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Sammanfattning 

En heliostat är en motordriven spegel som används i tornsolkraftverk, kända som Solar Power Tower, även 
kallade Central Receiver system. Tekniken har funnits sedan 1970-talet och går ut på att hundratals eller tusentals 
heliostater speglar solstrålarna till toppen av ett högt torn, där stålningsenergin omvandlas till värmeenergi, 
som t.ex. kan användas till att driva ångturbiner och producera elektricitet. Demonstrationsanläggningar har 
byggts i bland annat USA och Spanien, och ett flertal nya installationer har tillkommit sedan år 2005. För att 
verkligen nå ett kommersiellt genombrott måste tekniken göras billigare så att solelen kan produceras till 
minst lika bra pris som andra alternativ, så som t.ex. solceller, kärnkraft och kolkraft. En kritisk komponent 
för tornsolkraftverkens ekonomi är kostnaden för heliostaterna, som beräknas stå för ungefär 50 % av 
anläggningens totala investeringskostnad. 
 
Den här rapporten avhandlar heliostaten ur ett mångfacetterat perspektiv där olika konstruktionsspår 
förklaras. Vidare behandlar rapporten spegelgeometrier, och en Matlab-kod som genererar tillverkningsmått 
för en rotationssymmetrisk paraboloidformad spegelyta finns bifogad. 
 
Att undersöka vindlaster är bland det viktigaste i ett heliostatutvecklingsprojekt, eftersom dessa är de 
dimensionerande lasterna för designarbetet. Här används en vindlastberäkningsmetod utgiven av Sandia 
National Laboratories, som kortfattat går ut på att man multiplicerar det dynamiska vindtrycket med en 
korrigeringsfaktor som baserats på emiriska studier av heliostatmodeller i vindtunnel.  
 
En dimensioneringsprocess för heliostater föreslås och utvecklingsgången för två Azimut-Elevation 
heliostater i storlek 25 m2 resp. 49 m2 demonstreras. FEM-mjukvara nyttjas som det främsta verktyget för att 
dimensionera heliostatkonstruktioner som kan stå emot vindlasterna. 
 
Slutligen ges förslag på innovativa tekniska lösningar för spegelmontering, glidlager, montering av elevation-
motorerna, och en unik azimut-motormodul, vilken använder stålvajrar som remmar och har en integrerad 
broms. 
 
Med all denna information bör Robotics Lab på IISc ha en god grund att stå på inför vidare forskning inom 
konstruktion och styrning av heliostater. 
 
Nyckelord: Solenergi, Heliostat, Termisk solenergi, Solar Power Tower, Tornsolkraftverk 
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Abstract 

A heliostat is a motorized mirror used in a Solar Power Tower plant. The technology has been around since 
the 1970’s, and involves hundreds or thousands of heliostats reflecting the sun’s rays to the top of a high 
tower, where the incident solar energy is converted to heat energy, which in turn is used to drive steam 
turbines and produce electricity. Demonstration plants have been built in the U.S.A. and Spain, and a number 
of new facilities have been added since 2005. To achieve a commercial breakthrough, the technology must be 
made more efficient so that electricity can be produced at prices comparable with other options such as wind, 
photovoltaic, nuclear and coal. A critical component in the economics of the Solar Power Tower plant is the 
cost of the heliostat, which is estimated to account for approximately 50 % of the investment cost of the total 
plant. 
 
This report deals with the heliostat from a multifaceted perspective. Different design approaches are 
explained. First, mirror geometries, with manufacturing dimensions, for a rotation-symmetric paraboloid-
shaped mirror-assembly are obtained for mirrors with different sizes with a Matlab code.  Investigating wind 
loads are among the most important tasks in a heliostat development project, as large wind loads radically 
complicates the design work. A wind load calculation-method based on previous work by Sandia National 
Laboratories and finite element method (FEM) is used in this work to design heliostats to withstand expected 
wind loading.  The design of the geometry and the structure to withstand wind loading is illustrated with two 
azimuth elevation heliostats (25 m2 and 49 m2). Finally, a number of innovative technical solutions are 
suggested. These are a new mirror facet mounting technique, sliding bearings, elevation drive, and a very 
unique azimuth motor module, which uses steel wires as belts with an integrated brake. 
 
It is hoped that the results and designs presented in this thesis will be a good foundation for further research 
in the heliostat structures and heliostat controls at the Robotics lab in IISc and elsewhere. 
 
 
Keywords: Solar Power, Heliostat, Thermal solar power, Solar Power Tower, Central Receiver System
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Solar energy glossary 

Azimuth drive The actuator and gear system for the azimuth axel 

Azimuth-Elevation heliostat 
(Az-El) 

A serial heliostat with two actuators; one at azimuth axis and a second at 
the elevation axis. The axes are perpendicular to each other. 

Canting The tilt of the mirror facets regards a plane common for the mirror 
assembly of one heliostat. Canting (as well as focusing) defines the 
shape of the mirror assembly when the assembly is built up of many 
mirror facets. 

Central Tower A tower structure located at the center of a Solar Power Tower plant, on 
which the sun radiation is focused and where the radiation is collected. 

CSP Concentrating Solar Power; refers to use of mirrors or lenses to focus 
sun rays on a small collector surface aiming to produce electrical power 
or process heat 

DOF Degrees of freedom 

Elevation angle, α The angle between the ground surface and the mirror surface, i.e. the tilt 
of the mirror relative the ground surface; extremes are parallel to the 
ground (flat, stowed; α = 0 deg) resp. perpendicular to the ground 
surface (α = 90 deg). 

Elevation drive The actuator and gear system for the elevation axel 

Focusing The curvature of an individual mirror facet, which is obtained by 
bending the mirror facet. 

Heliostat A device in which a mirror is automatically moved so that it reflects 
sunlight in a constant direction. 

Heliostat field The population of heliostats in a Solar Power Tower plant 

Parallel type of Heliostat Analog to parallel manipulator. Two or more actuators are mounted 
parallel between the ground and the mirror. 

Photovoltaic (PV) Using the photovoltaic method (solar cells) to convert light into 
electricity, a principle explained by quantum mechanics (interactions 
between photons and electrons in a collector material) 

Receiver 

 

A fluid-filled container that collect solar radiation and transform it into 
heat. In a Solar Power Tower plant, the solar receiver is located on top of 
the Central Tower. 

Serial type of Heliostat Analog to serial manipulator where two or more actuators are mounted 
in series. For example the first actuator connects the ground to a second 
actuator, and the second actuator connects first actuator to the mirror. 

  



Master Thesis - Heliostat Design  N.Björkman 

 

 

Solar Power Tower / 
Central receiver system / 
Heliostat field-technology 

A type of thermal solar power plant, where solar radiation is 
concentrated and used to heat fluid. The heated fluid is typically used 
for electricity production in a thermal power process. The concept is a 
Central Tower that is surrounded by Heliostats. 

Target aligned heliostat 

 

A new type of serial heliostat with two actuators that has better optical 
properties than the Az-El-type. The azimuth-angle is fixed, while the 
mirror has rotation-freedom on the elevation axis and on the mirror-
normal axis. 

Thermal solar power Sun rays are used to heat a collector far above ambient temperature. 
Electricity is gathered trough a thermal process (e.g. steam turbines or 
Stirling engines) where temperature difference is the key principle of 
operation. The thermal solar energy harvest method is typically 
contrasted to the PV-approach. 
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Notations 

Symbol Unit Description 

A [m2] Area 

E [Pa] Module of Elasticity, Young’s Module 

F [N] Force 

φ [Rad] Angular distance 

φ' [Rad/s] Angular velocity 

φ’’ [Rad/s2] Angular acceleration 

Fx [N] Wind induced drag force 

Fx’ [N] Wind force perpendicular to mirror 
surface 

Fx’g [N] Weight of mirror array, perpendicular to 
mirror surface 

Fx’g [N] Weight of mirror array, parallel to mirror 
surface 

Fz [N] Wind induced lift force 

Fz’ [N] Wind force parallel to mirror surface 

G [m/s2] Gravity acceleration constant  
(= 9.81) 

M [Nm] Moment 

m [kg] Mass 

Mhy [Nm] Wind induced hinge moment 

My [Nm] Wind induced base overturning moment 

MZ [Nm] Wind induced azimuthal moment 

p [Pa] Pressure 

P [W] Power 

t [s] Time 

V [m3] Volume 

η [-] Efficiency 
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μ [-] Friction factor 

ρ [kg/m3] Density 

σ [Pa] Stress 

τ [Nm] Torque 
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1 Introduction 

1.1 Motivation and outline of the project 

Solar power has for decades been seen as a very promising clean, sustainable source of electrical energy. 
The interest in developing solar power technology has varied during the 20th century. When reviewing the 
oil price during 1980-2010, and comparing it with the global investments in concentrating solar energy 
during the same period, one can see that the investments in concentrating solar power technology is 
almost the reciprocal of oil price (Spellning, 2012). The first initiatives to modern utility-scale thermal solar 
power were taken during the oil crisis of the 1970’s. It was at this time the concept of Solar Power Tower – a 
central tower surrounded by heliostats (Figure 1) – emerged, beside other solar power generation 
concepts. The development of the solar power tower technology continued during the 1980s’ and a major 
step was taken with the opening of the first solar power tower prototype plant Solar One in the Mojave 
desert in U.S.A. in 1982. After a period with lesser investments in solar energy during the period 1990-
2005, there has been a come-back for concentrated solar energy since 2005, when the interest for the solar 
power tower technology has increased considerably (Vant-Hull, 2012). What makes the solar power tower 
technology very competitive is the fact that the receiver surface can be small with low losses, the fluid 
temperature is high with resulting higher thermal efficiency, and that the central reviver allows relatively 
easy thermal energy storage using molten salt. 

 

Figure 1:   
Solar power tower plant built by the company BrightSource Energy in Mojave Desert in the USA. 

Source of picture: (Paul, 2011) 

A research project conducted by the Indian Institute of Science (IISc) in Bangalore, India in collaboration 
with various other research institutes and industries concerns the investigation and preplanning of a 
concentrating solar power (CSP) plant in India, intended for electricity production. The energy harvesting 
method of interest is the solar power tower technology. The project is divided into many sub-projects, where 
the Robotics Lab at IISc has been doing research in aspects such as sun tracking mechanisms and heliostat 
control algorithms. The present master thesis is part of one of such sub-projects— the heliostat design. 
The lab is planning to extend its research efforts in controls for solar power technology. The interest of 
Robotics Lab is primarily to gain more insight into wind load deflection on heliostats, accuracy 
requirements, structural designs, backlash in motors and transmissions, as well as optical properties (i.e. 
shape) of the heliostat’s mirror surface. The lab is also interested to evaluate the parallel types of 
heliostats. 

A large number of articles within the area of solar power tower technology have been published since the 
1980s’, and information is available about wind load-models applicable to the heliostat, optical properties 
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of different mirror shapes, size of the heliostat, position errors, etc. This data is also summarized, 
discussed and implemented in this work. 

Since the currently available heliostats are still too expensive, to make solar power tower competitive with 
other energy sources, efforts are being done all over the world in different institutions to develop a more 
cost-efficient heliostat. In that sense, this project is an attempt to come up with innovative solutions that, 
in the end, could make solar power tower more feasible economically. 

This master thesis project is divided into an investigation part and a design part. The purpose of 
investigations is to summarize and discuss the factors that affect the heliostat’s mechanical design. This 
helps to construct a strong foundation for design work included in this project as well as for other 
heliostat design-projects. In the design part of this master thesis, a conceptual heliostat design with several 
novel features is proposed. The design proposal may hopefully be a source of inspiration for further 
heliostat developments in India and worldwide. 

1.2 Objectives & Approach 

The goals of the project can be summarized into three objectives. 

 Analyze: Investigate the factors that affect the mechanical design of the heliostat and develop a 

dimensioning process. 

 Exemplify: Develop a prototype of a heliostat using the outlined dimensioning process 

 Invent: Present some innovative heliostat design-solutions  

This report is mainly focused on investigation and design of the mechanical structure as well as the 
mechanism of the heliostat. The design of the frame, design of the joints (or selection of joints), and 
selection of actuators are included. The design of actuators (motors, linear motors, hydraulic cylinders, 
etc.) and the control system for the heliostats and allied topic are not considered in this work.   

To achieve the above objectives, the following steps have been followed: 

1. Identify the factors that need to be considered for designing a heliostat 
a. Literature review of heliostat mechanisms 
b. Literature review of mirror shapes and development of a tool in Matlab that calculates 

the mirror geometry 
c. Literature studies of wind loads on heliostats and develop a tool in Excel that calculates 

wind loads on heliostats. 
d. Literature studies of transmission errors 
e. Suggest a heliostat design-process 

 
2. Build a CAD-model of the mirror array in Solid Edge and transfer it to Comsol Multiphysics 

(FEA-software) and analyze deflections on the mirror surface under the applied loads. Compare 
the serial type of heliostat with the parallel type of heliostat. 

3. Develop a prototype concept of a heliostat using the tools that have been developed. The 
dimensions of the heliostat are obtained after analysis using Comsol Multiphysics. One goal is to 
develop and discuss novel innovative solutions. 

 

1.3 Contributions and outline of the report 

In the following chapter, the Frame of Reference, the reader will be familiar with the Solar Power Tower 
concept, and some competing solar power methods will be noted. Then we will take a look at the heliostat 
and different design tracks. Thereafter follows a section about established solutions of actuator-systems, 
bearings and mirrors, commonly used as components in heliostats. After this, there is a discussion about 
the optimal size of the heliostat as well as the costs and accuracy requirements. The reader will understand 
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some of the complexity in heliostat designing by reading these sections. Lastly, the context of Solar Power 
in contemporary India will be summarized. After reading the Frame of Reference, the reader may have 
gained some elementary knowledge about heliostats and their contexts. 
 
Chapter 3 deals with the design of heliostats. First the topics that frequently are associated with a heliostat 
development project are introduced, as well as suggesting a general heliostat development process. 
Thereafter the reader will be introduced to the case study, where two heliostats are being designed. First 
the mirror geometry generator is presented, which is a MatLab program that calculates the shape of a 
heliostat mirror. This program can for example be used in development of heliostat prototypes. Thereafter 
the wind loads will be investigated, and the reader will learn how to perform wind load calculations for 
heliostat designing. Then the support structure is designed for the 25 m2 heliostat, step-by-step according 
to the suggested Heliostat Design-process. (The development steps for the 49 m2 heliostat support 
structure are not included in this report, but follow the same rules as the 25 m2 heliostat.) The reader will 
be familiar with optimization problems that occur during the design process. The third chapter ends with 
some new design proposals for the actuator and mechanical system, as well as an investigation of these 
proposals. Finally, the two developed example heliostats are presented and their weights (per m2 mirror 
area) are compared with the ATS-heliostat, a reference design made by the company ATS in 1986. The 
last two chapters, 4 and 5, are dedicated for concluding, reviewing and discussing the methods, limitations 
and the suggested technical solutions. The appendixes contain the suggested Design Process, Heliostat 
requirements, MatLab-codes and the calculations for the example heliostats. 
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2 Frame of reference 

2.1 Introduction to Solar Power Tower technology 

The Solar Power Tower technology, also called Central Receiver system (CR), is a solar power harvesting 
concept, where sun rays are focused by a large number of heliostats to a central receiver. The receiver is 
located on the top of a central tower and the sun rays are collected in a small volume. The standard 
concept is to heat a fluid which drives turbines that produces electricity. Other concepts which have been 
also implemented are the use of the heat directly in an industrial process such as steam for an aluminum 
production process (Häberle, 2012) and for producing hydrogen. 

The solar power tower technology is based on the Fresnel concept where a curved mirror is divided into 
mirror elements and then assembled on a common plane. Figure 2 shows the evolution from a simple 
symmetrical solution that collects solar radiation in its focal point to a more complex asymmetrical 
solution, which incorporates a large amount of compromises and optimization problems. The motivation 
for this advancement is to use the material more efficient and hence reduce costs. The basic idea is to 
concentrate sunlight in the focal point. The simplest solution is to use a paraboloid dish, direct facing the 
sun (A). To reduce the amount of support structure as well as reduce the height of the system, the dish 
can be transformed to a Fresnel mirror (B). Introducing a stationary receiver, grounding the mirror system 
and introducing tracking of the mirror facets aims to reduce the amount of support structure and make a 
more robust system (C). Optimizing the system for reducing negative shadowing effects by increasing 
distance between mirrors and promote rational manufacturing with a standard mirror design (D). The 
mirrors in Fig 1D are called heliostats. Figure 3 shows an example of a recently built Solar Power Tower 
plant. 

A      B      C    D  

Figure 2: 
Evolution of the Solar Power Tower technology, from a simple system to a complex system. For each step the 

asymmetry of the system increases. 
 

 

Figure 3: 
Gema Solar Power Tower plant in Sevilla, Spain 

Source of picture: (Wikipedia, 2011)  

http://upload.wikimedia.org/wikipedia/commons/a/af/Gemasolar.jpg
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Besides the Solar Power Tower concept, there exist a number of other solar energy harvest techniques. At 
this date, the major competing solar energy harvest methods are the following: 

 The Photovoltaic (PV) technology, in which solar cells transforms energy in a photon directly to 

electric energy via the photoelectric effect. This technology can be implemented in any scale, from 

solar cells integrated in desktop-calculators, solar cells on roofs, to utility scale solar power plants 

in size of hundreds of MW. PV can also be combined with focusing mirrors or lenses, which 

increases conversion efficiency, but it is not clear if that option is economical. Since the price of 

standard crystalline photovoltaic modules decreased drastically in the last years, the PV-approach 

is at present time (2013) the most relevant competitor to the Solar Power Tower technology 

(Melin, 2013).  

 Parabolic Trough technology – the most approved thermal solar power technology – where a 

curved mirror forms a parabola running along a horizontal receiver pipe. Solar tracking is just 

needed in one dimension (horizontal axis). A long receiver-pipe means more thermal losses and 

the system-temperature is lower than in a Solar Power Tower system. The thermal energy is 

converted to electricity in the same way as in a Solar Power Tower, i.e. typically with steam 

turbines. A newer variant of the Parabolic Trough technology is the linear Fresnel technology, in 

which the curved mirror is divided into flat mirror element stripes. The investment cost for the 

linear Fresnel system is lower than the Parabolic Trough system with curved mirrors. On the 

other hand, the energy efficiency of the linear Fresnel system is also lower. The linear Fresnel 

system can be viewed as a 2D form of the Solar Power Tower technology, at least if the receiver 

is fixed to the ground and individual tracking is present for each mirror strip, which is the usual 

setup. 

