it condenses in the cooler regions inside the actuator.  

 

It was suspected that the excess liquid acetone condenses above the glycerine layer 

in the cylinder and remains there as an inert fluid, having neither the pressure or 

heat to become re-entrained. This suspicion was proven when the cylinders were 

drained at the end of test and the contents inspected. The Acetone was allowed to 

separate naturally in a closed container which formed a clear separation layer and 

then evaporated in air to leave the clean Glycerine behind. 

 

 



Figure 3.2 

 
 

This test illustrates that an Acetone vapour pressure generator can produce good 

results under the following conditions - 

• The destination should be located above the generator to ensure gravity 

return of the condensate. 

• The feed pipe should be large enough to allow dual flow of vapour and 

condensate. 

• The cylinder being pressurised should be arranged such that any condensate 

formed inside can be effectively drained away. 

• The feed line requires insulation to prevent significant heat loss to 

condensation with resultant pressure reduction.  

 

3.2.1 Acetone mixture testing on the test rig using bare frame tubing 
The test rig was further adapted to use acetone mixtures and damping. The rod-end 

volumes of the cylinders were charged with glycerine into a common connecting line. 

The connecting line was fitted with a restrictor in the form of an aluminium rod 

machined and tapped on both ends to fit a 6mm pneumatic tube connector. The 

2mm wall between the connectors was drilled through to 0.8 mm and further 

restricted to 0.26 mm by casting a brass wire into the orifice with epoxy, then 



removing the wire. The damping response was dramatic, the frame was difficult to 

manipulate by hand but the Acetone vapour pressure managed to move the frame 

almost imperceptibly.  

Tests at barometric pressure using 10g liquid acetone/3litres air produced movement 

which was sporadic and unpredictable. The results of two tests are illustrated below 

as Figure 3.2.1(a) and (b) which show the relationship between the temperature 

differential (East to West) and displacement antagonistically opposed small bore 

pneumatic cylinders. Although the graphs show a definite correlation, the 

displacements achieved are impractically small. For example, the biggest tilt angle 

achievable on a 50mm radius is around 11° of arc and providing a correcting torque 

around zero Nm at equilibrium. 

 
Figure 3.2.1(a) 

 
 

 
 
 
 
 
 
 
 



Figure 3.2.1(b) 

 
 

4.0 ENHANCED HEATING TESTS 
 
During January 2020 four steel evaporator pipes were constructed for enhanced 

heating testing with solar heating tubes. Two pipes were fabricated plain and the 

other two were fitted with an internal gypsum wick. The evaporators with the wick 

system were exposed to sunshine for several days to eliminate moisture, during 
which time it was observed that they produced visible steam when the outlet was 

restricted. 

 

On 23 February 2020 the first wick evaporator tube was exposed in a North/South 

horizontal position and the outlet routed to a pressure gauge. The gauge pressure 

was initially zero, Barometric pressure for the morning was 101.27 kPa and ambient 

temperature was 19.9°C at the time of sealing the system. 

The device was exposed between 10h00 and 11h50, during which time the trapped 

volume generated a pressure of 119 kPa(g). 

At 11h50 the device was shaded with a loose PVC cover and pressures monitored at 

5 minute intervals. The response over 30 minutes was a pressure reduction to 90 

kPa(g). 

The cover was again removed at 12h30 and the pressure was seen to rise steadily 

to 135 kPa at 13h00. 



The device was left exposed in an attempt to find the stagnation pressure. The 

captive gas pressure continued to rise up to 14h25 when the pressure became 

stagnant at 245 kPa.  

On release of the hot gas, some vapour and condensate was emitted at first, 

indicating that the captive air and gypsum wick had still possessed some moisture. 

Despite the test having failed as an air test, the dramatic result implies that the 

device has potential to be used as a steam generator for actuation purposes. 

 

On 29 February 2020 a plain heat pipe assembly, charged at 22°C and atmospheric 

pressure was exposed at 09h30. The first readings were obscured due to leakage, 

however the leak was cured and the system recovered at 15 kPa(g) at 10h30. Over 

the following three hours the dry air pressure increased and plateaued at 41 kPa(g). 

A calculation of the air temperature at constant volume indicates that the 

temperature of the concealed heat pipe parts reached a maximum of 143°C. A 

further calculation of tube mass and air mass indicates that the average heat 

absorption during this time was only 14 Watts with a maximum during the initial 

heating stage of 22 Watts, due to the higher differential temperature..  

Insulation of the protruding section of the heat pipe resulted in a 2 kPa improvement 

to 43 kPa, equivalent to the conversion of an additional 9.5 Watt. This value 

compares closely to the calculated convection loss of 9.9 Watt.     

 

During early March 2020 the test rig was fitted with two holders for solar tubes as 

well as shade plates. 

 

On 10 March 2020 the frame and solar tube system was set up to be level and 

charged at 0 kPa(g) at 07h00 with the North/South axis blocked. The system 

responded by tilting towards the East after a warmup period of 80 minutes.  

The response was slow and the West solar tube received sun before the system 

matched the sun angle, resulting in a premature levelling-out of the panel angle 

before noon.  

  

Calculations of the heating cycle revealed some problems with the steel insert such 

as the low emissivity of bright galvanised tube but mainly the mass and wall 



thickness require much heating time. This situation is exacerbated by the fact that 

the heat transfer reduces as the surface temperature of the insert rises.  

The above two issues are compounded by the extended cooling response due to the 

same factors. 

The actions following this test were threefold -  

• a faster responding insert was designed using aluminium with a roughened 

surface to improve heating response and which would be fitted to a new, 

longer solar tube. The insert is still a necessity for using refrigerants due to 

the potentially high pressures reached. 

• the second initiative was to extend the shade plate to shade the westerly solar 

tube for a longer period as well as polish the inner surface to provide some 

additional heat to improve response. 