 Solar Dish – the concept with highest theoretical efficiency. A paraboloid shaped mirror is 

tracked in 2 directions, and a receiver is located in the focal point. Typically larger discs need 

bulky support structure, and hence the costs increases. Demonstrated technical solutions include 

mini sterling engines, located at the mirror’s focal point, which converts thermal energy to 

electrical energy. Cost for maintenance is a question for this type of system. However, some solar-

engineers believe that the Solar Dish technology has the potential to become economic-efficient 

(Keck, 2012).  

The Sandia National Laboratories in Albuquerque, New Mexico, U.S.A., is one of the world’s most 
experienced research institutes in the branch of concentrating solar energy, and have had contract from 
US Department of Energy for conducting research in concentrating solar power since the 1970’. In their 
report “Heliostat cost reduction study” from 2007, they claim the configuration shown in Figure 4 to be 
the most feasible. 

 

Figure 4:  
Solar Power Tower plant, proposed by Sandia National Laboratories, 2007. 

Picture source: (Kolb, 2007)  
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The main summary of the Sandia study are: 

 The solar power tower technology is generally predicted to be the least costly method to produce 
solar electricity or solar hydrogen on a utility scale (Kolb, 2007). 

 Plant sizes of 100 MW Rankine-cycle appears feasible (Kolb, 2007). 

 13 h molten salt storage makes electric power generation possible 24 h/day (Kolb, 2007). 
Alternatively, other fuels can be used as back-up, e.g. nature gas, bio gas or oil. 

 Thousands of heliostats, each in size of 50-150 m2 mirror area, are reflecting the sunrays to the 
receiver (located at the top of the central tower). 

There is considerable debate on the above conclusions and all solar engineers would not agree that the 
solution presented above is the most feasible.  

2.2 Introduction of the heliostat 

The heliostat is a mechanically actuated mirror used in solar power tower systems.  Heliostats may be 
categorized either as serial or parallel, depending on the mounting of the actuators. In a serial type of 
heliostat, the actuators are mounted serial, as in a serial robot. The azimuth elevation (Az-El) drive is of this 
type (Figure 5 A), as well as the novel target aligned heliostat (Figure 5 B). The benefit is a simple design and 
simple control, and disadvantages include reduced stability. Another approach is a parallel type of 
heliostat, where at least two actuators are in contact with both mirror module and ground at the same time 
(Figure 5 C). The benefit with this type of drive is increased stability. The control has to be designed to 
handle closed-loops in the mechanism – there exists more than one way to go from the ground to the 
mirror (Ghosal, Robotics Fundamental Concepts and Analysis, 2010). All these concepts have been 
proposed for utility scale solar power tower, and so far the Az-El is the standard concept (Vant-Hull, 
2012) and the only concept that has been implemented in larger projects1. A target aligned heliostat has 
optical advantages over the Az-El-type and allows a denser heliostat field (about double density) (Vant-
Hull, 2012). Hence, this type of heliostat seems interesting. An extra hinge may result in higher cost for 
the target aligned heliostat’s support structure compared with the simpler Az-El type. 

 

Figure 5:  
Three heliostat mechanism concepts 

A) Azimuth-Elevation; B) Target aligned heliostat; C) Parallel heliostat 

                                                      
1 After intensive search on Internet and KTH-library on keyword “Heliostat”, no information about a large project 
implementing another type of heliostat than the Az-El-type has been found. Research was done in spring 2013. 
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The Az-El type of heliostat first appeared in a solar furnace built by Professor Felix Trombe at Odellio, 
France, in the 1950s’. He used 45 m2 heliostats with Az-El drive, and his concept is quite similar to 
heliostats used in larger solar power tower plants realized in the 1980’s till 2012 (Vant-Hull, 2012). 

When it comes to mirror size per heliostat, different approaches have been implemented, and the mirror 
size is the only prime difference among heliostats currently being built (Krothapalli, 2013).  The cost of 
the heliostats is a significant part of the total investment cost of the solar power tower plant and accounts 
for about 50 % of the total investment cost (Kolb, 2007).  

According to (Spellning, 2012), following requirements are present for every heliostat design used in a 
solar power tower plant: 

 High reflectivity 

 High optical precision 

 High tracking accuracy 

 Resistant structure 

The presence of wind loads radically increases the costs of the heliostat, since its structure must be stable 
enough to withstand these forces (Nussbaumer, 2011, p. 169).  The problem with wind forces can be 
devided into two separate sub-problems: Firstly, windloads elastically deform the mirror support structure 
reducing the optical quality of the reflected light beam and this is called the rigid-problem. Secondly, 
windloads may break down the structure, either due to intensive gust-winds which cause over-load, or 
through fatigue due to an alternating windload with the material failing after several loadcycles. We may 
call it the strength-problem. In addition, since wind loading is variable (see Figure 6) alternating wind gusts 
causes vibrations which can degrade the tracking control of the heliostat. 

 

Figure 6: 
Sample data from Google’s anemometer, collected in Tracy, CA at (37.675212; -121.540943), USA, 23-May 2011, 

2.75 m above ground. Tracy is known as a windy and flat area. The green curve is real time wind speed, and the black 
line is one hour average wind speed. Source: (Google.org, 2011) 

Another factor that have to be considered is thermal expansion of materials used for structure. Since even 
small deflections (above 2 mRad (Vant-Hull, 2012)) of the the mirror surface cause significant 
abberations, material selection must be done with care. 
 
Figure 7  shows the rear and front views of a more recent heliostat design used in the solar power tower 
plant PS-10 in Spain. 
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(a) Rear View                                          (b) Front View 
Figure 7: 

121 m2 heliostat used in PS-10 in Spain 
Source: (Solúcar, 2006) 

2.2.1 Serial types of heliostats 

The serial type of heliostat is the established type of heliostat. The most common design is a single-point-
mounted pedestal, on top of which there is a motor-module containing both azimuth drive and elevation 
drive. A torque-tube (a long steel tube) is fixed on this motor-module, which is equal to the elevation axis. 
Perpendicular to the elevation axis, a truss structure connects the mirror glass with the torque-tube. In 
large-sized heliostats, a second grid (and eventually a third grid) of beams are used between the mirror 
glass and the trusses. 

2.2.2 Parallel types of heliostats 

Universal solar tracker 

Figure 8 shows two views of a concept uploaded on Youtube year 2010. No organization has claimed to 
stand behind this model. The idea consists of 2 linear actuators and 5 universal joints. The actuators are 
fixed in the tilted plane, so that the joints form a triangle. It needs to be investigated if this concept can be 
feasible as a heliostat. 

 

Figure 8: 
Universal Solar Tracker 
Source: (Orshan, 2010) 

A simple model was built to investigate the mechanism. The universal joints in the model consisted of 
springs respectively nuts that were glued on the planes. The movement appears to work well on this scale, 
when adjusted manually. The upper plane could be tilted freely at any direction (within the limits), like a 
universal joint. 
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 Octahedral hexapod 

The octahedral hexapod, also called Stewart-Gough platform, is a six-DOF parallel manipulator. This 
manipulator can often be found in flight simulators. (Ghosal, Robotics Fundamental Concepts and 
Analysis, 2010, p. 8) The main benefit with the octahedral hexapod is that it is very stable. Figure 9 (right) 
shows a hexapod that is suitable for outdoor use. 

  

Figure 9: 
Left: Octahedral hexapod 

Source of picture: (Wikipedia, 2013) 

Right: Ultra-High-Precision Hexapod for Outdoor Operation 
Load capacity 750 N; Diameter 420 mm 

Source of picture: (Physik Instrumente, 2013) 

Google wire heliostat 

Google Corporation conducted its own heliostat development project 2010-2011 with an aim to find new 
innovative solutions for their proposed own solar power tower plant. The project was stopped in 2011, 
and they published their results.2 Their proposal was a 6 m2 heliostat with focused mirror, actuated by two 
stainless steel wires, winded by worm gear motors (Google.org, 2011), see Figure 10. 

 

Figure 10: 
Google’s wire heliostat concept 

Source: (Google.org, 2011) 

                                                      
2 Shortly after that, Google was involved as one of the investors in Bight Source’s solar power tower plant Ivan Pah, 
in California, USA, which is currently under construction. 
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Liquid ballasted heliostat 

A proposal from the students at New Mexico Tech suggests a hemispherical shaped ball with many 
internal chambers. When water is pumped between the chambers, its surface will change direction when 
the center of gravity relocates (Kolb, 2007). In fact, this is a parallel type of heliostat. At least three 
chambers are needed for making the movement possible, and the base of the ball is acting as a universal 
joint. Benefits with this design are elimination of costly gears drives (Kolb, 2007). The design would 
probably survive high wind loads, due to the wind profile achieved with the spherical shaped backside, as 
long as the ball does not lift from the ground. 

2.2.3 Wire heliostat 

A project supported by U.S. Department of Energy aims to develop an ultra-light heliostat, using steel 
wires instead of beam-grids. The argument is that the strength of steel is best utilized in compression and 
tension – not in bending – so that the weight of the steel support structure can be reduced by 65 % 
(Solafect Energy, 2013). A picture of their second prototype is shown in Figure 11.  

 

Figure 11: 
Solaflect wire heliostat which uses steel wires under tension as support structure, and hence the weight can be 

reduced. Source: (Solafect Energy, 2013) 

2.3 Actuators and bearings 

The existing solar power tower plants do normally use azimuth drives as illustrated in Figure 13 and 
Figure 14. The azimuth driver is one of the most expensive components in a serial heliostat, and to reduce 
its price is of major concern for a total cost reduction. To some extent, the azimuth drive can be made 
more economical by improved manufacturing processes and outsourcing of labor-intensive jobs to 
suppliers in countries where the job is most efficiently done. Worm drives are the most common option. 
Sandia National Laboratories has tested a plano-centric drive, a low cost option, which they found more 
feasible than the worm gear-type, with regards to longevity and economy (Kolb, 2007). However, the 
standard design of the azimuth gear system suffers from two serious problems: 

 Backlash: the type of gears normally used allows some play between the gear-teethes of functional 

reason, which reduces accuracy of the heliostat, and hence reduces its optical quality. 

 Limited longevity due to fatigue and overload, usually cased by storm winds. 

In 2012, US Department of Energy sponsored the development of a new type of azimuth drive 
mechanism which used chains instead of gears. This approach is claimed to reduce destructive coupling 
loads and reduce fatigue, according to the inventors (U.S. Department of Energy, 2013). The Sandia 
report of 2007 (Kolb, 2007) also discuss alternatives to the established azimuth drive. A concept used for 
17 years at White Cliffs plant in Australia used a pedestal design with an outer pipe with one degree of 
freedom, hanging on top of an inner pipe, which is fixed to the ground. A motor-unit was attached to the 
bottom of the outer pipe, and the drive-wheel was running along a circular track, attached to the ground. 
The concept works well and demand very little maintenance. However, the Australian company was not 
satisfied with the technology, but no reasons were given to what was missing.  
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Figure 12: 
Pipe-in-pipe drive solution in Australia. Here implemented for solar dishes. 

Source: (Kolb, 2007) 

 

Figure 13: 
Azimuth drive with worm-gear – a typical standard solution.  

Source: (Conedrive, 2013) 

 

 

 

Figure 14:  
SENER drive mechanism used for the heliostat in the GEMA-solar plant3 

Source: (Burgaleta, 2011) 

For parallel type of heliostats linear actuators would be needed. The classical linear actuator is a hydraulic 
or pneumatic cylinder. A brainstorming group concluded, in a seminar held by Sandia National 
Laboratories, that in general cases the hydraulic system is too complicated and requires too much 
maintenance to be feasible. Only for very large size heliostats (up to 500 m2) hydraulics may be 

                                                      
3 GEMA SOLAR Solar Power Tower plant; Spain; 20 MW electric power; started operating in 2011 (Burgaleta, 
2011) 
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appropriate (Kolb, 2007). A jackscrew actuated by a DC-motor is commonly seen in small size4 solar 
trackers, as well as for the elevation drive on larger heliostats. The jackscrew is often much more feasible 
than worm gears, due to its lower cost and robustness. The jackscrew consists of an ACME-thread screw, 
actuated by an integrated DC-motor. Piston lengths of jackscrews designed for solar applications and 
commonly available are about 500-1200 mm5. Figure 15 shows a jackscrew for solar applications, as well 
as small heliostat actuated by jackscrews. 

                     

Figure 15:  
Left: Jackscrew for solar applications, stainless steel, sold for 235 € 

Source: (SatControl, 2013) 
Right: Serial heliostat actuated by two jack-screws 

Source: (SatControl, 2013) 

 

Worm gears 

 Gear-ratio up to 100. 

 Locks the output wheel in its position like a screw 

 Low energy efficiency, η = ca 0.40 

 Standard configuration:  power input on screw and output on wheel 

Source: (Olsson, 2006) 

2.4 Mirrors 

Mainly two different mirror concepts exist: the standard flat glass mirror and the stretched membrane 
mirror. The flat glass mirror is a 1-4 mm sheet of glass, which has a reflective layer on its backside. To 
protect the reflective layer from degrading, either a second sheet of glass is attached on back of the first 
sheet (i.e. it becomes a laminated structure), or the backside is painted with a protective paint. Glass can 
be curved quite easily along one axis. 

The stretched membrane (SM) technology was developed in the 1980’ and consists of a flexible membrane 
made of aluminum or stainless steel, on which reflective material is fixed. The tension of the membrane 
can be adjusted by a vacuum pump/fan or a mechanical linear actuator, so that the focal length changes. 
The SM-heliostats can be in different sizes; prototypes of 50-150 m2 have been built. They are commonly 
circular in shape. The technology promotes lesser support structure, as well as a lightweight heliostat. The 

                                                      
4 Ca 1-30 m2 

5Based on own searches on Alibaba.com on the word “solar actuator”. From the searches, it was found that the 
longest jackscrew offered was 1200 mm. Searches done in June 2013. 

javascript:showbigimage('325')
http://www.solar-motors.com/gb/page/detail/gitm/217/mode/window/cmd/bigimage/
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weight of a SM-heliostat is about the half of a flat-glass heliostat. The cost of the membrane was 
significant higher than the flat-glass heliostat, investigated by Sandia 2006 (Kolb, 2007), and their analysis 
showed that the SM-heliostat was about 20 % more expensive than the flat-glass type. However, when 
included improved performance of the SM-heliostat during operation, the cost was quite similar during 
their lifecycles (Kolb, 2007).  Since a couple of years back the interest for the SM-technology has radically 
decreased, and for many solar engineers the SM-technology is no more an option (Blackmon, 2012).  

 

Figure 16: 
Second Generation SM heliostat prototype 

Source: (Kolb, 2007) 

Glass as material 

The glass mirror is the standard option. The compressive strength of glass is much higher than the tensile 
strength of glass, as shown in Table 1.  The material data for a typical heliostat mirror is shown in Table 2.  

Table 1: Strength of glass 

Compressive strength [MPa] 880-930 

Tensile strength [MPa] 30-90 

Bending strength [MPa] 30-100 

Source: (Fröling, 2011) 

Maximum allowed deflection of a glass sheet (usually windows in buildings) is structural span / 60, 
according to an Australian building standard (AS1288 from 1994) (Chan, 2006). This standard may give a 
hint on appropriate maximum deflections. 
 

Table 2: Data for AGC Solar glass mirror 

Type  Single layer glass,  
Protective back paint 

Thickness [mm] 4 

Specific weight [kg/ m2] 10 

Density (@18 deg C) [kg/m3] 2500 

Reflectivity  93.6 % 

Thermal expansion coefficient (α) 10-6/K 9 

Mechanical strength [MPa] 45 

Poission’s ratio  0.2 

Young’s modulus [GPa] 70 

Source: (AGC Solar, 2012) 
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Mirror film 

The US-company 3M manufactures a solar mirror film called the Solar Mirror Film 1100. According to 
3M the reflectance of the film is 94 %. A prototype solar collector using the film has been outdoor and in 
use since 1995. It showed 3 % degradation of the reflectance after 15 years in use. The film is made of 
acryl and has a thickness of 0.117 mm (3M Solar Energy, 2012). The film is meant to be glued on a 
substrate. One problem is to find a suitable substrate that is better than glass-mirrors. The surface needs 
to be stiff and flat. 3M recommends painted aluminum, stainless steel, or glass. The cleaning should be 
done with pressure-washer and scrubbing is not recommended, according to (3M Solar Energy, 2012). 

2.4.1 Mirror geometry 

Shape of the mirror assembly  

When the mirror area of one heliostat is larger than the receiver area, the heliostat mirror assembly 
generally needs to have a shape that concentrates the radiation. Flux that is spread outside the aperture is 
spilled energy. However, it is not absolutely mandatory to curve the mirror. When recalling the simulation 
done by Sandia in 2007, they found that the fully flat mirror panel would have been given the best 
economy from a system perspective’s view for an ATS-heliostat in size of 147 m2. Some extra work is 
associated with the adjustment of the curvature. 

The reflector curvature is mainly given by the focal length, but also other factors can be included, e.g. the 
location of the specific heliostat in the field. The factors that need to be included depend on the canting 
method that is used. Usually solar engineers distinguish between canting and focusing. When focusing mirrors is 
discussed, a solar engineer usually means glass that is bent (or formed in some other way) to obtain a 
certain curvature. As already mentioned, due to the Poison’s ratio, it is much easier to bend glass as a 
cylinder than a sphere and hence it is easier to bend glass in one direction only (Vant-Hull, 2012).  

A heliostat with glass mirrors do normally have the reflective surface divided into many flat (or curved) 
mirror facets. The arrangement of these facets according to some kind of shape (or pattern) is called 
heliostat canting. The mirror facets can for example be arranged so that they approximate a paraboloid of 
revolution or a spherical mirror. However, these are not the only options. A hand full collection of 
methods to arrange the mirror facets have been proposed through the years and still new methods are 
under development.  