• a third initiative was to eliminate the heating delay of the insert entirely by 

designing an expanding plug, using only the inner tube for both air heater and 

receiver functions for dry air testing. This measure was considered safe 

insofar as expected pressures are below 50 kPa(g) and the glass strength 

provides a large safety factor even at elevated temperatures. 

 

These changes were effected by 12 March 2020 and a second set of the 1.8m tubes 

were sourced to prepare for the test without inserts. 

Response and reaction were noticeably improved using the aluminium inserts with 

modified shades. The overall response at 23 minutes produced the same small 

changes as before, albeit much quicker. It was noted that response to meet the sun 

was far greater than any response to lock on and track the solar path. 

 

On the morning of 14 March 2020 a set of solar tubes with cemented plugs and no 

inserts were mounted before daybreak and the platform balanced and pressures 

balanced with barometric pressure. The initial response was very quick, well within 

the 15 minute reading interval and estimated to be just 2 minutes. As the platform 

tilted toward the sun, the East tube shattered. In the belief that there had perhaps 

been a stress raiser in the tube, a second tube was prepared and the exercise 

repeated the next day 15 March 2020, with the same result. Testing of this idea was 

halted before any results could be recorded, for safety reasons.    



On 12 March 2020 the two aluminium inserts were fitted and pressurised to 500 

kPa(g) and soaked overnight. On the morning of 13 March 2020 it was found that 

the pressure in the West circuit had leaked away. The pressures were balanced and 

the system left on test for the day. Attempts to find the leak indicated that both East 

and West cylinder seals were passing, despite the wet seal provided. 

Despite the leakage some movement was observed which reduced as the day 

warmed up, leaving the rig frozen at a slight tilt to the east. 

 

At this time it was concluded that the use of heated gas was a problematic solution 

due to the small available energy and practical issues of response, loss of heat and 

leakage.    

 

5 .0 UNBALANCED MASS TEST 
5.1 Unbalanced water weights using heated air  
This variant pumps water from a low reservoir to an eccentrically placed reservoir at 

the edge of the platform using the pressure and expansion of the solar heated air. 

 

The platform is weighted to face East overnight. The heated air from one solar tube 

aluminium insert displaces the water from the airtight low reservoir up to the variable 

mass reservoir which encourages tilting of the platform, in turn causing shading of 

the solar tube and a resultant cooling of the gas, in turn draining fluid from the 

variable reservoir and reversing the tilt. The intent is that the alternate tilting 

increments follow the angle of the sun until sundown, when heating is lost and the 

fluid drains back to the reservoir, allowing the platform to return to its East bias by 

gravity. 

This theory was tested during the week starting 16 March 2020. The platform was 

fitted up with two glass jars of 500 ml capacity, the first  jar had been modified to 

accept pressurised air via a sealed tube through the lid. A second sealed tube 

originated in the base of the jar and extended to the second bottle. This second 

bottle was hung from the platform at its western end and its lid was perforated to 

prevent airlocks. The platform was weighted to stay tilted to the East when the 

second bottle was empty.  



A function test using only lung pressure easily displaced water to the second 

reservoir and effected a successful full tilting motion. The water was then allowed to 

siphon back to the airtight bottle with the air hose disconnected. 

The air tube was connected to the aluminium insert on 17 March. The system 

responded as expected and water was pumped to the second reservoir, initiating 

some tilt. The air pressure was noted to increase to approximate the head difference 

and stabilised there for some time, however the pressure started to decrease rapidly 

thereafter and the fluid seen to be siphoning back to the lower reservoir despite full 

sun exposure, indicating a leak. The leak was found and sealed. The test was 

repeated with a similar result where the water flow would slow and stop, having 

reached an equilibrium between the air expanded into the water bottle and the 

remaining  mass of air in the insert having expanded to its maximum capacity for the 

available temperature. The second solar tube was connected in parallel with the first 

and the shade plate turned around, so as to double the available volume of air. This 

measure allowed a further movement which was exaggerated due to the slow 

cooling response of the solar tubes. The position reverted and again was 

exaggerated by the slow heating response of the tubes. Further testing during the 

latter part of March 2020 was hindered by preparations and limitations imposed by 

government to curb the global pandemic.  

 

6.0 HYDRAULIC ACTUATION WITH PV POSITIONER  

During the national level 5 lockdown of 2020, a scaled down facsimile of the test rig 

was created for testing under lockdown at the author’s home.  

 
6.1 Proportional control of pump speed 
On 30 March 2020 a successful actuation was achieved using a potable water pump 

and solar panel connected to a pneumatic cylinder and using controlled shading of 

the panel as positioner. The pump started up once the shading of the first row of 

cells reduced to expose a 2cm strip. With a 12.5cm high shade tilted away from East 

at 14°, the panel alignment consistently advanced the elevation angle by 7°, well 

within the 10° target alignment. Initially the pump was unable to move the panel and 

ran at low speed. As the shade retreated due to solar movement, the pump speed 

increased until the panel started to move. Due to this movement, the shade 

advanced on the panel and the pump slowed down again, allowing the movement to 



stop. This mechanism maintained a proportional relationship between the panel 

position and the length of the shaded area, in turn maintaining a fixed relationship 

with the position of the sun.  A plasticised protractor was attached to the frame to 

monitor the accuracy of the system, an indication of the alignment is visible on the 

shadow from the frame where 90° indicates perfect alignment.  

On 31 March 2020 the system was re-configured for better balance and less effort 

required to move the panel. The system performed as well as on the previous day 

and it was resolved to provide some form of automatic stop/start of the pump to 

prevent it running constantly as this system was not ideal from a reliability 

perspective. In the interim the system was fitted with a manual switch. Closing the 

switch initiated the above control mechanism, correcting the alignment to 90° and 

slowing the pump due to low current, at which time the pump was stopped manually. 