The canting process (alignment of the mirror facets) is normally done in the heliostat workshop before 
installation in the field. Common adjustment solutions are to use steel nails or screws. The process of 
adjusting these joints can be labor-intensive. Newer research aims to integrate the canting and verification 
of the canting in the manufacturing process (Buck, 2009). Whichever type of canting method is used, it 
generally does not influence manufacturing cost, as long as the same type of mechanism can be used. 
Hence, it is of interest to make some engineering effort to find the optimal canting method (Buck, 2009). 

For the standard elevation-azimuth mechanism there exist several canting methods. Some of them were 
investigated by Buck & Teufel in the paper Comparison and Optimization of Heliostat Canting Methods (2009). 
These are  

 On-axis canting 

 Off-axis canting 

 Parabolic canting 
 
They also investigated the target aligned canting which is different from the canting in an elevation-azimuth 
mechanism design.  
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The paraboloid and spherical mirror 

The simplest shapes for concentrating light are the paraboloid of revolution and the concave spherical mirror. The 
spherical mirror suffers, due to its geometry, from spherical aberration (Figure 17). The focal point is not 
the same point for all inclination angles. This phenomenon does not occur when a paraboloid shaped 
mirror is used (Fitzpatrick, 2007). 

 

Figure 17: 
Left: The spherical mirror suffers of spherical aberration 

Right: The paraboloid mirror do not suffer of spherical aberration 
Source: (Fitzpatrick, 2007) 

 

However, when it comes to heliostat designs, two other problems are involved: astigmatism and cosine-losses. 
According to Sandia National Laboratories’ article from 1977, Optical Analysis of Solar Facility Heliostats, the 
spherical and chromatic aberrations are in most cases overwhelmed by large astigmatism effects (Igel, 
1977). 

Astigmatism 

The astigmatism effect occur due to the fact that a paraboloid of revolution is the perfect concentrator-
shape if, and only if, the incoming sunrays, the target and the principal axis are all collinear (Wright, 1911),  
which is the case in a solar power dish system. The function of a single heliostat is both to bundle light 
and to steer the beam to the receiver, so many times the condition of co-linearity is not fulfilled, so the 
astigmatism effect is present.  

The astigmatism effect increases with increased inclination angle and with increased distance between 
heliostat and receiver. The result is an enlarged image area (Igel, 1977). Hence, Igel proposes that small-
area heliostats are placed in the outer rows, and large-area heliostats are located closest to the receiver 
since as long as the beam cross section area is smaller than the receiver cross section area, no energy is 
spilled. With small-area mirrors, the increased image area due to astigmatism can still be inside the 
aperture.  

The only method to fully overcome the aberration effect of astigmatism is tracking of the individual 
mirror facets. Recently, researchers at Universiti Tunku Abdul Rahman proposed a method to track the 
individual mirrors at a heliostat, using only 2 actuators for the whole array. The concept is to use sufficient 
selected gear-ratios and transmit the movements via axels and cams (Chong, 2010). The method that they 
proposed only works for the target aligned heliostat. 

Cosine losses 

Cosine losses cannot be affected by the heliostat design, only trough the arrangement of the heliostats and 
the design of the central tower, however, because of its great magnitude; it will anyway be mentioned here. 
Also when discussing the curvature of the mirror assembly, which relates to the size of the reflected sun-
beam, it is appropriate to take cosine losses into account, since the cosine losses reduce the beam size, and 
hence the need for a curved mirror is also reduced.   Cosine losses are independent of the curvature of the 
mirror array and are a significant problem for the solar power tower technology (as well as other Fresnel 
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mirror systems), which causes considerable reduction in energy yield. The effective mirror area decreases 
when the angle between the incoming sunrays and the target increases (Vant-Hull, 2012). The incoming 
sunrays are spread out over a larger mirror area, hence the light-concentration decreases. The worst case is 
when the sun position is low, at the same time as the central tower is low, and the heliostat is located on 
“wrong6” side of the central tower (see Figure 18). One way to reduce the problem is to consider the 
layout of the heliostat field, so that a larger amount of heliostats is located north of the tower than in the 
south of the tower7. An innovative approach to reduce the cosine losses is to use multiple towers as in the 
case of E-solars plant (Schell, 2010). 

 

Figure 18:  
Cosine losses. Heliostat A experience significant cosine losses, while heliostat B experience very low cosine losses. 

2.5 Heliostat costs and cost reduction strategies 

When comparing heliostat concepts, the unit [USD/m2 mirror area] is usually used. This unit can be used 
for comparing different heliostat designs directly, as long as the optical properties (and other qualities) of 
the different concepts are same, (which is often not the case). If the quality of concepts is different, in 
some way, this needs to be accounted for while comparing. Hence, this unit should be used with utmost 
care. 

As of 2010, the investment cost for the heliostat is about 200 USD/m2 mirror area. The long term goal set 
by US Department of Energy is 75 USD/m2 for the heliostat, which may be hard to reach (Vant-Hull, 
2012). The project conducted by IISc set the goal at 80 USD/m2.  

System costs are of highest importance when developing a new heliostat design that should compete with 
the existing technology. The ATS 148 m2 heliostat (shown in Figure 19) was installed in 1986 at Sandia 
National Laboratories’ test facility in New Mexico, USA, and after 20 years of use, it was disassembled and 
evaluated in 2006. Sandia stated in 2007 that the ATS 148 m2 heliostat is the recommended based-line 
heliostat for Solar Power Tower plants in the USA, since it showed best economy compared to other 
evaluated heliostat concepts including the stretched-membrane concept. 

                                                      
6 “Wrong” side of the central tower means that the sun shines mainly on the backside of the mirror when the mirror 
normal points straight on the target 

7 Assuming a plant located on the northern hemisphere. For the southern hemisphere, it is of course the other way 
around. 
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Figure 19: 
ATS 148 m2 heliostat at Sandia National Laboratories in USA. 

Picture source: (Kolb, 2007) 

2.5.1 Weight 

The cost of the heliostat is in many ways associated with its weight. For simple structural steel profiles, of 
a certain shape, the price per length-unit is related to its weight (Blackmon, 2012). The lower weight of the 
mirror module and the lesser friction in joints will allow the use of smaller (and cheaper) actuators. Hence, 
when reducing weight of the heliostat, especially of the moving parts, the total system cost may decrease. 
Low weights simplify transportation of the parts during manufacturing, assembly and disassembly, and 
hence reduce investment costs. Structures become safer during assembly, maintenance and disassembly, 
since heavy objects with potential to fall down are a source of crushing as well as a source to other 
ergonomic problems.  Additionally, one of the eco-design principles suggested by Prof. Conrad Luttrop at 
KTH argues that reducing weight of the product promotes an environmentally friendly design, from a 
product life-cycle perspective (Luttropp, 2012). 

Although the stretched membrane heliostat weighs almost half (per m2 mirror area) compared to the ATS-
design, it is not adequately feasible due to high cost of the membrane (Kolb, 2007). This case study shows 
that the lightest solution is not necessarily be the most economical solution.  

Cost reduction recommendations were developed by a research project conducted by the companies 
Martin Marietta and McDonnell Douglas in 1982 on mission of Department of Energy in the U.S.A., 
which claimed to decrease unnecessary (and costly) margin (oversized structure). Following 
recommendations are cited from Strachan (1993), where the results from the study was published and 
discussed. 

 Heliostats should be designed for strength (against high wind) rather than for stiffness in 

operational winds. 

 They should be designed against standard design code wind speeds rather for the 100- to 200-year 

winds. 

 Because of their proximity to the receiver, 50 to 60% of the heliostats in a field that are closest to 

the receiver tower can have lower pointing accuracy and poorer beam quality without degrading 

heliostat field performance. 
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 Heliostats that are located to the inside of the heliostat field will experience a reduction of their 

wind loads due to shielding from the outlying heliostats and can therefore be designed to lower 

wind loads. 

 

Figure 20 shows the distribution of cost for the ATS-148 m2 heliostat, according to Sandia’s analysis. 

 

 
Figure 20: 

Price estimation of the components of the ATS-heliostat; totally 126 USD/m2 for 50 000 heliostats/year 

Source: Data taken from (Kolb, 2007)  

Note: USD as of year 2006 
 

2.5.2  Size of the heliostat 

As already mentioned, different sizes of heliostats have been proposed by different organizations. The 
optimization problem is whether one should invest in a large quantity of small-area heliostats (i.e. small 
mirror-area per heliostat) or a small quantity of large-area heliostats to obtain a plant that produces a 
certain amount of solar electricity annually. As of today, there is no consensus in this question, and 
different research organizations have claimed that larger heliostats as compared to smaller ones are the 
most feasible option. 

Finding the optimal mirror area per heliostat which gives lowest system cost is a tricky problem, since it 
includes many factors. Some of the most significant factors that are associated with the optimal mirror-
area-per-heliostat are: 

 the price of included components and services just at the time when realizing the project, 

 the optical quality of the reflected beam – small heliostats gives generally better beam-quality, 

 the box size (i.e. the footprint of each heliostat, the ground space that each heliostat occupies in 

the field) – smaller heliostats makes a denser filed possible, which result in lesser footprint per 

kWh produced. A compacter heliostat-field does also reduce the needed accuracy of the 
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heliostats, since the required accuracy is given as an angular measurement of beam deviation. 

This requirement is harder to meet the further we place the receiver away from the heliostat. The 

central tower can also be lower in a smaller field, which reduces costs. (On the other hand, in a 

very crowded heliostat field the problem with shadowing increases, which suggests a taller tower.) 

 Structural strength and rigidness – larger heliostats needs more amount of support structure to 

obtain same structural strength and rigidness as small heliostats, since the bending moment in 

beams increases with increased size. 

The decision model can be further extended by including factors like using the ground space under the 
heliostats for agriculture (for example, Dupraz et.al. discuss the option of combining a large photovoltaic 
field with cultivation of food corps for optimal land use, a solution they believe could be feasible (Dupraz, 
2011)), as long as the ground space is not over-shadowed and there is ample free height and space under 
the heliostats for harvesting equipment. 

Solar engineers started already in the 1970s’ to use numerical computer simulations to address the 
optimization problem. DELSOL is one of these simulation softwares, first released by Sandia in 1978 
(Kistler, 1986). In the report from Sandia National Laboratories “Testing and Evaluation of Large-Area 
Heliostats for Solar Thermal Applications” published in 1993, it was stated that increasing the reflector area per 
heliostat have potential for cost reductions on system level. Costs for mirrors and support structure per 
m2 mirror area is quite constant with increasing heliostat size, but the total plant cost for many other 
components, as actuators, drive systems, controls, pedestals and field winding will decrease with reduced 
number of heliostats, they claimed. In the later Sandia report from 2007, Heliostat cost reduction study, they 
reclaimed that a heliostat in size about 150 m2 is the most economic option in the USA.  

The maximum size of a heliostat is mainly limited by the optical properties, drive system and the 
structure’s ability to survive wind loads, and to some extent, the weight of the mirrors. Larger area 
heliostats have larger mass and lower natural frequency than smaller heliostats, which increases the 
problems with wind loads (Strachan, 1993). In newer research of optimal heliostat size, some research 
organizations predict that a large quantity of smaller heliostats is the most economic way to go. Especially 
firms in Israel have focused on small sized heliostat development for Solar Power Tower in the first 
decade of the 2000’s in the sizes of 4-25 m2. Sandia explained this result with that those investigations 
analyzed ultra-high temperature Solar Power Towers that require small beam sizes which is easier to 
obtain with small heliostats (Kolb, 2007). 

E-solar is an American solar power tower builder who started operating its first solar power tower plant in 
Sierra SunTower Solar Generating Station in Southern California in 2009. Their novel approach is to use 1.14 
m2 heliostats, mounted on a common support structure. Each heliostat is actuated by open-loop servo 
motors (Schell, 2010).  

An analytical analysis of the optimal heliostat size was conducted by Blackmon in the book 
“Concentrating Solar Energy” published in 2012 which is an extended version of the analytical study 
presented in the Sandia 2007 report. Blackmon reasons that the bending moment of a beam with a certain 
cross section increases with increased free length of the beam. Since the cost per meter of simple 
structural steel beams is proportional to its weight, and hence proportional with the bending moment, it 
follows that price of the structure is proportional with the length of the beam, or simply that the price of 
the structure is proportional to the square root of the mirror area. Using the rule, we can compare e.g. the 
structural cost of a 10 m2 heliostat with the structural cost of a 160 m2 heliostat. According to Blackmon’s 
rule, the weight of the 160 m2 structure would be about 4 times more per m2 mirror area than the 10 m2 
structure, and hence the structural cost of a 160 m2 heliostat would be about 4 times more per m2 mirror 
area than a 10 m2 heliostat. 

Blackmon categorizes the heliostat costs into three main categories:  

 Costs constant per unit area, e.g. typical the mirrors 

 Size-dependent costs, e.g. typical trusses, beams, pedestal, and actuators 
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 Costs fixed per heliostat (independent of size), e.g. typical position-sensors/encoders, etc 

He also lists a fourth category: 

 Costs that are shared between those three categories presented above, typical field winding and 

installation. 

Blackmon’s analysis ends up with the conclusion that the price of electronics have decreased during the 
last few years and that Sandia has underestimated the additional costs of increased bending moment, 
which follows increased size, and that a heliostat – using the design concept of the ATS 148 m2 heliostat – 
would be most feasible in the size range of 25-50 m2 (Blackmon, 2012). If one goes back to the Sandia 
report, the conclusion from the analytical study suggest that the optimal heliostat area is 50-150 m2, but 
not bigger than 150 m2 (Kolb, 2007). 

2.5.3 Accuracy requirements 

The accuracy requirements are closely related to the size of the heliostat as well as the total plant design. 
An accurate heliostat normally implies an expensive solution and there is a trade-off between the optical 
quality of the heliostat and the additional cost for a more accurate heliostat.  

The heliostat’s accuracy requirements have been investigated by Sandia National Laboratories in the 
1980s’ and in 2007. The requirements for the second generation heliostat, developed in 1982, suggests a 
beam deviation of maximum 1.5 mRad RMS. The maximum optical deviation noted by Vant-Hull in the 
book Concentrating Solar Energy (2012) prescribes Ca. 2-3 mRad. 

As already mentioned in section 2.5.1, Martin Marietta and McDonnell Douglas suggested in 1982, that 
two different qualities of heliostats could be developed: one lesser accurate type for the rows closest to the 
central tower, and one more stable and accurate heliostat type for the outer rows. We will examine this 
proposal in the wind load chapter. 

Selection of the accuracy tolerances is a complex task, i.e. many parameters can be adjusted, and it is not 
very clear how to optimize. Preferably, the optimization of the accuracy requirements is integrated in the 
computer simulation that determines the optimal heliostat size. The study conducted by Sandia National 
Laboratories in 2007 used DELSOL computer code to determine the optimal combination of heliostat 
size, slope error, and mirror focus distance. The heliostat analyzed and theoretically modified was the 
ATS-heliostat. The conclusion was that the most economic combination of parameters is a heliostat 
having a size of 147 m2, slope error of 2 mRad, and a totally flat panel (no curvature) (Kolb, 2007). It must 
be noted that the result are based on the ATS-heliostat. If another heliostat design is analyzed, different 
values may appear. The correctness-level of the computer model should also be considered, since it is 
based on a lot of assumptions that is extensively discussed in the report by Kolb. 

2.6 Outlook of solar power in India and special design 
considerations in India 

The government of India launched in 2010 Jawaharlal Nehru National Solar Mission (JNNSM), which had set 
a goal of 20 GW solar power to be installed in India by 2022. The mission includes financial support by 
purchase agreements (renewable purchase obligations (RPOs)) to establish and promote solar energy 
technology in the country (Ministry of New and Renewable Energy, 2012). The mission was verified by 
the Minister of New and Renewable Energy in December 2012 with more details about the plans and the 
support system. Since the present installed capacity of solar power in India (June 2013) is 1759 MW 
(Ministry of New and Renewable Energy, 2013),  it may be assumed that solar power of different kinds 
will be an expanding branch in India during the present decade. 

India has, compared to the western countries, lower labor costs for many types of work. Reduction of 
simple manual work for manufacturing, assembly, installation, repair, maintenance and disassembly is of 
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course desirable, but not that critical for the total lifecycle cost, as in the western countries. For example, 
structures that require time consuming welding jobs during manufacturing are more feasible in India. 
Indian made actuators and machined precision components are available. Actuators and other 
components can also economically be bought from available suppliers, e.g. in China. Heavy transportation 
inside India is considered modestly cheap due to lower labor costs, but fuel prices are quite international. 
Structural steel elements, aluminum profiles and other types of raw materials, as well as electronics, are 
comparable with global prices. Expensive resources in India are useful land and financial means. 

It may be noted that the above information are obtained from informal discussions. 

 



Master Thesis - Heliostat Design  N.Björkman 

22 

 

3 Design of Heliostats 

 
A general process for dimensioning the heliostat is suggested (see Appendix A) which mainly deals with 
the support structure design. It is based on the perspective that the mirror surface should be connected 
with the ground in a way that it can be tilted according to the requirements. The support structure 
including the mechanical system is the dynamical, actuated connection between the mirror surface and the 
ground. Beside this task, the dimensions of the mirror surface need to be defined. 

Figure 21 shows an overview of some elementary areas of study in a heliostat design project. The 
proposed design process suggest that the heliostat design project starts with investigating wind-loads, then 
mirror geometry, thereafter support structure design, and at last focus on actuators and transmissions. The 
process needs to be iterated a couple of times, with refinements of the design proposal for each iteration. 

 

Figure 21: 
 Typical elements of a heliostat design project 

3.1 Design case: 25 m2 heliostat and 49 m2 heliostat 
It was decided that the heliostat design tools should be applied to demonstrate the development process 
of one 25 m2 heliostat and one 49 m2 heliostat. 

The requirements of these heliostats are shown in Table 3. 