  

6.2 Pilot circuit for ‘Bang-Bang’ control 
In the following days the apparatus was upgraded to start and stop the pump by 

means of a manual relay whose secondary circuit switched the pump drive circuit. 

The relay primary circuit was activated by lack of shading of the panel, as before, but 

stopped the pump when the desired length of shade was achieved.  On 1 April 2020 

it was attempted to run the system using a relay wired into the circuit but using the 

same power source, during which time the relay locked up and the panel actuator 

ran to full stroke. Work was done to split the power supplies to provide for a pilot 

circuit. 

During this time the pump was powered by a lead-acid battery to separate the 

circuits. 

On 3 April 2020 the actuation radius was reduced from 210mm to 140mm, the 

minimum for this design. this change increased total tracking range from 42° to 60°. 

The setup produced a very satisfactory result which cycled between the same limits 

as previously, but with around 10 minutes between pump starts. The range 

increased and the tracking time which had initiated around 10h30 proceeded until 

around 14h40. The pump ran on as noticed the previous day and was again stopped 

manually. 

A further development was the use of a 5 Volt PV cell in a shaded and angularly 

adjustable compartment and which energised a micro relay connected to the pump 

circuit. The main PV panel was then used to power the pump. The 5V trigger system 



was installed on 6 May 2020 and produced the required sensitivity to reduce the 

control range within 4° on cloudy days and 2° on sunny days, for the duration of the 

test period. 

 

6.3 Shutdown switch 
At the end of the solar day, the pump was found to run on as the cylinder had 

reached end of stroke and the trigger PV cell remained fully exposed. On 5 April 
2020 a special switch was fitted to shut the system down once the platform reaches 

its maximum tilt towards the West. The switch comprises a steel roller within a 

confined track under which a microswitch has been fitted. The switch is mounted on 

a sheet metal strip so that the set angle can be adjusted. Once the platform angle 

exceeds the set angle, the roller rolls forward and triggers the microswitch. The 

platform begins to return to the rest position and the roller only resets after the pilot 

trigger is in shade, to prevent the panel repeatedly attempting to tilt west until 

sundown. This hysteresis is achieved by placing a 1mm wire across the roller path, 

which keeps the circuit open until the PV sensor is fully shaded by the retreating 

panel. 

 

6.4 Leak-off and overnight reset 
The pump discharge was initially throttled to allow reverse flow leak-off,  to return the 

frame to the east at night. This measure also ensured that the panel hunts across 

the ideal angle constantly, but resulted in excessive stop and starts of the pump. 

 This system was upgraded with a check valve and tee in the pump discharge, with a 

leak-off throttle valve to control leak-off, so that response was quick and subsidence 

was slow.  

The throttled valve in the leak-off line often clogged with contaminants in the water. A 

water change and fitting of a pump inlet filter reduced this issue. The throttling valve 

was replaced with an in-line filter and restrictor orifice to produce good repeatability 

of subsidence time. Current leak-off and damping permit the payload to move from 

fully deployed west to park in 30 minutes. 

 

6.5 Heavy duty pump and low pressure hydraulic actuator 
The test pump used was a water pump designed for recreational vehicles, of plastic 

construction. With concern for the longevity of the pump, a dedicated heavy duty 



pump with high head and low flow characteristics and with the capacity for many 

starts was designed, manufactured and tested for this specific application. The pump 

was installed on 26 April 2020 for daily use until the system was stopped on 8 May 

2020 for upgrades.  

The pump design concept became the subject of an article submitted to the Journal 

for New Generation Sciences. 

Due to lack of a suitable actuator during the level 5 lockdown, a 45mm single acting 

hydraulic cylinder was designed and manufactured from available materials and 

used between March and June 2020, when it was transferred to the main test rig at 

campus and run for a further month with the forward bladed heavy duty pump. 

Drawings of this actuator are provided in the final specification, Appendix D to the 

thesis.   

 

The above system was run during the above developments from 30 March 2020 and 

run daily with exception of 3 days of bad weather until 8 May 2020, at which time it 

was dismantled to develop the Northern tilting axis linkage. The upgrades and 

changes were effected in the evenings and early mornings. 

 

On 20 April 2020 a design was done of a linkage system to tilt the rig towards the 

north during the day, using the effort provided by the hydraulic azimuthal tracking. 

A model was built during the pandemic lockdown to test the design and a full sized 

set of components manufactured in anticipation of eventual access to the test site. 

The design was upgraded to provide sufficient strength for the full size test rig and 

installed during July 2020 on return to campus. 

 

The linkage system tilts the payload north in sympathy with the position of the main 

Hookes joint member, thus maintaining a relationship between the polar equivalents 

of Azimuth and Elevation throughout the day. 

 

The linkage system was set for the winter solstice and later adjusted to the equinox 

setting. At the time of writing the linkage is set to the summer solstice position. 

 

Using the shadow pin method described in the thesis, spot checks of the shadow 

during full sunshine and medium overcast maintained the alignment within the 90% 



target during the active hours, with the panel ‘locking on’ at 10h20 and reaching full 

travel at 15h20 during the period across the winter solstice. 

 

Measurements were taken from a matched pair of PV cells during the period April to 

November 2020 to gauge the comparison between a horizontal cell and a tracked 

cell. During the winter months the tracked cell peaked at 20% more energy than the 

flat cell at noon. The tracked cell ramped up to full power very quickly and exhibited 

an almost flat characteristic throughout the day, whereas the flat panel exhibited the 

typical inverse parabolic shape.  

 

The area under the tracked cell curve (Current vs Time) shows clearly a marked 

increase in full day energy production over the flat curve, see Figures 6.5(a) to (e). 
These figures illustrate the advantage of early and late day alignment with the solar 

path.  

 

Figures 6.5(a) 

 
Figure 6.5(a) shows the comparison on 3 September where the fixed cell peak daily 

output closely approximates the tracked cell. This is due to the tracked panel still 

aligned to the winter setting (35° above horizon). The curves for 4 September show 



the effects of inclement weather - heavy intermittent cloud and high winds - which 

unsettle the tracker until late afternoon. 