Table 3: Requirements of the example heliostats 

Mirror area 25 m2 49 m2 Verification 
method 

Mirror facet size 2.5 x 2.5 m 1 x 1 m CAD-model 

Pedestal height 3.5 m 5 m CAD-model 

Mirror glass and thickness AGC Solar mirror 4 mm CAD-model 

Drive type Azimuth-Elevation CAD-model 

Degrees of freedom 2 CAD-model 

Elevation range 195 deg CAD-model 

Azimuthal range 360 deg CAD-model 

Main structural material Steel CAD-model 

Central tower height 120 m N/A 
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Heliostat minimum distance 
from tower 

60 m N/A 

Heliostat maximum distance 
from tower 

300 m N/A 

Maximum deflection of 
reflective surface due to wind 
load 

3.6 mRad @ 19 m/s gust wind FEM-model 

Tracking mode <25 m/s gust wind Calculation 

Maximum survival wind load 35 m/s gust wind @ any position 
40 m/s gust wind @stove position 

FEM-model 

Wind fence height 
(surrounding heliostat plant) 

Yes. Optimized  

Gap distance between mirror 
facets 

0-1 mm CAD-model 

 

Other requirements according to the second generation heliostat requirements set by Sandia, see 
Appendix B. 

3.2 Mirror geometry generator 

3.2.1 Overview 

A Matlab-program that calculates the dimensions of the heliostat mirror assembly was developed. The 
mirror assembly is assumed to consist of a large quantity flat square mirror facets that are assembled to 
approximate a paraboloid or spherical mirror. To reduce the height of the paraboloid – and hence 
improve the heliostat’s aero-dynamical proprieties and simplify the mechanical design – the program also 
adjusts the mounting distances so the assembly becomes a Fresnel mirror. Figure 22 shows the principle 
of the Fresnel mirror. Both the dimensions of a Fresnel mirror and the dimensions of a standard 
paraboloid of revolution (or spherical mirror) are output as plots and numerical matrixes. An example of a 
mirror plot is shown in Figure 24. 

 

Figure 22: 
The principle of the Fresnel mirror. The curved mirror is divided into flat mirrors which are moved down to a 

common plane. 
Source: (Nussbaumer, 2011) 

Since the shape of the mirror assembly is dependent on the focal length, and the focal length is given by 
the distance between the heliostat and the receiver, the calculation needs to be done for every heliostat in 
the field. If the heliostats are located on circular rows around the central tower, and each row has a 
constant radius, only one calculation needs to be done for every row. 
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3.2.2 Formulas 

The notations used in this section are presented in Table 4. 
 

Table 4 Notations 

f focal length [m] 

z depth [m] 

x  height [m] 

y width  [m] 

r  radius of curvature (on the Z-Y and Z-X planes)  [m] 

R rim radius (on the X-Y-planes) [m] 

 

Following formulas were used to calculate the shape of the mirror: 

Focal length of the spherical mirror:    
 

 
   (1) 

Equation of the sphere:               (2) 

 Adjusting the sphere so the (0;0;0) is at vertex:   

                     (3) 

 Substitute (1) in (2) 

                     (4) 

 Equation of the spherical mirror: 

                   (5) 

Focal length of the paraboloid mirror:    
  

  
   (6) 

Equation of the paraboloid of revolution:    
  

   
  

     (7) 

Where       

   
  

  
 

  

  
    (8) 
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3.2.3 Features and limitations 

The following features and limitations are present in the program: 

 Calculations can be done for both the spherical mirror and the parabolic mirror 

 The program assumes that the mirror assembly is square, i.e. the same quantity of square-mirror 

facets in the horizontal as in the vertical direction. The mirrors facets are aligned with a 

rectangular grid. 

 The minimum number of mirrors facets (that makes sense to evaluate) is 9. There is no maximum 

number of mirror facets. Since it was desired that the center facet is mounted flat, the valid 

number of facets in one row must be an odd number. I.e. 3, 5, 7, 9, 11, … 

 If a 4-facet heliostat is desired (2 x2), a special version of the program is used. 

 An arbitrary value for the gap distance between the facets can be included in the calculation. 

 It is assumed that all the mirror facets have the same size 

 It is assumed that each mirror facet is assembled in 4 points in its corners. If it is desired that the 

assembly points should be some specific distance from the corner of the facet, the gap distance 

and mirror size should be adjusted, so that mirror size is equal to the distance between the 

assembly points. (In fact, the actual mirror facet size does not make sense in the calculation). 

 

The program holds the distances in the X-Y grid fixed, and projecting the Z-values straight on the 

tilted mirror facet (option B in Figure 23) parallel with the Z-axis. I.e. the Z-values are projected 

with 90 deg from the X-Y plane. Hence, the exact mounting points on the mirror facet will float. 

Given by the geometrical triangular relationships, necessarily either the X-Y-grid must float or the 

mounting distances on the tilted mirror facet plane must float (Pythagoras theorem), Figure 23.  

An extra script needs to be written if it is required that the X-Y-grid should flow, as option A in 

Figure 23. 

 

   

Figure 23: 
Two methods to assemble the mirror facets. A) X-Y-grid is floating; B) L2 is floating 

The program uses method B.  

When using the input data for the example heliostats, the output is shown in Figure 24 and Figure 25. 
Note that the scale of the z-axis is different from the scale of the x-y-axles. With equal scale of the axels, 
the mirror array may appear flat. Table 5 shows the maximum z-values for the example heliostats. 
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Figure 24: 
Mirror geometry of the 49 m2 heliostat. A paraboloid adjusted to a Fresnel mirror.   

 

Figure 25: Mirror geometry of the 25 m2 heliostat 

 
Table 5 Results; maximum height (Z) of mirror facet over normal surface (X-Y) 

 25 m2 49 m2 

Max height of mirror facet over 
normal surface, Z 
@ 60 m from tower 

6.0 mm 47.3 mm (Paraboloid) 
23.2 mm (Fresnel) 

Max height of mirror facet over 
normal surface, Z 
@ 300 m from tower 

2.4 mm 19.1 mm (Paraboloid) 
9.3 mm (Fresnel) 
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3.3 Structural deflections 

The deflections of the mirror assembly were analyzed with the finite element method (FEM) used to 
analyze the mechanical properties of plates and complex structures (Wilson, 1995).8 The software used 
was Comsol Multiphysics 4.2 and Comsol Multiphysics 4.3b. 

The Euler beam theory was used for initial estimations (i.e. compare beam profiles and beam materials) 
and to verify parts of the FEM-model. Since the Euler beam theory only gives reasonable correct values of 
the deflections (and stresses) for beams – not plates – the Euler beam theory can only be applied to some 
limited extensions in this case. To make analytical calculations of the deflections in plates, plate theory is 
needed9. Plate theory was not used in this project. 

3.3.1 Wind loads 

Gaps between mirror facets 

It has been suggested that gaps between the mirror facets would reduce wind loads on the heliostat, since 
the wind could part wise blow trough the mirror-array. The effects of various gaps (0-40 mm) between the 
mirror-facets were analyzed by Wu (2010) with wind-tunnel tests and numerical studies. Wu stated that 
there is a very small increase in wind loads with increased gap size – for heliostat designing; the effects of 
gaps on reducing wind loads are totally negligible. Since the gaps increases the size (and bending moment) 
of the mirror array without increasing the reflective surface, it is desirable that the gaps are kept as small as 
practical possible. 

Simple dynamic wind pressure calculation 

A rough estimation of the wind forces acting on the structure is obtained by simply calculating the 
dynamic pressure: 

  
 

 
         (9) 

Where q = dynamic pressure [Pa]; ρ = density of air10 (ca 1.23 kg/m3); v = wind speed [m/s]. Equation 9 
is for a mirror surface placed perpendicular to the wind flow; i.e. the pressure is acting normal on the 
mirrors (either on front side or backside).  

Since 1 Pa = 1 N/m2, the wind force F on the array, when positioned perpendicular to the wind flow 
would be 

           (10) 

Where A is the area of the mirror array [m2]. 

To find the resulting moments, one simply multiplies the force F with the moment arm of the heliostat 
design that is under investigation. F is treated as a force distributed over the whole mirror surface. To 
obtain the azimuthal-moment Mz as well as the hinge moment Mhy, it would be imagined that the wind 
pressure is just acting on one side of the moment axis. 

                                                      
8 Using the finite element method (FEM) for solving engineering problems is called conducting a FEA (Finite 
element analysis). 

9 The classical thin plate theory requires a solution to a fourth order partial differential equation (Wilson, 1995, ss. 8-
3), and hence the solution is far more completed to obtain as with the Euler beam theory. 

10 The density of air varies with atmospheric pressure and air temperature. T = 15 deg C;  
p = 101.3 kPa; Rho = 1.229 kg/m3. Source: (NASA Glenn Reserach Center, 2011) 
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Wind load calculations based on the Sandia-92 method 

A simple dynamic wind pressure calculation will however give too low peak forces, since the presence of 
turbulence – at least for turbulence intensities above 10 %  – radically increases the peak  loads (with a 
factor of  4 for the case when the mirror surface is perpendicular to the wind flow and elevation angle α is 
90 deg, for a single isolated heliostat) . The peak loads should be used for sizing the heliostat structure 
from overloading (Peterka, 1992). The other serious problem with the simple dynamic wind pressure 
calculation is to determine the speed of the wind that actually strikes the heliostat surface. 

First, care must be given when defining the wind speed requirement – the wind speed reduces with 
decreased height above ground as well as with surface roughness of the ground. Sandia National 
laboratories suggest that the wind speed requirement is defined 10 m above ground for an open country 
environment, either as peak gust wind speed (2-3 s) or mean wind speed (1 h). The factor between these 
two measurements is about 1.6 (Peterka, 1992). 

In the Sandia report Wind load design methods for ground-based heliostats and parabolic dish collectors by Peterka and 
Derickson, published in 1992, a refined method for calculating the wind loads on heliostats is presented, 
here called the Sandia 92-method. The first step in the Sandia-92 method is to adjust the required wind 
speed value to the wind speed at the center of the mirror array at a height H above ground (H is defined 
in Figure 26). Hence, the performance of heliostats with different pedestal heights can be compared. 

The dynamic wind pressure is multiplied with the surface area of the mirror assembly, which gives the 
force. The moments M are obtained by multiplying the force F with the moment arm r, according to: 

M = F·r     (11) 

The loads are then multiplied with their respective load factor, which takes the influence of turbulence 
into account. Peterka obtained the factors from wind-tunnel experiments with miniaturized heliostat 
models. The methodology with load factors from the wind tunnel experiments are still used in more 
recently done works, for example the research presented in the article Fluctuating wind pressure characteristics of 
heliostats by Bo Gong et.al. from 2012. 

In-field performance 

An extra feature is also included in the Sandia-92 method: It is possible to calculate the wind loads for a 
heliostat located in a heliostat field on a specific row. The heliostat field can either be unprotected or 
protected by external fences. Values can be obtained for both cases. External fences give effect to the 3-4 
most outer rows of heliostats – which otherwise experience the highest loads – and gives radically 
reductions in wind loads. Internal fences can also be taken into account, i.e. fences between heliostats. 
Notably, the wind loads may increase on the heliostats in the most outer rows when the heliostats are 
located in a field, due to turbulence, compared with the case with a single isolated heliostat. The heliostats 
on the inner rows are in some extent protected by the surrounding heliostats. 

The heliostat’s in-field performance is calculated using simplified General Blocking Area (GBA). The 
GBA is defined as follows: 

 

     
                                                         

                                               
  (12) 

 

  



Master Thesis - Heliostat Design  N.Björkman 

29 

 

Following assumptions are made for the model: 

 Square shaped mirrors 

 The pedestal area is neglected 

 Forces in the trusses are neglected 

 Equal spacing between heliostats in a field situation; arranged in a regular pattern. 

 The hinge point about which hinge moments are defined is centered on the collector geometry 

and is 0.062·h from the rear surface (downwind side when β = 0 deg, and α = 90 deg). 

 h = heliostat chord length. 

If the gaps between the mirror facets are resulting in an area smaller than 15 % of the total mirror 
assembly area, the gaps should be neglected in the analysis and the total solid surface area is calculated as 
the square of the mirror assembly chord length (i.e. A=L2) (Peterka, 1992). 

The error of the model is estimated to 15-20 % (Peterka, 1992). However, Peterka gives no justification 
for this estimation, and the report does not clarify if any systematic research has been conducted that 
investigates the model’s precision and applicability on full scale heliostats. 

Figure 27 shows the layout for a simplified GBA calculation. 

 

Figure 26: 
Coordinate system for collector  

(Peterka, 1992) 
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Figure 27: 
Layout for simplified GBA calculation. 

(Peterka, 1992) 

3.3.2 Formulas for wind load calculation 

Generalized Blockings Area:        
            

  
    (13) 

Where 

AH = actual surface area of the heliostat mirror-array [m2] = h2 

AF = representative ground area occupied by the heliostat 

AS = Solid area of the fences within AF 

K = correction factor for azimuth angle, resp. elevation angle, according to Table 6. 
 

Table 6: K-factors 

 K 

Fx 1.0 

Fz 0.5 

Mhy 0.5 

Mz 0.5 

 

Drag force:                (14) 

Lift force:               (15) 

Hinge Moment:         
         (16) 

Azimuthal moment:        
         (17) 
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Base overturning moment:       
         (18) 

where               
  

 

 
    (19) 

 

Table 7: Definitions for wind load calculation 

Symbol Unit Description Formula or value 

Q [Pa] = [N/m2] Dynamic pressure of the mean 
approach wind   

   

 
 

   [kg/m3] Density of air ρ≈ 1.229 kg/m3 

U [m/s] Mean approach wind at elevation H. 
         

 

     
 
 

 

n [-] Power law exponent for the 
approaching wind. 
 

For grass and open terrain: 
n=0.15 

Umean 

 

[m/s] Mean approach wind at elevation Zwind 
      

             

 
 

or 

      
     

   
 

Ugust [m/s] 2-3 second gust wind at height Zwind 

above ground 
 

Ufastest mile [m/s] Fastest mile wind speed at height Zwind 

above ground 
 

Zwind [m] Height between ground and wind 
speed measurement device 

 

R [-] Fastest mile factor 
 

Fastest mile = 40 m/s  

 R=1.30 
Fastest mile = 27 m/s  

 R=1.24 

A [m2] Solid surface area of heliostat. Include 
openings in the solid area if they 
constitute less than 15 % of the total 
area. 

 

h [m] Chord length of the heliostat  

H [m] Height of the center of the heliostat 
area from ground  

 

Z0 [m] Effective surface roughness length Typically 0.01-0.05 m in 
open country 

Text taken from (Peterka, 1992), converted to SI-units. 

For in-field performance, the C-factors for peak loads are obtained with the following formulas: 

CFx = -13.6·GBAFx + 6.52    (20) 

CFz = -10.6·GBAFz + 4.31    (21) 

CMhy = -3.2·GBAMhy + 0.9    (22) 

CMz = -4.6·GBAMz + 0.92    (23) 

CMy = CFx + CMhy · (h/H)    (24) 
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The values integrated in the formulas (equation 20-24) originate from empirical data (Peterka, 1992). 

For calculating the peak and mean loads acting on a single isolated heliostat, the dynamic pressure can be 
multiplied with the factors C from Table 8 (see Figure 26 for definitions). Table 8 also list the 4 extreme 
cases where load components reach their maximum values, as well as the stow-position case. Note that Fx 
and My respectively Fz and Mhy reaches their maximums at the same angles. 

Table 8: Wind load coefficients C [-] on a single isolated heliostat. One component is a maximum. 

Case11 α = 90 deg 
β = 0 deg 

α = 30 deg 
β = 0 deg 

α = 90 deg 
β = 65 deg 

α = 0 deg 
β = 0 deg 

Loads at their 
maximum 

Fx; My Fz; Mhy Mz Stove loads 

PEAK LOADS 

CFx 4.0 2.1 3.7 0.6 

CFz 1.0 2.8 0.5 0.9 

CMhy 0.25 0.6 0.15 0.2 

CMz 0.29 0.06 0.7 0.02 

MEAN LOADS 

CFx 2.0 1.0 1.6 0.1 

CFz 0.3 1.35 0.3 0.1 

CMhy 0.02 0.25 0.02 0.02 

CMz 0 0 0.25 0 

n = 0.15; Turbulence = 18 %; Z0 = 0.03 m   Source: (Peterka, 1992) 

3.3.3 Wind load calculation 

Description of the performed calculation 

An Excel sheet was prepared that calculates the wind loads on the heliostat, based on the formulas 
presented in the previous section. Following cases were explored in this report: 

 Wind loads on a single isolated heliostat for gust wind speeds 35 m/s, which is the speed that causes 

maximum wind loads. In the 40 m/s case, the heliostat is in stove position; hence the loads are 

lower than the 30 deg case. 

 Wind loads on a heliostat in-field, on row 1; 2; 3; 4; 5 and above, for wind speed 35 m/s. (Row 

number is counted from outer row, inwards to the tower) – With and without external fence 

  

                                                      
11 Check Figure 26 for defintions. 



Master Thesis - Heliostat Design  N.Björkman 

33 

 

Input values 

The input values used for the wind load calculation are shown in Table 9. 

Table 9: Input values for the wind load calculation 

Description Symbol Unit 25 m2 49 m2 Source of value 

Height heliostat( ground to center 
support) 

H [m] 3.5 5 Requirements 

Mirror assembly size, one cant, chord 
length 

h [m] 5 7 Requirements 

External fence, height hext [m] 2.5 3.5 Test - gives stable force 
distribution 

Heliostat spacing (parallel to the fence), 
(rows) 

deltax [m] 10 14 CSP Textbook; RS-layout 

Heliostat spacing (perpendicular to the 
fence), (columns) 

deltay [m] 10 14 CSP Textbook; RS-layout 

Gust wind speed at height z_wind 
above ground (2-3 sec) 

Ugust [m/s] 35 35 Requirements 

Elevation of wind speed measurement 
above ground 

zwind [m] 10 10 Requirements 

Power law exponent, based on surface 
roughness 

n [-] 0.15 0.15 SANDIA-92 for grass 
open terrain 

Density of air ρ [kg/m3] 1.229 1.229 NASA 

 

3.3.4 Results of the wind load calculation 

The wind loads obtained with the Sandia-92 method is presented in short form in Figure 28 - Figure 32. 
To make the wind loads of the 25 m2 heliostat and the 49 m2 heliostat easy to compare, the wind loads Fx 
and Fz are divided with the mirror area (therefore called wind pressure), so that the unit in Figure 28 and 
Figure 29 are [N/m2] instead of [N]. A complete presentation of the calculated loads (Fx; Fz; My; Mhy; Mz) 
is attached in appendix E. The optimal fence height is found by trial-and-error when adjusting the fence 
height in the Excel-sheet. The optimal fence height is defined as the wind loads are almost same for row 
1-5. When investigating e.g. Fx, it means that all heliostats would experience about the same wind load Fx 
when the optimal fence height is found. Fz and My would also show about the same magnitude for all 
rows when Fx do. Mz and Mhy would on the other hand benefit from the fence more than the other, which 
means that the value of those two loads are expected to be lower for the first rows, closest to the fences.  

The costs for building and maintaining the fence was not included in the calculation. With the financial 
factors included in the model, the optimal fence height can of course be much lower or zero – this 
depends on the fence design, cost for material, labor, cost for increasing the strength of the heliostat, etc. 

Table 10: Result of fence height analysis 

 25 m2 49 m2 

Optimal fence height 2.5 m 3.5 m 

 

 



Master Thesis - Heliostat Design  N.Björkman 

34 

 

  

Figure 28: 
Drag pressure, Fx/A 

  

 

Figure 29: 
Lifting pressure, Fz/A 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

1 2 3 4 5 

F x
/A

 [
N

/m
2

] 

Row No. 

49 m2 
F_x with fences 

F_x without fences 

F_x isolated heliostat 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1 2 3 4 5 

F x
/A

 [
N

/m
2

] 

Row No. 

25 m2 
F_x with fences 

F_x without fences 

F_x isolated heliostat 

0 

200 

400 

600 

800 

1000 

1200 

1 2 3 4 5 

F z
 /

A
 [

N
/m

2
] 

Row No. 

49 m2 
F_z with fences 

F_z without fences 

F_z isolated heliostat 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1 2 3 4 5 

F z
 /

A
 [

N
/m

2
] 

Row No. 

25 m2 
F_z with fences 

F_z without fences 

F_z isolated heliostat 



Master Thesis - Heliostat Design  N.Björkman 

35 

 

  

Figure 30: 
Base overturning moment, My 

 

 

  

Figure 31: 
Hing moment, Mhy 
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Figure 32: 
Azimuthal moment, Mz 

3.3.5 Design wind loads 

The heliostat may be designed for in-field performance, included eventually fences. The fence height was 
by the requirements set to be the optimal fence height (Table 10).  The peak load values for the 5th row’s 
heliostat in-field were selected as maximum allowed loads. Same values gilt, as mentioned before, also for 
all rows closer to tower than the 5th row.  At this row, external fences have no effect. 

We are also introducing a new coordinate system fixed on the mirror array, so when the mirror is tilted, 
this coordinate system is tilted too, see Figure 33. The local coordinate system (Z’; Y’; X’) is attached on 
the center of the mirror surface and follows the movement when the mirror is tilted. The global 
coordinate system (Z; Y; X) is attached to the ground. 

 

Figure 33: 
Coordinate system for the heliostat.  

 

It was during investigation of the loads applied in the local coordinate system, for the α 0 deg case, 30 deg 
case and the 90 deg case, that it was found that maximum loads on the mirror array occurred at α = 30 
deg. 
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Wind loads on the heliostat was found by using the Sandia-92 method, then transposed to the local 
coordinate system, which is set for (α=30 deg), since the FEM-model was simpler to build straight in a 
local coordinate system, than in a tilted position in the global coordinate system. The design wind loads 
used in the development of the example heliostats are shown in Table 11. 

Table 11: Design wind loads 

α = 30 deg; normal operation 
wind loads (19.2 m/s gust wind 
speed): 

25 m2-heliostat 
 

49 m2-heliostat 
 

Fz’ 6.25 kN 12.25 kN 

Fx’ 5.25 kN 10.29 kN 

Mz 2.9 kNm 8.5 kNm 

Mhy 4.2 kNm 13 kNm 

Maximum wind loads applied to 
heliostat: (35 m/s gust wind 
speed): 

  

Fz’ 20.0 kN 44.1 kN 

Fx’   17.5 kN 34.3 kN 

My 84.0 kNm 224 kNm 

Mhy 14.0 kNm 41.0 kNm 

Mz   9.75 kNm 29.0 kNm 

 

3.3.6 Gravity force due to weight of the structure 

When performing the FEM analysis, the gravity force is added as a body load divided into two 
components such that the direction of the gravity force can be controlled. When the load-case with 
maximum total loads is considered, the gravity loads at elevation 30 deg is of interest: 

        
 

 
     (25) 

 

        
  

 
     (26) 

Where m is the mass of the mirror array. 

3.3.7 Speed, acceleration and range 

The Sandia requirements state that the heliostat should reposition in 15 min. Reposition is interpreted as 
go from any position to any other position within the possible limits. The required speed is very low since 
the maximum motion requirement is 180 deg for the elevation drive and 360 deg for the azimuth drive. In 
practice, the range can be even narrower without degrading performance. The feasible range is also 
logically dependent on the latitude location of the plant. The closer to the equator, the smaller range is 
required. Further investigation of the exact limits will not be conducted in this project. 

When starting and stopping the motors, there will be an acceleration force acting on the mirror array 
(calculated with equation 27). Due to very low speeds, the calculations in appendix K showed that the 
acceleration force is totally neglectable when also consider wind loads and gravity loads. 

Acceleration force:  Facc = m·a    (27) 
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3.3.8 Maximum allowable deflection 

The maximum allowable wind load deflection is defined by the Sandia requirements as 3.6 mRad RMS on 
the reflective surface (Kolb, 2007), which is a requirement for obtaining appropriate optical accuracy 
during normal operation. 

RMS, Root Mean Square: 

If n is a set of values {          }, then the RMS-value is given by: 

      
 

 
   

    
       

     (28) 

The simplest interpretation is that the mirror array, seen from side view in 2D, consist of two rigid links 
that rotate symmetrical around the center hinge when a large wind force is applied (Figure 34, left). Since 
the deformations are small, the change of point p’s position at the y-axis after bending is neglected in the 
analysis. 

 

Figure 34:  
Left: Simplified interpretation of the wind load deflection requirement. Right: detailed interpretation of the wind load 

requirement. 

The triangular relationship (Figure 35) holds that 

            
   

 
   (29) 

Where h is the distance between the edge and the center point. 

  

Figure 35: Find maximum allowed deflection from a triangular relationship 

    

The maximum deflection def [m] allowed at the edge of the mirror array is: 

                       (30) 

Since the allowed deflection angle θallow is very small (3.6 mRad) the equation simplifies to: 

               (31) 
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Where θallow is given in radians. 

For the two example heliostats, equation 30 gives maximum deflections, as shown in Table 12. 

Table 12: Maximum allowed deflection on mirror surface for required optical quality (max deflection is 3.6 mRad)  

 25 m2 49 m2 

Chord length 5 m 7 m 

Max deflection at edge 
(straight from center) 

9 mm 12.6 mm 

Max deflection at corner 
(diagonal from center) 

12.7 mm 17.8 mm 

 

Individual mirror facets that deflect more than 3.6 mRad may be removed or better supported so that they 
stay within the requirements. When those adjustments are done, it is appropriate to determine the RMS-
error of the whole mirror array. 

For finding RMS, the deflection of each mirror facet center (or simply points on the mirror surface, 
distributed as a grid with arbitrary spacing) needs to be found, for example with FEM-software or through 
plate theory calculations. The deflection angle of each such element is then calculated by extracting the 
angle θallow from equation 30 above. Finally, the RMS is found by evaluating this population of deflection 
angles with equation 28. 

In practice, the RMS is simplest found by the FEM-software, where this information automatically can be 
generated. If the RMS is outputted as linear unit (e.g. [m]) it may then be transferred to angular unit by 
dividing with the distance of about ¼ chord length, in case of a single-mounted heliostat. 

3.3.9  Investigation of joining mirror facets to a solid mirror 

How is deflection of the mirror array affected by dividing a single big mirror sheet into 4 mirror facets? 
The presented 25 m2 heliostat has its mirror-surface of 25 m2 divided into 4 mirror facets. In practice, the 
mirror facets can be joined with glue, tape and/or aluminum stripes to obtain system properties close to 
that of a heliostat with a big single mirror, and hence gain additional stiffness and reduce the deflection. 

 The above question can be answered by changing the boundary conditions of the FEM model, so that 
symmetry is applied also for the mirror facet. Figure 36 shows the FEM-model that was analyzed. The 
applied loads are wind pressure in z’-direction (250 N/m2) and y’-direction (210 N/m2) (corresponds to 
normal operation in 19 m/s gust wind) and gravity loads (weight of the structure). The elevation angle is 
30 deg and the size of the mirror facet is 2.5 x 2.5 m, with glass thickness 4 mm.  

 

Figure 36: 
Deflections of the mirror array due to wind loads and gravity loads under normal operation  
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How much would the bending of the mirror array increase if just one edge of the mirror facets is united? 
It is clear that the edge along with the torque-tube would make most difference (the lifting force and 
gravitation force acts perpendicular to the length torque-tube) in the case of an AZ-El-heliostat. For a 
target aligned heliostat, as well as parallel heliostat, both edges have same priority, since the panel rotates. 

Table 13 shows the results of the FEM-analysis. 

Table 13: Results of FEM investigation of one big mirror, 2 mirror facets and 4 mirror facets @ 19 m/s gust wind 

 One solid mirror 
(25 m2) 
=25 m2 

2 mirrors  
á (2.5x5 m)  

= 25 m2 

4 mirror facets á 
6.25 m2  
= 25 m2 

Max 
deflection 

6.6 mm 6.5 mm 9.2 mm 

 

From Table 13: with two mirrors facets á 2.5x5 m the deflection is 0.1 mm lesser than the case with a 
single big mirror of 5x5 m; and the deflection will totally be 2.7 mm lesser than the case with four 
separated facets.  Although, two mirror facets would have lesser deflection (0.1 mm) than a single big 
mirror seems illogical (can be numerical errors), however, 2.7 mm lesser deflection is a significant 
reduction in deflection, and hence it may be worth the eventually extra cost of joining the facets in that 
direction. Uniting the mirror facets close to their surfaces would definitely reduce vibrations. The benefits 
needs to be further investigated. 

3.4 Support structure design for the 25 m2 heliostat 

In this section it is shown how the support structure are designed, according to the suggested heliostat 
design process (Appendix A). First the glass support structure is designed for stiffness, for obtain optical 
accuracy, then the stresses of the mirror assembly under maximum wind loads are investigated, thereafter 
the pedestal and the torque-tube are dimensioned for survival wind loads. 

3.4.1 Mirror glass support structure 

Allowable deflections for stiffness 

Transpose the requirements of allowable deflection on reflective surface from angular to linear units 
[mm]. These values gilt under normal operation. 
- edge: 9.0 mm 
- corner: 12.7 mm 

Support points 

Find the number of support points needed to support the mirror facet and distance/distribution of 
support points on the mirror facet with the FEM in combination with a trial-and-error-method, i.e. 
change the dimensions in the FEM-model till the deflection spots are equal distributed over the mirror 
facet surface. Consider maximum allowable deflection as well as fatigue. To avoid brake of mirror glass: 
maximum deflection = L/60; where L= distance between supports. 
 
After five trial and errors, the design with lowest deflection was selected, as shown in Figure 37. 
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Figure 37: 
Left: Sketch of the mirror facet 

Right: Deflection of mirror facet under operational wind speed (19 m/s gust wind) 

Maximum allowable deflection on glass to avoid brake:  

Center: 900/60 = 15 mm 

Edge: 350·2/60 = 11.6 mm 

Diagonal: 1273/60 = 21.2 mm 

 

FEM analysis (above): Maximum deflection = 1.6 mm 
Conclusion from FEM-analysis: OK. 
 

Do also test deflection of the mirror facet under survival wind speeds. Compare the bending stress from 
the FEM-analysis with mechanical strength of the mirror glass. State a factor of uncertainty. 
 

Required factor of uncertainty = 2 (own estimation, based on the general steel-building norm 
StBK-1, noted by Lönnelid (2006). See the discussion chapter for a further discussion about uncertainty 
factors.) 

 Bending strength mirror glass = 45 MPa  (AGC Solar mirror) 

Figure 38 shows Von-Mieses stresses and deflections of the mirror facet; both figures consider maximum 
loads (35 m/s gust wind). 

 

 

Figure 38: 
Left: Von Mises stresses on mirror facets under maximum load, which occurs at 35 m/s gust wind  

Right: Deflection of mirror facet under maximum load, at 35 m/s gust wind 
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Deflection with survival wind loads = 5.6 mm; limit is 11.6 mm. Deflection is acceptable. (Stress = 18 
MPa; allowed stress = 45 MPa. Gives a factor of uncertainty = 45/18 = 2.5 i.e. factor of uncertainty is 2.5 
> 2. Hence, acceptable.) 

Contact pressure 

Verify the contact pressure at the contact points with a simple calculation based on p = F/A. 
Since the wind force is alternating and multidirectional, it is assumed that all pressure on the mirror glass 
will not be equally distributed over the contact points all the time. The pressure distribution is also 

dependent on the elevation angle α of the mirror array, the tilt of a specific mirror facet, as well as 
manufacturing errors and wind deflection of the steel support structure. So, to be on the safe side, one 
would need to analyze this effect closer, e.g. through empirical experiments, or simply by assuming a 
reasonable number of the force distribution. I.e. state the ratio of active structural surface contact area (= force 
bearing area) of the designed total contact area. 

Assume that minimum 25 % of the total contact area takes the whole wind load. I.e. minimum 2.25 of the 
9 contacts points are active and the rest of them are passive during an extreme load situation. I.e. S = 0.25 

Table 14: Calculation of contact pressure between mirror support and mirror glass 

Number of mounting points per mirror n [-]  9 

Contact diameter of one mounting point D [m]  1,2E-01 

Max wind pressure on glass pz’ [N/m
2] 

= Fz ' /25 = 800 

Area of mirror facet Am [m2]  6,25 

Minimum percentage loaded (structural) 
contact area 

S [%]  25 

Total maximum force on mirror facet F [N]  = pz ' · Am = 5000 

Contact area each mounting point A_c [m2]  = D2·pi/4 = 1,13E-
02 

Total mounting point contact area A [m2]  = A_c · n = 1,02E-
01 

Max pressure at contact points p_max [Pa]  = F /( A·S) = 1,96E+
05 

Strength of mirror glass (AGC Solar mirror) sigma_mirr
or 

[Pa]  4,50E+
07 

Margin; pressure p_margin [Pa]  = sigma_mirror - 
p_max = 

4,48E+
07 

Margin; uncertainty factor Safety_fact
or 

[-]  = sigma_mirror / 
p_max = 

228 

 

Conclusion: The uncertainty factor of 228 is very high, and also suitable, hence the design with 9 x D=120 
mm supports on a 2.5x2.5 m mirror (thickness 4 mm) could work. Even smaller supports would work 
from the contact point-pressure’s point of view, but as mentioned before, the D=120 mm supports was 
selected to prevent critical deflection of the mirror surface (due to bending) when using so few supports 
on such a big mirror. When designing the support, attention should instead be focused on preventing 
critical sheer-forces due to bending, and prevent joints whose edges cut into the glass surface during 
bending, as well as allow quite generous manufacturing tolerances. 

Facet support structure 

Design the facet support structure. Treat the support-structure as a module that should connect the 
mirror facets’ assembly points with the assembly points of the pedestal/actuators, marked as a gray box in 
Figure 39. 
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Figure 39: 
A solution that connect the mirror facets with the torque-tube needs to be found. The unknown solution is 

illustrated as a gray box in the figure. 

Set a weight goal [kg/(m2 reflective area)] with reference to similar heliostat structures recently made by 
others. Set the goal-weight as low as possible, since low weight will reduce costs on a system level.  
 

Weight varieties with heliostat area according to Blackmon’s rule:  

          
  

    
    (32) 

Where m1 is the mass of the component of the new heliotstat concept with total mirror area A1, and mref 
is the mass of the corresponding component of the reference heliostat with total mirror area Aref 
(Blackmon, 2012). 

For the 25 m2 heliostat, equation 32 gives that parts which weight are dependent on imposed moment (i.e. 
heliostat size) would show a weight of 41 % of the corresponding parts of the 148 m2 ATS heliostat. 

Table 15 shows the goal-weight of the 25 m2 heliostat, based on Blackmon’s rule. 

Table 15: Weight of the ATS 148 m2 heliostat and design goals for the 25 m2 heliostat 

Component Sandia ATS (1986) 
148 m2 
ms 12 

[kg/m2] 

Specific weight[kg/m2] 
of component 

dependent on heliostat 
size?13 

Our goal 
mgoal 

[kg/m2] 

Mirror glass 10.1 No 10.1 

Steel 5.6 Yes 2.29 

Trusses 3.1 Yes 1.26 

Cross bracing structure 1.7 Yes 0.69 

Torque-tube 6.6 Yes 2.71 

Gear system 4.6 Yes 1.90 

Motor 0.4 Yes 0.15 

Pedestal 10.5 Yes 4.32 

SUM 42.5  23.8 

 

                                                      
12 Source: (Kolb, 2007) 

13 I.e. is Blackmon’s rule applicable on the component? Source: (Blackmon, 2012) 



Master Thesis - Heliostat Design  N.Björkman 

44 

 

Generate some different design concepts of the arrangement of the beams and evaluate them (e.g. type of 
beams, number of beams or pattern of beams). Euler beam theory can be used initially to find beam sizes 
that can withstand the wind loads and gravity loads. Set a requirement of the maximum allowed deflection 
that a specific beam should handle. In this initially calculation, it is appropriate to just consider bending of 
beams in the Z’-direction. Bending in X’-direction as well as torsion is simpler done in the FEM-program, 
since the stiffness properties of the structure in those directions are dependent more significant on the 
interaction of many beams as well as the stiffness of the glass sheets (the mirror array is understood as a 
composite structure). 

A Matlab-program was written that uses a reversed Euler-beam approach (code in Appendix J). The 
program calculates the maximum free length of the beam that gives the required maximum deflection 
under given loads. Beam lengths are obtained for two load cases: beam supported at one end (Figure 40) and 
beam supported at both ends (Figure 41). In this case no uncertainty factors are involved, since the structure is 
dimensioned for stiffness with operational wind loads, aiming to obtain stiffness for optical accuracy. 
 