 
Figure 6.5(b) 

 
Figure 6.5 (b) shows the power output improvement when the panel was re-aligned 

to the Equinox setting. On a day of high cloud and relatively low radiation, the 

tracked panel increased overall output by 40% despite early morning shading issues 

from the adjacent buildings.   

 

Figure 6.5 (c) and (d) illustrate the improvement at the Equinox setting with readings 

measured from 06h00 to 16h30. The energy absorbed by the tracked cell shows an 

increase over the horizontal cell of 57.5% and 58.8% on the respective days of 17 

September and 30 September 2020, respectively.  

Figure 6.5(e) illustrates a typical week of comparisons during the final week of 

September 2020. The horizontal panel consistently returned peaks around 11mA 

whereas the tracked cell consistently returned peaks of around 16mA. The flatter arc 

of the tracked cell power curve is evident when the chart is expanded, the earlier 

ramp-up to peak and the later ramp-down in the afternoons contribute greatly 

towards the 58% overall daily increase in output illustrated here. 

 
 



Figure 6.5(c) 

 
 

Figure 6.5 (d) 

 
 



Figure 6.5(e) 

 
 
 
 
POSTSCRIPT 
The system was fitted with 2 x 325W panels during late November 2020. The 

payload platform was re-balanced to accommodate the new centre of gravity and the 

bias weights adjusted.  

The system continues to track as before but with greater fluctuations on windy days 

due to the reactive wind loads. 
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Final Design of Two Axis Actuated Photovoltaic Panel 
Structure for Tracked Photovoltaic Panels 

(i) Background 
 

An articulated framework is required to align a pair of solar panels with the sun. The 

system comprises two main components; a fixed base comprising a foot and centre 

column with fluid reservoir, and a PV panel support framework with integrated ballast 

tank. A universal joint joins these major components to complete the system. 

This document contains the basic design which may be reproduced to duplicate the 

structure and its mechanisms. Detailed drawings of the structure and its components 

is to be found in Appendix D. 
 
(ii) Symbols  
 

Symbol Quantity      Units 
A  Area       m2 

B  Breadth of section     m 

D   Depth of section     m 

I  Second moment of area, stiffness   m4 

Ixx/yy  Second moment through plane XX or YY m4 

L  Length      m 

m  mass       kg 

M  Bending moment     Nm 

P  Pressure      Pa 

Pb  Barometric pressure    Pa 

Pv  Velocity pressure     Pa 

r  Density      kg/m3 

s    Stress       MPa 

st    Tensile stress     MPa 

sp    Permissible stress     MPa 

𝝉  Shear stress      MPa 

V  Velocity      m/s 

W  Point load      N 



(iii) Abbreviations 
 
CG  Centre of gravity 

EW  East to West plane 

NS  North to South plane 

PV   Photovoltaic 

 ULA  Unequal leg angle section 

 TFC  Tapered Flange Channel section 
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1.0 Framework 
 
1.1 Description 
The PV panels are supported on an articulated frame. The chosen 

configuration is two 325W panels of 2m x 1m mounted on a framework of 

approximately 2m x 2.5m with the longer dimension along the EW plane and 

an open area between the panels to allow admit the auxiliary control PV panel 

and clearance for movement without interference with the centre support 

column. The outer members are inverted angle sections with the corners 

pinned and bolted by corner braces of the same section material. The frame is 

supported in the centre by two parallel channels, also held in place by the 

same corner cleats. The highest stressed portion of the frame is the centre 

parts of the angle section frame which is boxed at both ends for strength.  

The selection of this configuration is enables very large angles of articulation 

up to 140° in both planes, however the end user may choose to operate on a 

range of their choice, dependent on their geographic location.  

 

1.2 Loading 
The loading capacity for this feature is taken from the PV panel typical 

specification and includes consideration for snow loading, despite the fact that 

the test site is not in a snowy location but has considerable wind loadings. A 

worst case scenario is considered whereby the Cd of the wind loading is 

taken as unity and the wind is considered at 160 km/h at 20°C and 1 

Atmosphere barometric pressure. 

Static loading is made from mass estimates of 130 kg (1275 N) for the 

suspended payload. Dynamic loading is estimated at the above conditions - 

 

  Wind Velocity  v = 160/3.6 = 44.44 m/s 
  Air Density   r = PV/RT = 1.2 kg/m3 
  Baro Pressure Pb = 101.3 kPa  
  Projected Area  A = 4 m2 
  Velocity head  hv = v2/2g = 100.66 m 
  Velocity Pressure Pv = rghv = 1185 Pa 
  Projected Force Pv x A = 4740 N 
 
Total Force assuming all loads in one direction = 6015 N (say 6 kN). 



Figure 1.2 - Wind Loading 

 
 

 
 
1.3 Loading about EW axis 
The highest stress is experienced in the centre of the two longer frame 

members, all sections being identical and the wind loading UDL exerted 

across a longer length of platform. 

Consider the loading as a cantilever system with a concentrated load of 3 kN 

at a radius of 0.625 m from the centreline, representing one half of the 

structure. 

 

Figure 1.3 - Cantilever analogy for wind loaded frame 

 



 

Assuming 75 x 50 x 6mm unequal leg angles material 350W structural steel, 

I = 0.405e-6 m4 and y = 23.7mm - 

 

Bending Moment  M = WL = 3E3 x 0.625 = 1.875kNm 

 

 Area Moment  I  = 0.405E-6 m4 from steel tables 

 

 From general beam equation -  

    st  = My/I = 1875 x 0.0237/0.405E-6 

    st  = 109.72 MPa 
 

For fatigue strength, st  should not exceed 40% of Yield -  

 
    109.72/350 = 0.314 or 31.4% 

 
[This stress is not excessive, the section requires no additional 
strengthening.] 
 

1.4 Loading about the NS axis 
The load is again considered to be a cantilever representing one half of the 

structure, acted on by a 3 kN point load at a radius of 0.5m. The load is 

resisted by a ULA 75 x 50 x 6mm section and a centre beam of TFC 76 x 38 

profile. 

 

    M = 3000 x 0.5 = 1500 Nm 
   

Stiffness of ULA sections = (2 x 0.405E-6) = 0.810E-6 m4  

Stiffness of TFC sections = (2 x 0.743E-6) = 1.486E-6 m4 

Total Stiffness = 2.296E-6m4 

 

Using average beam radius of 31 mm, median stress in system is - 

 



    s = 1500 x .031 / 2.296E-6 = 20.25 MPa 
 

As loading is proportional to stiffness - 

 - Portion of load carried by TFC = 1.486E-6 / 2.296E-6 = 64.7% or 1.94 kN 

Stress in TFC = 1940 x 1 x 0.038 / (2 x 2 x 0.743E-6) = 24.8 MPa 
 - Portion of load carried by ULA = 1.06 kN 

Stress in ULA = 1060 x 1 x .0237 / (2 x 2 x 0.405-6) =  15.5  MPa 
 

[This plane strength is adequate.] 
 

2.0 Hookes Joint 
 
2.1 Description 
Actuation in two planes requires that the centre pivotal device is rotationally 

stable, i.e. that actuator movement is dedicated to its own plane and cannot 

influence the other plane. For this reason the pivot must take the shape of a 

Hookes Joint with sufficient angular clearance to allow large movements. 

To achieve minimum work to actuate the system, the payload must be 

balanced about the centreline of the centre pivot. The CG of a complex frame 

is difficult to predict accurately so that the height of the payload must be 

adjustable above the centre pivot i.e. where the pivot meets the frame.  

  

2.2 Angular Requirement 
The pivot is considered in the two planes EW and NS, in a direction normal to 

the payload. For the test site, the range for the EW plane is 140° or 20° above 

the horizon in both directions and that of the NS plane is 70° in the northerly 

direction or 20° above the north horizon. 

For simplicity and universal utility, the NS plane requirement is set at 20° 

above the horizon in both north and south directions. 

To facilitate the movements, the Hookes joint will comprise a relatively long 

central beam placed in direction EW as part of the UJ cross, housing a short 

central intersecting pin in the beam centre in the NS direction and which 

comprises the second axis of the UJ. 



 

2.3 Loading and centre pin stress 
The loading as determined in Paragraph 1 above is used for the pivot design.  

The EW beam section will be analysed as a simply supported beam with a 

centre loading without assistance from the NS pin, and vice versa. 

 

The load is transmitted from frame to UJ via the centre cross pins. The shorter 

pin is evaluated for shear and bending stress, assuming a diameter of 25mm 

and using 800MPa Grade 8.8 bolting steel - 

 

Permissible shear  sp = 0.56 x 0.4 x 800 

    sp = 179.2 MPa 

       

In double shear only -   

    ss = W/A 

    ss = 6000 / (2 x p x 0.0252 / 4) 

    ss = 6.11 MPa 
 

Permissible tension - sp = su x 0.4 

    sp  = 320 MPa 

 

Assumption - length of pin L = 150 mm and diameter of pin 25 mm, loading as 

6kN at unsupported centre, in bending only -   

     

    st = My/I 

    st = (WL/2)y/I 

    st = 293.35 MPa 
Compounded stress = [(3x(6.112)2 + (293.352)2)]0.5 = 293.5 MPa 
[The pin is adequately sized at 25mm and material 8.8 Grade with su 800 
MPa]  
 

2.4 Strength of centre beam 
Assumption - spacing of centre beams L = 500 mm. 



Point load   W = 6 kN 

Moment  M = WL/2 = 6E3 x 0.5/2 = 1500 Nm 

Ultimate stress s = 455 MPa (350W, minimum) 

Permissible stress  sp = 0.4 s = 182 MPa 

From general beam formula - 

    sp  = My/I 

 

Required Stiffness  Ixx = My/sp = 0.247E-6 m4 

 

A rectangular hollow section 60 x 40 x 3mm is selected from tables with 

stiffness 0.254E-6 m4. 

 

Maximum stress is s = 177.2 MPa < sp   
[Section RHS 60 X 40 X 3mm is suitable] 
 

 

2.5 Strength of pin mountings 
Consider highest stress loading at junction of pin and beam - 

Applied Load  W = 6 kN 

Diameter of pins d = 25 mm 

Applied shear stress   𝝉 = (6E3 / (𝜋/4) x.0252)2 for double shear 

     𝝉 = 6.1 MPa 

Applied bending s = My/I = (3E3 x .05) x 0.0125 / (𝜋/64)	x 0.0254 

    s = 97.8 MPa 

Combined stress   s = (3(6.12) + 97.82)0.5  using Von Mises 

    s = 98.4 MPa 
For a safety factor > 5 :: 1, use 8.8 Grade carbon steel with yield stress 64 

MPa. 

    

2.6 Bearing Selection 
Spherically mounted 2-hole Y bearings, shaft diameter 25mm 

Static load ratings 6.55 kN each 

Dynamic load ratings > 12 kN each 



Resistance 30 Nmm, total resistance 60E-3 Nm per plane. 

Rotational velocity is negligible - use static load ratings. 

[Bearing safety factor = 2] 
 

3.0 Centre Support Column 
 
3.1 Description 
The payload and associated loading is supported by a single central column. 

The column loading is considered as vertical cantilever bending only as a 

result of horizontal wind load. 

 

3.2 Basic Geometry and Height 
The height of column must not allow interference between frame and ground 

level.  

The longest dimension of the frame from the centre pivot is half the diagonal 

of the frame between corners. Due to the as yet unknown total outside 

dimension and the high articulation, this diagonal is taken as the minimum 

height of column to centre pivot, plus a small safety factor. 