Wind loads: maximum loads for operational wind speed are used, i.e. the α = 30 deg case. In the FEM-
model the simplifications done in the Euler beam model should be replaced by adding gravity as body 
load, as well as adding the wind force component Fx’ acting parallel with the beam. The Euler beam 
analysis focus on the optical requirements. Testing that overload would not occur under maximum wind 
speeds with the selected design is done in the FEM-analysis as well as comparing the resulting bending 
moment with the beam manufacturer’s recommendations. For heliostat designs with a center mounting or 
a torque-tube, max length of the beam, supported at one end, is of most interest. 
 

Table 16 shows the applied loads in the beam deflection analysis and Figure 40 and Figure 41 defines the 
Euler beam load cases that are considered. 
 

Table 16: Distributed loads on one beam, simplified model for Euler beam theory, normal operation 

Wind load (@19 m/s gust) Fz’/L [N/m] 250 

Gravity loads from mirror glass Fz’g/L [N/m] 10.1·9.82 

Own weight mg [N/m] See table below 

Young’s modulus (steel) E [GPa] 210 

 

 

Figure 40: 
Euler beam case II: Supported at one end 

Q = Fz’ (wind load (α=30 deg)) + gravity of beam + gravity of mirror glass 

 

Figure 41:  
Euler beam case V: Supported at both ends 

Q = Fz’ (wind load (α=30 deg)) + gravity of beam + gravity of mirror glass 
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Results from beam deflection analysis is shown in Table 17. 

Table 17: Results from Euler beam deflection analysis. The table is used for selecting appropriate beams. 

Beam  
suggestion 

Weight 
[kg/m] 

Ix 
[cm4] 

Deflection 
requirem. 

[mm] 

Max length; 
Supported at one 

end 
LII [m] 

Max length; 
Supported at both 

ends 
LV [m] 

IPE80 6.0 80 8.0 2.35 4.13 

IPE100 8.1 171 8.0 2.83 4.99 

IPE120 10.4 318 8.0 3.30 5.81 

IPE200 22.4 1943 8.0 5.15 9.06 

IPE240 30.7 3892 8.0 6.09 10.7 

VKR 50x30 2.89 11.8 8.0 1.46 2.57 

T-profile SIS 
50x50 

4.4 12.1 8.0 1.47 2.58 

 
RUUKKI Z100-1.0 

1.63 31.155 8.0 1.86 3.27 

RUUKKI Z120-1.0 1.81 47.935 8.0 2.07 3.64 

 

 
RUUKKI S200-1.5 

4.12 168.59 8.0 2.83 4.98 

RUUKKI S200-2.0 6.59 441.72 8.0 3.60 6.33 

 
RUUKKI H100-1.2 

3.96 72.847 8.0 2.30 4.04 

 
RUUKKI C100-1.0 

1.63 31.155 8.0 1.86 3.27 

RUUKKI C100-1.2 1.96 37.607 8.0 1.95 3.43 

RUUKKI C120-1.0 1.81 47.935 8.0 2.07 3.64 

RUUKKI C120-1.2 2.17 57.866 8.0 2.17 3.82 

RUUKKI C150-1.0 2.04 81.872 8.0 2.37 4.16 

RUUKKI C200-1.5 4.36 333.53 8.0 3.36 5.91 

Source: (S. Lönnelid, 2006); (Rautaruukki Corporation, 2013); Matlab beam calculator, see appendix J. 
 
For our heliostat design, max length of the beam, supported at one end, is of most interest. In this initial 
phrase, the calculation is based on one layer of beams, as shown in Figure 42. As we will see later, it is 
feasible to support the beam grid by adding trusses that support the beams from the underside at about 
the half free length. The calculations above are then limited to be used for the free length of the beam 
(measured from the point where the trusses are connected to the edge of the mirror-array). The Matlab 
code can easily be extended to give reasonable values for all beams of such truss-structure, by adding the 
expected loads at the point where the trusses are connected. Finally the structure is analyzed as two parts: 
one part as simple supported beam and one part as supported at both ends. 
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However, just considering one layer of simple supported beams, a beam with free length equal to about 
the half chord length is needed, i.e. Ca. 2.4 m (it can be little shorter than half the cord length due to the 
wide support at the torque-tube).  
 

Table 18: Concept No. 1 

 

Concept 1 
 

 

Element 
 

Type Qty Length 
each 
beam 
[m] 

Weight 
[kg/m] 

Weight 
total 
[kg] 

Mirror area 
supported 

[m2] 

Weight 
[kg/m2] 

Budget 
[kg/m2] 

Ribbs1 IPE80 6 4.3 6.0 154.8 25 6.19  

Fasteners       0.8  

      TOTAL 6.99 2.29 

 

 
Table 19: Concept No. 2 

 

Concept 2  

Element 
 

Type Qty Length 
each 
beam 
[m] 

Weight 
[kg/m] 

Weight 
total 
[kg] 

Mirror 
area 

supported 
[m2] 

Weight 
[kg/m2] 

Budget 
[kg/m2] 

Ribbs1 RUUKKI 
S-200-1.5 

6 4.3 4.12 106 25 4.25  

Fasteners       0.8  

      TOTAL 5.05 2.29 
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Table 20: Concept No. 3 

 

Concept 3  

Element 
 

Type Qty Length 
each 
beam 
[m] 

Weight 
[kg/m] 

Weight 
total 
[kg] 

Mirror 
area 

supported 
[m2] 

Weight 
[kg/m2] 

Budget 
[kg/m2] 

Ribbs1 RUUKKI 
C-120-1.2 

6 4.3 2.17 56.0 25 2.24  

Ribbs2 RUUKKI 
C-120-1.2 

2 4.3 2.17 18.7 25 0.746  

Fasteners       1.0  

       TOTAL 3,99 2.29 

 

 
Table 21: Concept No. 4 

 

Concept 4  

Element 
 

Type Qty Length 
each 
beam 
[m] 

Weight 
[kg/m] 

Weight 
total 
[kg] 

Mirror area 
supported 

[m2] 

Weight 
[kg/m2] 

Budget 
[kg/m2] 

Ribbs1 RUUKKI 
C-150-1.0 

6 4.3 2.04 52.6 25 2.11  

Ribbs2 RUUKKI 
C-150-1.0 

2 4.3 2.04 17.5 25 0.702  

Fasteners       1.0  

Cross 
member 

RUUKKI 
C-100-1.0 

4 1.0 1.63 6.52 25 0.261  

       TOTAL 4.07 2.29 

 

 

Conclusion: Try with concept 3 in first place when performing the FEM-analysis. The RUUKKI C-120 -
1.2 beam is quite weak, max length is 2.17 m (one end fixed), desirable would have been at least 2.4 m – so 
some additional trusses may be needed. 

The RUUKKI C150-1.0 beam in concept 4 is very weak (1 mm), but it has theoretical higher bending 
strength due to its larger height, max length of the beam is 2.37 m (desirable is 2.4 m). 2.37 m may be 
good enough. Corrosion, as well as vibrations in the Y’-axis and X’-axis, should be considered when 
selecting very thin profiles. The manufacturer do however suggest a lower maximum bending moment of 
the RUUKKI C150-1.0 beam than the RUUKKI C120-1.2, see table X. 

 

 



Master Thesis - Heliostat Design  N.Björkman 

48 

 

Concept 3 

 

Figure 42: Concept 3 

Initially, use wind loads for the α = 30 deg case, since it has the maximum total applied loads. Use wind 
load situation as for “normal operation” when initially evaluating the concepts. Do a FEM-model of ¼ of 
the array, use the symmetry boundary condition in the FEM-program, and for the selected concept: 
analyze deflection both under normal operation, stove wind-speed and survival wind speeds. State 
whether the maximum load would cause overload or not. 

Material data  

Table 22 shows data of the main structural materials used in the concept. The uncertainty factor used here 
is 2 (included in the values Max allowed stresses), a number based on a general steel-building standard (StBK-
01 noted by Lönnelid (2006)), and is not specific for heliostat applications. 
 

Table 22: Material data 

Description Max 
allowed 
stresses 
[MPa] 

Yield 
strength 

Re 
[MPa] 

Tensile 
strength 

Rm 
[MPa] 

Poisson’s 
ratio 

Density 
[kg/m3] 

Modulus 
of 

elasticity 
[GPa] 

AGC Solar 
mirror 4 mm 

- 45 45 0.2 2500 70 

Structural steel 
S350GD+Z 

167 14 350 420 0.33 7850 210 

 

  

                                                      
14 Allowed bending, tension and compression according to StBK-1 for steel SS1411-00, which as similar properties 
as the S350GD+Z. (SS1411-00: Re = 250 MPa; Rm = 430 MPa) 
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FEM - applied loads 

Loads applied in the FEM-model are presented in Table 23. Weight and gravity loads of the structure is 
calculated automatically by the FEM-software through given material data. 

 
Table 23: Applied loads in the FEM-analysis 

Load 
case 

Description Gust wind  
speed  
[m/s] 

Loads15 

Wind 
pressure 

perpendicular 
on panel 

pz’  
[N/m2] 

Wind 
pressure 
parallel 

with panel 
surface, 
upwards 

px’ [N/m2] 

Weight 
of mirror 

facets 

Weight of 
beams 

A Normal operation 19 250 210 Yes Yes 

B Maximum loads16 35 800 700 Yes Yes 

 

FEM-analysis results 

Figure 43 shows deflections of the mirror array in normal operation.  

Table 24 presents the stresses and Table 25 presents the deflections. 

  

Figure 43: Normal operation 
Maximum deflection occurs on the mirror glass, mainly due to bending of the glass, rather than bending of the 

support structure. 

 

                                                      
15 Maximum values; α = 30 deg 

16 The heliostat mirror-array experience maximum loads at 35 m/s gust wind speed at α = 30 deg. For the 45 m/s 
case, the heliostat is in stove position (α = 0 deg), and hence the wind loads are lower. 
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Table 24: Stresses - FEM-analysis results, model with RUUKI 1.2 mm beams 

Load 
case 

Description Max 
stresses 
 on glass 
[MPa] 

Max stresses  
on steel 
[MPa] 

Max stress 
on Al glass 
supports 
[MPa] 

A Normal operation 20.3 57 70 

B Maximum loads 58 160 198 

 

Table 25: Deflection - FEM-analysis results, model with RUUKI 1.2 mm beams 

Load 
case 

Description Max 
Deflection 

[mm] 

Deflection, 
RMS mirror 

surface 
[mm] 

Deflection, 
RMS mirror 

surface 
[mRad] 

A Normal operation 3.0 1.54 1.23 

B Maximum loads 8.39 4.35 3.48 

 

Result: The investigated concept 3 needs additional support for the mirror glass, to avoid stresses in the 
glass under maximum wind loads. Both steel and aluminum was tested as pads for supporting the glass. 
Aluminum as support material reduced stresses in the contact points significantly. Deflection under 
operational wind loads were suitable, and here also stresses on the glass was little larger than desirable. 
The maximum stress on the steel structure under maximum wind load was 160 MPa, allowed was 167 
MPa. The weight of the steel support structure was 141.3 kg (read from the CAD-model). The 
calculations of beams’ weight showed about 127 kg, but excluded the boxlike supports on the torque-tube, 
which have a weight of about 10 kg total. 
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Redesign with 1.0 mm profiles 

The design of the RUUKKI C-profile, used in concept 3, was changed to obtain a symmetrical cross 
section, which will simplify assembly of the mirrors. Since the quantities of heliostats are typically in range 
of 5000-100 000 per project, it is acceptable to use custom-made profiles. The beams may eventually be 
folded of sheet metal directly in the heliostat workshop, on site. 

 The wall-thickness of the profiles was also reduced from 1.2 mm to 1.0 mm. Therefore, the weight of the 
mirror glass steel support structure decreased from 141.3 kg to 120.5 kg 17 The modified RUUKKI C 120-
1.0 is shown in Figure 44. 

 

Figure 44: Modified cross section of the RUUKKI 120 mm profile. The symmetrical cross section simplifies 
assembly of the mirror glass. 

FEM analysis results 

The results of the FEM-analysis of the modified concept are shown in Table 26 and Table 27. 

Table 26: FEM-analysis results of stresses, model with RUUKI 1.0 mm beams.  
( ) = previous results, i.e. the 1.2 mm case 

Load 
case 

Description Max stresses 
 on glass 
[MPa] 

Max stresses  
on steel 
[MPa] 

Max stress on Al 
glass supports 

[MPa] 

A Normal operation 21.3 (20.3) 65.5 (57) 70.5 (70) 

B Maximum loads 60.2 (58) 183 (160) 200 (198) 

 

Table 27: FEM-analysis results of deflections, model with RUUKI 1.0 mm beams.  
( ) = previous results, i.e. the 1.2 mm case 

Load 
case 

Description Max 
Deflection 

[mm] 

Deflection, RMS 
mirror surface 

[mm] 

Deflection, RMS 
mirror surface 

[mRad] 

A Normal operation 3.1 (3.0) 1.60 (1.54) 1.28 (1.23) 

B Maximum loads 8.71 (8.39) 4.51 (4.35) 3.61 (3.48) 

 

  

                                                      
17 Weight is 118.9 kg if the original RUUKKI C120-1.0 profiles are used. 
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Result of the redesign 

Changing the thickness of the RUUKKI 120 profiles, from 1.2 mm to 1.0 mm did increase deflection 
from 3.0 to 3.1 mm under normal operation wind loads (19 m/s gust wind speed); max allowed deflection 
was 9.0 mm. Deflection increased from 8.39 mm to 8.71 mm under maximum wind loads (35 m/s gust 
wind speed). The weight of the steel structure was reduced from 142.1 kg to 120.5 kg (data from the 
CAD-model). The cross section of the RUUKKI profiles was also little changed, so that the profile 
becomes symmetrical (Figure 44), and hence simplify mounting of the mirror facets. The change of the 
cross section to a symmetrical cross section increased the total weight from 118.9 kg to 120.5 kg, i.e. an 
increase with 1.6 kg (= 1.3 %).  

The stresses on the steel increased from 160 to 183 MPa, while the limit was 167 MPa.  

Conclusion: Deflection increased from 3.0 to 3.1 mm under normal operation wind loads (19 m/s gust 
wind speed); max allowed deflection was 9.0 mm. Hence, the structure is stiff enough for matching the 
optical requirements. 
The maximum stress on steel is 183 MPa, while allowed stress is 167 MPa. Some redesign has to be done, 
focused on decreasing the stresses on the glass and reducing stresses in the steel structure, especially in the 
points where different trusses are connected. 

Eigen frequency 

Table 28 and Figure 45 show the expected Eigen frequencies. 

Table 28: Eigen frequencies of the mirror array found with the FEM-method 

Metal 
profile 
thickness 

Description Eigen frequency 
[Hz] 

1.2 mm Concept 3 14.4 

1.0 mm Concept 3.2 (redesign) 14.9 

 

 

Figure 45: 
Eigen frequency of the mirrors and support structure with 1.2 mm RUUKKI profiles 
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3.4.2 Dimensioning the pedestal for the 25 m2 heliostat 

The pedestal is dimensioned for strength in maximum wind loads. (The stiffness in operational winds is 
assumed to not be such essential problem for the pedestal, as for the mirror glass support structure.) The 
larger the diameter of the pipe, the larger is the bending resistance of the beam. Hence, for low weight, it 
is desirable to use a thin-walled pipe with relative large diameter, from the simple solid mechanics model’s 
point of view. 

Critical for the pedestal design is mainly the wind induced moment Mz (and in a worst case scenario, the 
moment due to gravity (and offset of the mirror array) acts in the same direction, which is the case if the 
wind blows from the backside of the mirrors), trying to turn the pedestal at its foot, see Figure 46. 

Applied loads: Wind loads and gravity 

Wind loads, from the wind-load calculation:  

My_wind = 84000 Nm 

Mz_wind = 9750 Nm 

Moment due to gravity of the mirror array and off-set of the mirror array:  

My_mg = x · Fz_mg  = x·m·g = 0.5 · (150 + 10.5·25) · 9.81 = 2023 Nm 

Where x is the off-set distance [m] 

Total bending moment at A: 
 My = My_wind + My_mg = 84000 + 2023 = 86023 Nm ≈ 86.0 kNm 

 

Figure 46: 
The moment My tries to turn the heliostat at its foot. My is induced by wind loads and gravity of the off-set mirror 

array. 

Gravity load from mirror array:  

Fz_mg = (150 + 10.5·25) · 9.81 = 4047 N ≈ 4.05 kN (acting downwards) 
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Formulas 

The compressive stress in the pipe: 

             
     

     
    (33) 

The bending stress: 

           
  

  
    (34) 

Combined stresses in equal direction (Addition of stresses):  

                                            (35) 

                 
  

  
 

 

 
     (36) 

Due to the wind induced azimuth-moment Mz, that can occur if the wind blows asymmetrical on the 
mirror array, a torsion stress will be induced in the pedestal pipe. 

Torsion stress:  

          
  

  
     (37) 

The material’s strength against torsion is lesser than for bending. The solid mechanics guide Formelsamling 
för teknologi och konstruktion suggest that the allowed stress noted for bending load σallowed is reduced to 60 % 
in case of torque-load, which is equal to a permissible stress-margin factor of 1.66 in addition to the 
uncertainty factor for bending load (S. Lönnelid, 2006). To approximate the maximum allowed torsion 
stress, the following formula apply (a uncertainty factor are included in the allowed stress for bending 
σallowed): 

    
  

        
 

  

            
     (38) 

Combined stresses in different directions (Von Mises):  

                          
              

    (39) 

The combined stress σtotal should be lesser than the allowed stress for the specific material, i.e. lesser than 
167 MPa for the selected steel to avoid instability, fatigue and overload. 

The formulas in equation 33-39 are taken from the solid mechanics handbook by Lönnelid (2006). 

An approximation of the desirable bending resistance, Wb: 

In the first step, the compression stress and torsion stress are ignored, and we focus on the bending stress 
only, since the bending stress is the major stress. This simplifies the analysis. When the surface area of the 
pipe is determined, the compression stresses and torsion stresses can be calculated, and eventually the pipe 
diameter needs to be changed if it is found that the compression stress and torsion stress would cause an 
overload-situation. 

    
  

        
 

     

       
                 (40) 
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The desirable weight of the pedestal pipe per meter: 

Desirable pedestal weight   4.32 kg/m2 

Heliostat mirror area A   25 m2 

Total desirable weight of the pedestal   108 kg 

     

Height of pedestal H   3.5 m 

Desirable weight of pipe per meter mpedestal  30.9 kg/m 
 

A Matlab program was written that calculates the bending resistance Wb, torsion resistance and axial load 
resistance (Appendix I) based on weight of pipe per meter, length of pipe, and density of material, which 
results in different combinations of pipe-diameters and wall-thicknesses. Figure 47 shows the output plot 
of the bending resistance analysis. The upper graph shows the relation (inner-diameter – outer-diameter – 
Wb) when the cross section area (i.e. corresponds to weight per meter) is hold constant. The lower graph 
shows that the wall thickness decreases when the bending resistance increases, under condition that the 
cross section area is hold constant. The initial values match a solid steel cylinder and the minimum 
desirable bending resistance is marked with a red dot. 

 

Figure 47: 
Bending resistance for a circular steel pipe (density = 7880 kg/m3), with weight 30.9 kg/m.  

Torsion resistance, Wv 

The upper graph in Figure 48 shows the relation (inner-diameter – outer-diameter – torsion resistance, 
Wv) when the cross section area (which corresponds to weight per meter) is hold constant. The middle 
graph shows that the wall thickness decreases when the torsion resistance increases, under condition that 
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the cross section area is hold constant. The initial values match a solid steel cylinder. The lowest graph 
shows maximum allowed compressive axial force, which is further described in next section. 

The needed torsion resistance is determined with equation 38 presented above: 

   
  

        
 

  

            
 

    

           
                 

 

Figure 48: 
Torsion resistance for a circular steel pipe (density = 7880 kg/m3), with weight 30.9 kg/m and length 3.5 m 

Since the desirable torsion resistance is just 0.0973·10-3 m3, even a solid cylinder with diameter 35 mm 
would satisfy this condition. The torsion stresses around the z-axis is therefore not critical for the pedestal 
pipe. 

Axial stresses on a circular pipe: 

Classically, the axial compressive strength of a pipe would be 

            
 

 
     (41) 

Where A is the total cross section area [m2]. 
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The simplest case would then be a thick-walled short pipe (column), where simply the material’s yield-
strength determines the maximum applicable load F. The column fails due to yielding or crushing 
(Basavarajaiah, 1984). The maximum axial load is then: 

                         (42) 

Where A is the pipe’s cross section area. 

Hence, according to the classical theory, the strength against axial compressive force acting on the total 
cross section area would be independent of the ratio D/d. This may hold as long as the pipe’s wall is quite 
thick, so that the pipe does not undertake shell properties. The pipe may also be quite short in relation to 
its diameter. For longer pipes, there will be one single buckle due to compression before the material is 
yielded. If the walls are thin, i.e. the D/d takes a low value, the pipe behaves like a shell structure, and at 
this point some additional theory needs to be implemented to determine the maximum compressive force 
applicable on top of the pipe, distributed over the total cross section area. The theory used here is based 
on experimental data. When a shell structure becomes overloaded, the walls will buckle. For very thin-
walled pipes local buckling may occur before the major buckle. Local buckling may be the load-limiting 
factor for very thin pipes. 

The thin-wall pipe theory published by Nasa (1968) suggest following formula to find the ultimate buckle-
stress in axial direction: 

          
   

        
 
 

 
    (43) 

Where   is Poison’s ratio and ϒ is based on experimental data, given by 

                     (44) 

and  

  
 

  
 

 

 
  for  

 

 
         (45) 

For a material with passions ratio   = 0.3, e.g. steel, the equation simplifies to: 

                
 

 
    (46) 

The theory is approved for shell-cylinders with length shorter than 5 x radius. For longer pipes, 
experimental data is missing. Therefore care should be taken when investigating longer pipes with this 
theory and one would preferable compare the calculated results with FEM-results. The pipe is assumed to 
be simply supported, like the case with the heliostat pedestal. The theory demands a shell thicker than 
 

 
    . The σmaxaxial obtained with equation 46 corresponds to the minimum stress that causes local 

buckling. 

Simple buckling occurs, as already mentioned, when the pipe (or more generally, a column) is long in 
relation to its diameter and is compressed by a large axial force. The stress that probable would cause 
single buckling is dependent on the ratio L/D, since the longer the pipe is (for a given diameter), the more 
sensitive it would be for single buckling. The failure of pipes due to buckling is catastrophic, since the 
bending moment that triggers buckling increases with increased displacement of the pipe’s wall with 
respect to the pipe’s original symmetry axis. I.e. when buckling starts, it triggers further buckling.  

According to (Calvert, 2007) the single-buckling effective unit-stress for a circular pipe is given by: 

                  
 

      (47) 
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Where   
  

 
     (48) 

Where D is the outside diameter. 

The theory is found by experiments to be most applicable to pipes longer than 30 times the diameter. 

A Matlab program was written that plots the wall-thickness vs. the three different modes of axial 
deformation that limit the maximum applicable compressive load in the axial direction: 

- Yielding 

- Local buckling 

- Simple buckling 

The program sets the allowed stress equal to 0 if the condition 
 

 
     is not full filled. Program code is 

attached in Appendix I. 

Figure 49 shows the output plot of the maximum allowed axial force vs. tube wall thickness. The expected 
maximal axial force is 4.05 kN, marked red in the graph. 

 

Figure 49: Maximum allowed axial force vs. tube wall thickness 
for a circular steel pipe (7880 kg/m3), length 3.5 m and weight 30.9 kg/m 

 

Selecting pipe diameter 

As previously calculated, a pipe that can withstand 4.05 kN axial force is needed. Figure 49 shows that the 
whole range of investigated pipes (outer diameter 70 -1500 mm) would satisfy this condition. From the 
diagram we can read that the pipes with wall thickness in rage of 1.5 - 6.5 mm show highest allowed axial 
loads. In this rage, it is the yielding strength of the material that limits the maximum axial load, according 
to this model. When investigating Figure 47 and Figure 48 we see that the larger diameter of the pipe, the 
higher bending respectively torsion resistance. Hence it is desirable to select so large diameter as possible, 
without decreasing the axial load capacity too much. In practice, very thin profiles may cause other 
problems, like difficulties in applying the force onto the pipe in an even distributed way, the sensitivity for 
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corrosion increases, as well as problems with assembly and problems with increased vibrations. Generally, 
designing with very thin profiles may be considered “risky”. 

So the optimal value, just considering these plots, is a pipe with 1.5 mm wall thickness and outer diameter 
of D=866 mm. Let’s say that optimal outer diameter is 800 mm and wall thickness 1.6 mm. However, it is 
questionable if such thin walled pipe would not show shell-properties in practice. This will be further 
investigated in the FEM-analysis. 

From Figure 48 and Figure 47 the information in Table 29 can in principle be read, but for comfort and 
accuracy, the Matlab-program is run with the decided pipe diameter as input, and numerical values are 
outputted. A pipe with 1.6 mm wall thickness and 30.9 kg/m has following properties: 

Table 29: Properties of a steel pipe with diameter 800 mm and weight 30.9 kg/m 

Outside diameter D [mm] 800 

Inside diameter d [mm] 796.8 

Wall thickness t [mm] 1.6 

Torsion resistance Wv [m3] 1.60·10-3 

Bending resistance Wb [m3] 7.99 ·10-4 

 

Conclusion: The desired minimum bending resistance is 5.15 ·10-4 m3 and the bending resistance of the 
pipe with 1.6 mm walls is 7.99·10-4 m3. The margin is 2.84·10-4 m3, i.e. it is suitable. The axial load is not 
critical, but the bending load is significant. 

The combined stresses for this cross section can now be calculated, and it needs to be checked that they 
are below the limits of the material. 

See separate calculation in Appendix M. 

Result: Von Mises compound stresses: σmises = 109 MPa 

Hence, σmises = 109 MPa < σallowed = 167 MPa  

Conclusion: The combined stresses in the pedestal under 35 m/s gust wind plus gravity load would not 
cause overload. The pedestal is dimensioned for strength under maximum loads with total uncertainty 
factor 2.6, which must be considered quite high. 

The results will be further analyzed with the FEM-model. 

FEM-model of the pedestal 

A FEM-model was built with the shell-function in Comsol Multiphysics 4.3b. All forces presented in the 
beginning of this chapter were applied in the pipe-model. The end posts of the pipe are closed. The 
torsion force was applied on the upper circular edge of the cylinder. The bending moment My was applied 
on lower circular edge of the cylinder, at the pedestal’s foot. 

FEM result of the 800 mm pipe: The maximum stress was 149 MPa and the allowed stress which steel 
would withstand is 168 MPa. 149 MPa is lesser than 168 MPa. Hence, the pedestal design with 1.6 mm 
wall thickness and outside pipe diameter 800 mm is appropriate. 

Test of different pipe diameters with the FEM-software  

We would also like to test other configurations. The results of the FEM-analysis are shown in  

Table 30 as well as in Figure 50. 
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Table 30: FEM-analysis results of different pipe diameters 

Test 
No. 

Wall 
thickness 

[mm] 

Outer 
diameter 

[mm] 

m 
[kg/m] 

Max 
displacement 

[mm] 

Max stress  
(Von Mises) 

[MPa] 

Comment 

1 1.60 800 31.6 0.31 149 Suitable 

2 1.563 800 30.9 0.32 153 Suitable 

3 2.50 500 30.9 0.48 269 Too high stresses 

4 1.79 700 30.9 0.36 149 Best option - selected 

5 2.01 600 30.9 0.421 200 Too high stresses 

 

 

Figure 50: 
t = 1.79 mm; D = 700 mm. This is the selected diameter. Test no.4 

Left: Displacements of pedestal pole 
Right: Von Mises stresses on pedestal pole 

Conclusion: The FEM-tests shows that the pole diameter needs to have an outside diameter of minimum 
700 mm if the stresses on the pipe should be below 167 MPa , which is the maximum allowed stress on 
the selected steel (under condition m=30.9 kg/m). A pipe with outside diameter 700-800 mm and wall 
thickness 1.5-1.8 mm would satisfy this condition. To avoid very thin pipes and the risks associated with 
them, the 1.8 mm is selected for our concept heliostat. 
 

3.4.3 Conflicts with desired tilt angle 

The dimensioning method used above optimized the pedestal diameter and pedestal wall thickness regards 
the bending strength and torsion strength of a pipe with a given weight. One issue that may occur is the 
compatibility with the mounting of the torque-tube on the pedestal. When a relative large pedestal pipe 
diameter is used, at the same time as the offset of the mirror array (distance between mirror surface and 
elevation hinge axis) is small, there may be a geometrical interference for larger elevation tilt angles (α). I.e. 
the mirror surface or the mirrors’ support structure may collide with the rim of the pedestal pipe. This 
issue can be solved in different ways:  

 Separate the mirror array into two pieces; one piece on each side of the pedestal. A gap equals the 

pedestal diameter between the two pieces is present. This setup have been implemented for 

example in the ATS heliostat from 1986 investigated by Sandia. This option lengthens the torque-
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tube and enlarging the size of the array without increasing the mirror area. Hence the weight of 

the torque-tube will increase. Also the wind induced azimuthal moment My increases. 

 Reduce the pedestal pipe diameter until there is no interference. This option implies that the wall 

thickness must be increased to obtain the same torsion strength and bending strength, and the 

weight of the pedestal will increase. 

 Increase the offset of the mirror array. This option implies that the moment for turning the 

mirror-array from the (α=90 deg) case increases, hence a more powerful elevation drive is needed. 

Also the torque in the torque-tube increases. 

 A compromise is accepted for the maximum tilt angle α, so that maximum elevation is smaller 

than 90 deg. 

This problem was investigated using 2D-sketches and 3D CAD-tools. 

In the case with our 25 m2 heliostat design, the offset of the mirror array was large enough to avoid 
interference between the mirror surface and the rim of the pedestal pipe when the elevation angle is large 
(α=90 deg). 

3.4.4 Dimensioning the torque-tube 

Dimensioning the torque-tube follows the same process as dimensioning the pedestal pole. The main 
difference is that the torque-tube mainly is loaded in the radial direction, and the axial forces are negligible. 
We will here use the same calculator as for the pedestal calculation, and use the axial force as an indicator 
of the rage of optimal pipe wall thickness. It is assumed that the sensitivity for bending due to shell 
properties of the pipe (when the wall is very thin), would approximate follows the curve of maximum 
allowed axial loading. 

Critical for the torque-tube design is mainly the wind induced moment Mhy and the wind loads Fx and Fz, 
as well as the gravity load from the mirror array. 

Applied loads: Wind loads and weight 

Wind loads, from the wind-load calculation (converted to the ground-based coordinate system):  

Fz =  17.5 kN 
Fx  = 10.0 kN 

Moment due to weight and offset x of the mirror array (moment around y-axis):  

Mhy_mg = x · m·g = 0.5 · (150 + 10.5·25) · 9.81 = 2023 Nm = 2.02 kNm 

Moment due to asymmetrical wind loads (around y-axis) and offset of the mirror array:  

Mhy_wind = 14 kNm 

Note, that this moment is generated by the forces Fz and Fx. 

Total torsion (around y-axis): 
 Mhy = Mhy_wind + Mhy_mg = 14000 + 2023 = 27223 Nm ≈ 27.3 kNm 

Gravity load from mirror array:  

Fz’_mg = (150 + 10.5·25) · 9.81 = 4047 N ≈ 4.05 kN (acting downwards, along z-axis) 

 



Master Thesis - Heliostat Design  N.Björkman 

62 

 

 

Figure 51: 
The moment Mz tries to turn the heliostat around the azimuth axis. Mhy tries to turn the heliostat around the y-axis. 

 

Figure 52: 
Side view of the torque-tube with the acting loads. 

The bending stress is the major stress, and is a combination of three loads: My; Fz and Fz_mg. 

The forces Fz and Fz_mg are regarded as distributed over the torque-tube’s radial surface, in one plane. This 
assumption must be questioned if very thin walled pipes are used, since local buckling may occur on the 
places where the load is applied, if no extra internal support is present inside the tube at those locations. 
The length is the free length of a simply supported beam, i.e. about half the length of the torque-tube. 
Hence, 

   
             

 
     (49) 

Since the lifting force Fz (acting upwards) due to turbulence winds, one must consider this force as not 
always being present at the same time as the gravity force acting in opposite direction. However, since the 
Fz is much larger than Fz_mg (17.5 kN resp. 4.0 kN) , this does not have to be further considered, because 
the maximum stresses in the pipe will occur when the upwind blows at its maximum, even if the gravity 
force then is canceled. We can imagine that the mirror array levitates in the upwind for periods of seconds 
(for the α=30 deg case), and need to be bounded to maintain contact with the ground. 

The resultant Fwind of Fx and Fz is calculated with Pythagoras theorem (at the same time the Fz_mg is 
subtracted from the Fz wind load), acting perpendicular to the length of the pipe: 

          
            

 
                         kN  (50) 
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The total bending moment: 

                  
            

 
      

    

 
           (51) 

The bending stress: 

           
        

  
    (52) 

Due to the wind induced azimuth-moment Mz, that can occur if the wind blows asymmetrical on the 
mirror array (i.e. mainly on right side or mainly on left side), a significant torsion force will be induced in 
the torque-tube. 

Torsion stress:  

          
  

  
     (53) 

Combined stresses in different directions (Von Mises):  

                          
              

    (54) 

The combined stress σtotal should be lesser than the allowed stress for the specific material, i.e. lesser than 
167 MPa for selected steel to avoid instability, fatigue and overload. 

An approximation of the desirable bending resistance Wb and torque resistance Wv 

In the first step, we treat the bending stress and torsion stress separately. This simplifies the analysis. 
When the surface area of the pipe is determined, the bending stress and torsion stress can be calculated, 
and eventually the pipe diameter needs to be changed if it is found that the combined stress would cause 
an overload-situation. 

Desirable bending resistance: 

    
        

        
 

     

       
                 (55) 

Desirable torque resistance: 

    
   

        
 

   

            
 

     

           
                (56) 

 

Desirable weight of the torque-tube per meter 

Since the goal weight 2.7 kg/m2 regarded the “torque-tube assembly”, fasters, bolts, bearings etc. need to 
be excluded from the pipe definition.  Let say, that 90 % of the torque-tube assembly is the weight of the 
torque-tube itself. The calculation results are shown in Table 31. 
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Table 31: Calculation of desirable torque-tube weight per meter 

Desirable torque-tube weight  kg/m2 2.7 

Heliostat mirror area A   m2 25 

Total desirable weight of the torque-tube assembly massembl kg 67.5 

90 % of m_assembl - weight of the tube itself only mtorquetube_tot kg 60.8 

Length of tube Ltorquetube m 4.4 

Desirable tube weight per meter mtorquetube kg/m 13.8 

 

The weight is used as input in the Matlab program (Appendix I), which investigates the diameter of a 
cylindrical pipe with constant cross section area - just the same methodology as dimensioning the pedestal. 

The upper graph in Figure 53 shows the relation (inner-diameter – outer-diameter – Bending resistance, 
Wb) when the cross section area (i.e. corresponds to weight per meter) is hold constant. The lower graph 
shows that the wall thickness decreases when the bending resistance increases, under condition that the 
cross section area is hold constant. The initial values match a solid steel cylinder. 

 

Figure 53: 
Bending resistance for a circular steel pipe (density = 7880 kg/m3), with weight 13.8 kg/m.  

The upper graph in Figure 54 shows the relation (inner-diameter – outer-diameter – Torsion resistance, 
Wv) when the cross section area (which corresponds to weight per meter) is hold constant. The middle 
graph shows that the wall thickness decreases when the torsion resistance increases, under condition that 
the cross section area is hold constant. The initial values match a solid steel cylinder. The lowest graph 
shows maximum allowed compressive axial force. Three phases can be seen, from left: simple buckling, 
yielding, local buckling. 
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Figure 54: 
Torsion resistance for a circular steel pipe (density = 7880 kg/m2), with weight 13.8 kg/m  

and free length 2 m 
 

Figure 55 shows the allowable axial forces. 
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Figure 55: Maximum allowed axial force vs. tube wall thickness 
for a circular steel pipe (density = 7880 kg/m2), with weight 13.8 kg/m  

and free length 2 m 
 

Selecting pipe diameter and wall thickness: 

In this case, we do not have any explicit axial loads. However, as already mentioned, we assume that a 
profile with a high value for allowed axial load also would also show high bending strength. So we focus 
on a wall thickness and where yielding would be the limiting factor, in Figure 55. A pipe with wall 
thickness 1-5 mm is in this rage. 