The diagonal dimension is (L2 + H2)0.5 ; using basic frame dimensions of 2.0 m 

x 2.5 m, the half of the diagonal is 1.6 m. A safety factor of 100mm is added to 

round this dimension to 1.7m. 
 

3.3 Strength at Base of Column 
Previously determined worst case loading in the horizontal direction was 

stated at 6 kN. The moment about the base - 

 

    M = WL for cantilever, 

     

    M = 6000 x 1.7 = 10 200 Nm 
 

Required stiffness at the base, using limiting stress at 140 MPa for steel 350W 

and a dimension of 120mm 

 

    Ixx = My/sp = 10 200 x 0.06 / 140E6 = 4.37E-6m4 



 

This is a large loading for a single section, however it is planned to support 

the centre column with knee braces to a height of 0.5m, reducing the bending 

moment to - 

    M = 6000 x 1.2 = 7 200 Nm 
 
The new stiffness requirement for the reduced moment will be  - 

 

    Ixx = 7 200 x 0.06 / 140E6 = 3.09E-6m4 

 

A suitable section shape for the purpose is a square section which 

accommodates the mountings coincident to the compass points.  

The section 100 x 100 x 6mm has a similar stiffness but has some 7kg more 

mass per metre. 

[A suitable stiffness section is a SHS 120 x 120 x 3mm at stiffness of 
3.123E-6m4.] 
 
3.4 Centre column bracing 
The dimension of the knee braces can be determined from the permissible 

strength of the economical steel S 235 JR with permissible stress of 160 MPa. 

Assuming a 45 degree brace angle to limit the footprint to one square metre 

and the brace is in tension only i.e. a tie, then the tensile force in the brace will 

be - 

    F = (M / r Cos 45) 
    F = 10 200/(0.5 Cos 45) = 28.9 kN 
 
A suitable brace section area - 

    A = F /sp = 1.8E-4 m2 

 
[This dimension equates to a standard tie rod of 16mm diameter.] 
 

NOTE - It is sensible to attach the ties to the centre of the flats of the column 

in the weakest plane Ixx and Iyy.  



The attachment must necessarily be by means of a bolted yoke around the 

column.  

 
3.5 Footing shape and strength 
The imposed horizontal load of 6kN translates into a base moment of 

10.2kNm (M) when the load applied at the UJ cross which is 1.7m above base 

level. 

 

It is desired to construct the foot structures from RC, pre-cast in 32 MPa 

concrete with reinforcing and foundation fixings guaranteed by the 

manufacturer. 

 

An estimate of the base mass is 600kg. This mass is made up of two sleeper 

sections of identical shape which interlock to form the foundation cross.  

A four bolt centre hole pattern coincides with both parts allowing the centre 

joint to be firmly bolted in compression. Similarly, holes at the extremities 

allow bracing anchors to be hand fitted prior to placement. All holes are 

located with 20mm PVC tubing cast in and located with the necessary 

precision by the factory mould shape. 

 

The members may also be cast in situ using a constructed wooden former to 

plan, in which case the centre joint is redundant and the four hole pattern is 

cast in with foundation bolts and a baseplate. 

 

 It is also suggested to drape the finished and as yet uncovered frame with a 

stainless or galvanised steel mesh prior to backfill to form an earth anchor. 

The compacted backfill adds a huge inertial mass to the frame when the 

compacted soil volume is added to the inertial surcharge. 

 

Foundation bolt dimension is estimated at 16mm diameter which implies a bolt 

stress of 80 MPa for a minimum yield of 200MPa for galvanised bolts Grade 

4.2. 

 



Where the base is to be chemically anchored in a concrete slab, the 

recommended slab thickness is 100mm with welded wire mesh (5mm wire x 

150 aperture) placed 40mm above the screed. 

 

The chemical anchors rely on the permissible shear of the bond for strength, 

specified by Hilti® as 3.5 MPa in shear. The minimum depth of the bolt holes, 

assuming worst case wind gust at right angles to the column -   

 
Tension on each bolt = 6E3 x 1.7 / 0.2 = 51 kN or 17 kN per bolt 

 

Bond in shear is 17 000 / 3.5E6 = 0.0048 m2 per bolt 

 

[Bolt depth = 0.0048 / (𝝅 x0.016) = 0.095 m say 100 mm depth.] 
 
 
 
 
 

3.6 North - South Actuator Tie Bar 
 Using the worst case wind loading as 6kN for the whole payload area and 

assuming no balanced loading from one half of the panel - 

 

Load on half payload area = 3kN 

Radius of exerted loading = 2.5/2 = 1.25m 

Moment on payload structure = 3.75 kNm 
 

Estimated radial location of the tie bar = 180mm from the fulcrum (to allow 

maximum articulation from 200mm cylinder stroke) 

Force on tie bar W = 3.75E3 / 0.18 = 20.8 kN 
 

Length of tie bar = 0.5m (from payload platform drawing) 

Bending moment assuming fixed ends, M = WL/4 

    M = 20.8E3*.5/4 

    M = 2.6 kNm 



 

For permissible stress of 350WA steel at 140 MPa  

    I / y = M / s = Zx  

    Zx = 2.6E3 / 140E6  

    Zx = 18.6E-6 m3 
 
[Suitable Angle section is 70 x 70 x 6mm, Zx = 17.32E-6 m3] 
    s = My / I = 150.12 MPa, SF = 2.3 to Yield 
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1.0 Drawing List 
Drawings fall under the headings relevant to the component where they are 

located on the structure. The list of drawings is provided below and the 

drawings are reproduced on successive pages. 

 
A - Attachments 
A0010  Cylinder mounting clamp 

A0011  Cylinder mount 

A0012  Cylinder mount spacer 

A0013  Bell crank 

A0014  Bell crank cover 

A0015  Cylinder rod clevis 

A0016  Cylinder rod clevis base 

A0017  Cylinder rod clevis leg 

 

C - Centre column 
C0010  Centre Column GA 

C0011  Column detail 

C0012  Stiffener 

C0013  Base Plate 

C0014  Foot brace 

C0015  Foot brace part 1 

C0016  Foot brace part 2 

C0017  Foot brace part 3 

 

E - Electrical and Instrumentation 
E0010  Roller switch 

E0011  Roller switch holder 

E0012  Roller switch bracket 

E0013  Roller 

E0014  Sensor plate 

E0015  Sensor plate profile 

E0016   Sensor plate mounting bar 

E0017  Sensor plate bracket 
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F - Foundation pre-cast members 
F0010  GA Foundation beam 

F0013  Rebar Assembly and profiles  

 

G - General views 
G0002 - Piping diagram 

G0003 - Electrical Circuit diagram 

 

J - Hookes joint 
J0010 GA Hookes joint 

J0011 Beam 

J0012 End pin assembly 

J0013 Centre stiffener 

J0014 Cross pin 

 

P - Panel main frame 
 P0000 GA Test Rig 

P0010 GA Main frame 

P0011 North members 

P0012 East members 

P0013 Centre beam 

P0014 Corner cleats 

P0015 Height adjuster plate 
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The costing estimate Table E below reflects the landed cost of materials and 

manufactured components for the 650W tilt/tilt articulated platform with panels and 

hydraulic drive. Source of costing is SEIFSA PIPS 4/2017 with compounded CPI up 

to December 2020. 

 

Table E - Estimated costing - ZAR December 2020 
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Guide to the model calculations - 

 

Table F1 
The first calculation, Table F1 is made to determine the Northern Elevation (NE) of 

the payload platform using a mimic linkage of known lengths, relative to an assumed 

East Elevation (EE) angle. The adjustable linkage is part C. The philosophy is to 

provide a linkage with three possible drillings - the owner may prefer to improve 

production by altering the position of link C during the change of seasons, alternately 

he may prefer to set up once only on the Equinox position for the entire year and 

accept the alignment errors with their associated production losses. 

 

The calculation is performed for the three milestone conditions, the summer and 

winter Solstices as well as for the interim Equinox period.  

 
Table F2 and Table F3 use known values of Azimuth and Elevation on the days of 

the solstices as inputs for conversion to values of East Elevation(EE) and North 

Elevation(NE) i.e. the degree of tilt of a tilt/tilt payload required to match the position 

of the sun at right angles. The calculation is anchored by the assumption that the 

East Elevation tracking is exact i.e. the Cosine of the error angle =1. This 

assumption is considered to be safe as the actual accuracy of the shaded PV sensor 

system has proven to be within 2° or Cosine of error angle = 0.999391. The 

calculation is applied for each hour of the solar day. The final columns relate the 

compounded error angle with the aperture error of a horizontal panel. 

A second assumption made is that background radiation at the summer solstice has 

less relative effect on the calculation due to the tracked and horizontal panels having 

only 12° difference at noon, whereas in the winter situation the indirect attitude of the 

horizontal panel will allow it to benefit more from ambient radiation than it would in 

summer.  

 

 

 

 

 
 



Table F1 - Linkage calculation to set North Elevation from given East Elevation 
 

 



Table F2 - Comparison of Actual vs Predicted alignments - Winter Solstice 
 

 



Table F3 - Comparison of Actual vs Predicted alignments - Summer Solstice 
 

 



Postscript 
Values measured during the solar day during September 2020 indicate an 

improvement of the energy absorbed by the tracked cell vs the horizontal cell to be in 

the region of 58% at the equinox. Considering our assumption of summertime 

background radiation having little effect on the horizontal panel, the effect during the 

equinox would be the midpoint between summertime and wintertime improvements, 

implying a wintertime background radiation advantage of 11.2% and not the 

assumed 10%. 
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Notation 
 
Symbol Description 
   A  Conventional azimuth angle 
   a  Converted azimuth angle 
   q  Elevation angle 
 
 
 
 
 
 
 



1. Introduction 
 
The basis of the authors original research stems from the productivity gains to be made from solar 

tracking of PV installations on the one hand and the need for a simple and preferably independently 
passive system to actuate and position panels to follow the solar path. 

 

The paper provides the proof and conversion equations for adapting historical and seasonal azimuth 

and altitude records to their polar equivalents for setting up the range and calibrations of a tilt/tilt 

installation.  

The use of tilt/tilt systems appear to be an option of choice for small scale installations due to their 

reduced land footprint and higher production per unit area. 

 
This article is written from a southern hemisphere perspective to address the sun’s northerly arc, 

readers in the northern hemisphere will need to exchange the descriptions to cater for the sun’s 

southerly arc from their perspective.  

 

 

2. Concepts to define the position of the sun 

2.1. Traditional measurements  

The convention of Azimuth is the radial angle of the sun position about true North, thus North is the 
zero position and the azimuthal angle increases in a clockwise direction past East, South and West 

until 360 degrees coincides again with 0 degrees in the Northern direction. This is easily measured 

with a compass if the magnetic declination is known and accurate. 

Elevation is the angle between the horizon and the sun, measured on the azimuthal line. 

The ideal tracking solution at any time and date can be read from a polar plot of Azimuth (radial axis) 

against Elevation (concentric axis) for that particular day. These values have been used by travellers 

and mariners for centuries for time and navigation purposes. Historical sun position data is stored in 
this format. 

To interpret the above measurements and historical data into useful units for a Tilt/Tilt system 

requires that the values are converted to two polar measures which describe arcs in the East to West 

direction and the North to South direction.  

 

2.2. The two altitude notation 

The primary axis is the largest movement and is the vertical arc corresponding to the East/West daily 

path of the sun irrespective of its northerly bias due to its seasonal limits, i.e. it assumes that the sun 
passes directly overhead every day. This axis is deemed to be the East Altitude (EA), where 0EA 

faces directly due East, 90EA is vertical at solar noon and 180EA faces directly West. With the 

knowledge that one unit of EA equals one degree of arc, the degree symbol is omitted for simplicity. 

 



The secondary axis describes the sun’s angle above the horizon strictly in the northerly direction, 

irrespective of the azimuth angle. At sunrise and sunset this angle is small and grows until its vertex is 

reached at true noon, according to the day of the year. At solar noon this angle corresponds to the 

conventional Elevation data between winter solstice and summer solstice. This angle is designated 
North Altitude (NA) where 0NA faces the horizon and 90NA is vertical. The position 90NA meets 

90EA directly above the observer. Again the degree symbol is omitted for the polar terms. 

 

At any time, the sun position can be accurately described by a two-part angular solution which would 

appear as, for example, 45EA16NA, indicating that the sun position coincides with 45 degrees above 

the East horizon and 16 degrees above the North horizon. A solar payload adjusted in two planes 

normal to these values will face the sun at right angles. 

 
Degrees of arc are stated as round numbers, fractions of a degree are rounded to the nearest whole 

number. This is due to the negligible value of fractions of a degree when considered as change in PV 

output. A 0.5 degree alignment error changes the PV output by the Cosine of that angle, a value of 

3.8 x 10-3 %.   

2.3. Preparation of historical data 

To enable conversion the conventional values of both Elevation and Azimuth need to be known. Symbol 

q is assigned to Elevation and symbol A is assigned to Azimuth. It is assumed the observer is at ground 

level on an infinite horizontal plane at a point designated ‘O’.  

During a solar day in the southern hemisphere, the conventional azimuth angle at sunrise originates 

around 90° or due East, the exact angle being dependent on season and latitude of the site. This angle 

then recedes as the sun path veers northwards, at solar noon the azimuth is 0° (and 360°) or due North, 

whereupon the angle counts down from 360° to around 270° at sunset. To simplify this notation, the 

conventional azimuth angle A is converted to the value a which originates due East or 0° and increases 

anti-clockwise throughout the day to 180° at sunset.  

To convert from standard azimuth data, the historical morning values between 90° and 0° (360°) are 

modified by - 

  a = √((morning A - 90)2 )    

 

Afternoon values of azimuth between 360° and 270° are modified by - 

 

  a = √((afternoon A - 270)2  + 90)    

   

These changes produce a range of modified azimuth values that progress from around 0° to around 

180° progressively during the day which are in a form conducive to further computation.  
 

The historical data for elevation exists in the form of degrees of arc above the horizon and is used as 

is, assigned the symbol q. 



3. Conversion of converted azimuth angles to polar units of EA 

 

With reference to Figure 2, consider a vertical right angled triangle with its base along the azimuthal 

line for an assumed base length of R linear units, i.e. the base originates at the observer and  ends 
after R units at a right angle, point ‘V’, which then extends vertically. From the observer, point ‘O’, the 

elevation line extends directly towards the sun until it intersects the vertical line at point ‘S’. These lines 

form a triangle SOV with angle SOV = q, co-incident with the conventional elevation angle. 

 

The importance of line VS is that it establishes the universal height of the sun above the horizontal 

plane relative to line length R and which is common in all directions.  
Deductions made from this triangle of known dimensions are - 

 

 OS = R / Cos q 

 VS = R Tan q 
 

Figure 2- Conventional Azimuth-Elevation triangle 

 
The second relationship as illustrated in Figure 3 is a horizontal triangle bounded by the line VO and a 

line due East from the observer and terminating at point E which is level with point V and forms the 

triangle EOV where angle EOV = a. Deductions made from this triangle are - 

 

 OE = R Cos a 



 

The height of VS is projected across to a position above point E, creating the vertical component of the 

East Altitude triangle.  

 
Figure 3 - Basis of EA triangle 

 
Angle EA is found as - 

 
 EA = Tan-1 (VS / OE) 

 

Condensing the process - 

 

 EA = Tan-1 (Tan q / Cos a)   .  .  .  .  . (2.1) 
 

 

 

 

 

 

 
 

 



Figure 4 - The EA triangle 

 
4.0 Conversion of elevation to polar units of NA 
 
A similar exercise is followed to determine the angle NA, whereby the horizontal triangle is bounded by 

line VO and a line running North from O and ending level with the northern extent of VO at point N, the 

included angle being (90 - a). It is clear that the shape of the base ONVE is a rectangle. This is illustrated 

in Figure 5. 

The line ON is defined as - 

 

 ON = R Cos (90 - a) 
also - 

 ON = R Sin a  
 

The equivalent northerly elevation is determined using the universal height VS and the base ON - 

 

 NA = Tan-1 (VS / ON) 

 

 NA = Tan-1 (Tan q / Sin a) .   .      (2.2) 
 

 

 



 

Figure 5 - The NA triangle 

 
 

 

Through the use of equations 2.1 and 2.2, historical data can be converted to polar units of EA and NA 

to relate to a tilt/tilt solar payload. 
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DRAWING LIST 
 
H0001- Hydraulic cylinder 
H0001A  Exploded view of cylinder 

H0001B Seal mould 

H0010 Rod end plug 

H0011 Piston rod 

H0012 Front bushing 

H0013 Bearing 

H0014 Piston  

H0015 O-ring 

H0016 Back Bush 

H0017 Body tube 

H0018 Mould cap 

H0019 Positioning tube 
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H002 - Hydraulic pump 
H0002 Exploded view of pump 

H00201 Inlet Flange 

H00202 Top flange 

 H00203 Vortex chamber 

H00204 Mesh 

H00205 Body tube 

H00206 Body tube flange 

H00207 Discharge tube 

H00208 Impeller 

H00209 Drive shaft 

H00210 Motor coupling 

H00211 Main bearing 

H00212 Thrust bearing 
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