From Figure 53 and Figure 54 we see that the larger diameter of the pipe, the higher bending respectively 
torsion resistance. Hence it is desirable to select as large diameter as possible, without decreasing the axial 
load capacity too much. In practice, very thin profiles may cause other problems, like difficulties in 
applying the force onto the pipe in an even distributed way, as well as problems with assembly and 
problems due to increased vibrations.  

So the optimal value, just considering these plots, is a pipe with 1 mm wall thickness and outer diameter of 
D=553 mm. Properties of this pipe is shown in Table 32. 

Table 32: Data of a steel pipe with weight 13.8 kg/m and wall-thickness 1 mm 

Outside diameter D [mm] 553 

Inside diameter d [mm] 551 

Torsion resistance Wv [m3] 1.60·10-3 

Bending resistance Wb [m3] 2.44 ·10-4 

 

Conclusion: The desired minimum bending resistance is 1.11 ·10-4 m3 and the bending resistance of the 
pipe with 1.0 mm walls is 2.44·10-4 m3. The margin is 1.33·10-4 m3, i.e. it is appropriate. 

The desired minimum torsion resistance is 2.72 ·10-4 m3 and the torsion resistance of the pipe with 1.0 
mm walls is 4.78 ·10-4 m3. The margin is 2.06 ·10-4 m3, i.e. it is appropriate. 

The combined stresses for this cross section will now be investigated and it will be checked that they are 
below the limits of the material. 

See separate calculation in Appendix N. 

Result: Von Mises compound stresses: σmises = 125 MPa 
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Hence, σmises = 125 MPa < σallowed = 167 MPa  

Conclusion: The combined stresses in the torque-tube under 35 m/s gust wind + gravity load would not 
cause overload. The structure is designed for strength in maximum winds. The resulting total uncertainty 
factor (yielding-strength of steel/maximum load) is 2.34, a very high value. 

Next this will be verified using FE-analysis. 

FE-analysis of the torque-tube: 

A FEM-model was built with the shell-function in Comsol Multiphysics 4.3b. All forces presented in 
beginning of this chapter were applied in the pipe-model. The end posts of the pipe are closed. The 
torsion force My was applied on the whole radial surface. Lifting force Fz and drag wind force Fx were 
applied as edge loads (Fz along both upper side and along the underside; Fx along one side only). The 
torque-tube was fixed in three circular stripes, where one is located exactly at center, and the other two are 
located 250 mm offset from center, one on each side. This mounting would simulate the mounting on the 
pedestal. 

The results of the FEM-analysis are shown in Figure 56 and Figure 57.  

Figure 56 illustrates the torque-tube with diameter 553 mm in 35 m/s gust wind. The figure shows that 
local buckling of the pipe would occur. The maximum stress is 400 MPa, i.e. more than steel can 
withstand. The maximum stress occurs on the lines where the force is applied.  
When ignoring the stress on the contact surfaces, the stresses on the pipe’s surface is about 100-200 MPa, 
which is close to the 151 MPa found through analytical calculations. 

 

Figure 56: Result of FEM analysis of the torque-tube:  
Test no.1; t= 1 mm; D= 553 mm 

Conclusion: The FEM-analysis shows that 1 mm wall thickness demands proper extra support at the 
points where the load is applied to avoid local buckling. Without extra support, 1 mm wall thickness is too 
thin for withstanding the maximum loads that could occur in 35 m/s gust winds. This, because a pipe with 
1 mm wall thickness and diameter 553 mm shows significant shell properties. Hence, the result found by 
the analytical calculation was not fully appropriate, which predicted no overload. 
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Test of different pipe diameters with the FEM-software 

Table 33 lists the investigated pipe configurations and the results of the FEM-analysis. 

Table 33: Result of FEM analysis of different pipe (diameter - wall-thickness) configurations 

Test 
No. 

Wall 
thickness 

[mm] 

Outer 
diameter 

[mm] 

Weight 
[kg/m] 

Max 
displacement 

[mm] 

Max stress  
(Von Mises) 

[MPa] 

Comment 

1 1.0 553 13.8 6.89 400 Too high stress 

2 2.5 230 13.8 3.75 156  

3 1.4 400 13.8 3.03 209 Too high stress 

4 1.6 350 13.8 2.42 162  

5 1.87 300 13.8 2.45 151 Selected, lowest 
displacement, 
lowest stresses 

 

 

Figure 57: 
Test no.2; Wall thickness 2.5 mm and outer diameter 230 mm. 

We can see how the pipe more significant deforms with a single buckle and hence the pipe behaves more like a solid 
column than the pipe with wall thickness 1 mm (Test no.1) 

Conclusion: Of the investigated steel pipes with a weight of 13.8 kg/m two of them (Test No.1 and Test 
no. 3) shows buckling in the regions where the load is applied or where it is supported. The problem with 
distributing the force in the contact points is increasing with thinner walls. So, for a more simple and safe 
design, one should avoid taking too thin profiles. The thickest investigated pipe has a wall thickness of 2.5 
mm. It shows a tendency of single buckling and no tendencies of local buckling. The pipe with lowest 
stresses was the pipe with wall thickness 1.9 mm (test no 4). That also shows lowest deformation, hence, it 
may be the best candidate, as long as the force can be safely distributed in the contact points. Pipe with 
diameter 230 mm and wall thickness 2.5 mm (test no.2) also shows low stresses and quite low 
deformations, which is a good second option, if vibrations and corrosion are of concern. 
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 Design of the torque-tube supports 

The torque-tube support should support and fix the mirror-array on the torque-tube. Since we use a thin-
walled torque-tube pipe, it is very desirable to attach the supports without piercing the torque-tube – this 
approach promotes strength. The wind-torque Mhy is best transferred to the torque-tube around the whole 
surface of the pipe, this minimizes local stresses. 

Otherwise, the support should be robust, rigid, light weight, have low thermal expansion and be 
affordable to manufacture.  

The proposal is shown in Figure 58. Manufacturing can be made by standard sheet metal pressing. 
Materials can be, for example, steel or aluminum sheet metal. In case of aluminum, assembly by gluing 
may be preferred (depending on the manufacturer). Steel, however may be assembled by welding. The 
required thickness of the metal was not investigated in this project; an estimation is 1-5 mm. The 
symmetrical design makes one configuration appropriate for both left side and right side of the heliostat, 
hence only one stamp-tool needs to be developed. 

Number of pieces needed: A solar power tower plant may need about 5000-100 000 heliostats á 25 m2 – 
and each heliostat uses 6 of this support. Hence, total manufacturing volume would be minimum 5000·6 
= 30 000 pieces per project. This volume motivates the cost of develop a stamp-tool.  

 

Figure 58: 
Torque-tube supports 

Weight as shown in the figure: 11.6 kg (steel) 
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3.4.5 Resulting mirror support structure for the 25 m2 heliostat 

Result of the dimensioning of the 25 m2 heliostat support structure is presented in Figure 59. 

 

 
Figure 59: 

Developed mirror support-structure for the 25 m2 heliostat 

3.4.6 Resulting support structure for the 49 m2 heliostat 

The development steps for the 49 m2 heliostat support structure can be seen in the extended version of 
this report (it mainly repeats the development process of the 25 m2 heliostat). At interest contact the 
author. The result is shown in Figure 60. 

 

Figure 60: 
Support structure of the 49 m2 heliostat 
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3.5 The actuator and mechanical system 

In this section some new solutions to actuate the mirror-array will be presented. Instead of using an 
epicycle gear or worm gear, the proposal is to drive the azimuth axel with a belt gear, actuated by two 
counteracting motors. The proposed elevation drive uses two counteracting jackscrews (instead of a single 
jackscrew) to reduce play. A large diameter sliding bearing holds the torque-tube in place, estimated as a 
much more economical solution than a roller bearing. A new design of the adjustable mirror facet mount 
is suggested, using steel-washers to regulate the tilt of the mirror facet. Figure 61- Figure 63 show an 
overview of the suggested mechanical system. 

Following mechanical-system calculations have been conducted: 

 Motor torque and motor power 

 Belt force 

 Needed pre-tension in belt to obtain enough friction 

 Gear ratios and gear size 

 Brake force 

 Wear in elevation sliding bearing 

 

Figure 61:  
The proposed mechanical system with the new wire-azimuth drive and sliding bearings for the elevation axis, and 

slewing bearing for the azimuth axel 

 

Figure 62: 
The mechanical system: jackscrews for the elevation drive and a belt/wire drive for the azimuth axel 
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Figure 63: 
Pedestal assembly with azimuth motor-module 
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Azimuth-drive 

The idea with the suggested new type of azimuth drive is: 

 Reduced backlash – which improves the optical quality of the heliostat 

This would be possible by using a belt transmission instead of gears. 

 Better chock-resistance against strong gust winds, which give a more robust system 

This may be obtained by the belt drive, which slides in case of overload.  

 Lower manufacturing cost, due to lower precision needed in the manufacturing process compared 

to worm-gears or epicycle gears. Hence, the solution is especially suitable for being manufactured 

in a development country. 

 

The proposed benefits listed above have not yet been verified. 

An integrated brake function is also proposed, which is described below.  

The data of the developed azimuth-drive is shown in Table 34. A schematic sketch of the azimuth drive is 
shown in Figure 64. Two worm-gear DC-motors actuates the belt (or wire) as well as the brake, depending 
on if both motors rotates in same direction or in opposite direction. The spring maintains the belt-tension. 
The accuracy will also increase with this setup – minimal backlash since the system is under tension. 

Table 34: Specification of the developed azimuth-drive. 

   25 m2 49 m2 

Power required P [W] 110 321 

Speed on azimuth axel fi’ [mRad/s] 8.38 8.38 

Gear ratio belt u_solution_b [-] 7.7 8.4 

Gear ratio own spur gear-system  u_solution_s [-] 49 81 

Gear system   1 belt 
3 spur gears 
1 worm-gear 

integrated in DC-
motor 

1 belt 
3 spur gears 
1 worm-gear 
integrated in 
DC-motor 

RPM selected motor fi’_motor [RPM] 30 60 

Power rating on selected motors P_motor [W] 2 x 360 2x400 

Diameter belt drive wheel D_2 [mm] 200 200 

Radius of imagined outer gear ring R_gear_ring [mm] 770 840 

Minimum pre-tension in belt 
required 18 (force from two 
springs) 

 [N] 2400 6000 

Belt configuration   4 x  
10 mm steel wires 

10 x 
10 mm steel 

wires 

 

 

                                                      
18 Based on calculations, see appendix, to obtain needed friction-force to operate in 35 m/s gust wind. 
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Figure 64: 
The novel azimuth-drive proposed. 

 

Figure 65: 
Suggested worm-gear DC motor; 360 W, 30 Rpm 

The version for the 25 m2 heliostat is shown in Figure 66. An enlarged version of the 25 m2 version is 
used for the 49 m2 heliostat. 

  

 

Figure 66:  
The azimuth-motor module 

The mechanical setup of the azimuth drive shows significant similarities with a planetary-gear system, also 
called epicycle gear. In our case, a belt is used instead of gear-wheels. 

Plastic sheet that 
protects the gears 
from dust 

Spur gears DC-motor 

Brake pad 

Hinge 
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The motor is driving on the “planet gear”, the belt is winded around the “sun gear”, the planet gear carrier 
is the gearbox, and the belt itself acts as the gear ring. 

The diameter of the azimuth pipe does not make sense for the gear-ratio in this case; the pedestal diameter 
does only determine the friction-force.  

The gear ratio is given by the ratio (diameter of imagined outer ring/diameter of drive wheel). See Figure 
67. 

The gearbox is assumed to be a welded steel structure; also aluminum is an interesting candidate, due to its 
lower density. Ball bearings or sliding bearings holds the gear axles in the gearbox. Due to ca 3 % losses in 
each gear, the maximum power in the gearbox-system is experienced in the motor shaft; also small 
diameter ball bearings for low torque are not as expensive as large diameter bearings for high torque – 
these two facts suggest that the designer would give priority to put ball bearings on the motor axel for best 
system economy.  

Small standard ball bearings are quite affordable for the low-speed range (ca 30 RPM) needed here. 

 

Figure 67: 
Belt system analog to epicycle gear. 

The imagined outer-ring is marked red. 

Brake 

The brake function is integrated in the motor unit. The idea is that the brake-system should stabilize the 
heliostat when operating in gust winds. The controls are programmed so that the brake is applied when 
the heliostat is in standby-state (the heliostat is assumed to operate in discrete steps, e.g. an adjustment of 
the array every 2nd minute, followed by a rest, or eventually the brake is only applied in command from 
the central computer in case of windy weather). 

When the two DC-motors turn in opposite directions, the counterforce in the spring determines the 
torque needed to apply the brake. Since the wire is winded around the drive-wheels 2 turns, it gives 
appropriate friction to lock the wire in its position when the motor stops (and the worm-gear integrated in 
the DC-motors does also work as brakes when the motors stand still). So in fact, the gear-system works as 
two winches. 

The brake force obtained can be analyzed with models of different accuracy. The values presented here 
are derived from a simple analysis taking the friction coefficient, applied belt force, and pedestal pipe 
diameter into account. The model assumes that the pressure is even distributed over the brake pad. This 
simplification is not fully accurate – the real pressure distribution depends on the materials used (Young’s 
modulus, Poisson’s ratio) and the exact design of the brake pad support structure which needs further 
investigations. The analysis of the brake is something between the block-brake and the band-brake. The 
brake pad is assumed to be manufactured of a low-density polymeric material, e.g. polyurethane, 
polyethylene, and eventually with internal steel support structure. 
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The brake moment for the block brake is given by (Olsson, 2006): 

                 
  

  
    (57) 

Where p is the pressure between the pad and the tube; R is outer radius of the pedestal, b is the effective 
height of the brake-pad and the angular distance between φ1 and φ2 is the angular contact distance between 
brake-pad and pedestal, see Figure 68. If we assume even pressure distribution, homogenous friction and 
constant height of the pad, equitation 57 simplifies to: 

                  (58) 

Where θ is the extent angel of the brake pad. In this case, the belt force is given. Hence, the pressure in 
equation 58 is p = F/A. Thus, the expression is further simplified to: 

              (59)
  

 

Figure 68: 
The brake pad’s contact surface is marked purple 

Theoretically, the maximum applied brake-force is the force that the wires and gear box structure can 
withstand before overload or the force extends the fatigue-requirements. Assume that maximum brake 
force is equivalent to the force that occurs in the wires under operation in 35 m/s gust wind. 

For calculations, see Appendix L. 

The found brake moment is presented in Table 35. If these values are exceeded, it means that the wires 
will start sliding around the pedestal, which may occur if the actual wind loads exceeds the design-loads. 
With appropriate spring-force in the pre-loading of the wires, the sliding will occur instead of broken 
wires due to overload (i.e. a friction-based overload-protection). The weight of the brake-pad is shown in 

Table 36. 

 

Table 35: Resulting maximum brake moments 

  25 m2 49 m2 

Brake moment of brake pad kNm 3.0 8.8 

Brake moment of wire-system kNm 11.4 34.6 

Total brake moment kNm 14.4 43.5 

Demanded brake moment 
due to 35 m/s gust winds 

kNm 9.75 29.0 
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Table 36: Weight of brake-pad, as manufactured of polyethylene19 

 25 m2 49 m2 

Weight of brake-pad 20.7 kg 27.5 

 

Figure 69: Brake-pad. The hole in center only reduces weight 

Since the brake-pad appears quite inefficient in relation to the wire-brake (3.0 kNm vs. 10.1 kNm for the 
25 m2 heliostat), it is questioned if it worth the extra effort to use a brake-pad – maybe wires only would 
fill the brake-function? One would easily understand that the brake pad provides additional stability under 
normal operation as well as reduces chock-loads on the slewing-bearing – since the loads are in some 
extent divided between the brake-pad and the slewing bearing. However, this question needs to be further 
investigated. 

3.5.1 The elevation-drive 

The elevation-drive concept consists of two jack-screws. Using one jack-screw is quite standard, and with 
two jack-screws, the backlash is minimized and it also allows a sliding bearing for the elevation shaft 
without the play that is usually associated with a sliding bearing. 

The properties of the elevation-drive are shown in Table 37. 

The capacity of the selected jackscrews has not been investigated in detail in this project. One would 
mainly take the selected jackscrew as representative for a standard jackscrew, appropriate for a heliostat. 
As initial estimation, the piston shaft of the selected jack-screw (D=17.5 mm) may be little too weak for 
withstanding the wind loads. This needs to be further investigated. 

Table 37: Specification of the elevation drive 

   25 m2 49 m2 

Power required P [W] 42 124 

Speed on 
azimuth axel 

fi’ [mRad/s] 4.19 4.19 

Gear system   2 jack-screws 2 jack-screws 

Power rating on 
selected motors 

P_motor [W] 2 x 100 2 x 150 

 

                                                      
19 Density of polyethylene is Ca. 910 kg/m3 Source: (Östman, 2014) 
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Figure 70: 
Concept of the elevation drive mechanism. Two jack-screws cooperate when adjusting the elevation angle α. The 

dotted lines represent jack-screws. Red: α = 90 deg; Blue: α =30 deg; Green: α = 0 deg 

Figure 71 shows the jack-screws mounted on the heliostat. While using two actuators, the backlash in the 
jack-screws decreases. The tension that occurs due to those two actuators pulls/pushes in different 
directions will also eliminate play in the sliding bearing. 

 

  

Figure 71: 
The elevation drive consist of two jack-screws (colored red in the figure).  

3.5.2 Torque-tube fixture 

A unique design of the torque-tube fixture is proposed. A plain bearing and mounting for the elevation 
drive is integrated in the torque-tube fixture module. This module connects the torque-tube with the 
pedestal.  The concept is based on the idea of conical clamping rings which are used for connecting the 
hub on the axel. With this design, a quite symmetrical mount of the mirror array on the pedestal is 
possible, which reduces the needed power of the elevation drive as well as promotes a stable structure, 
compared to having an external hinge located off-axis of the torque-tube’s center line. 

Figure 72 shows the proposed torque-tube fixture. The thin-walled torque-tube (not in picture) (t =1.9 
mm @ 25m2 heliostat) is cut on middle into two pieces. The torque-tube parts are pushed over flanges of 
the center part.  A conical ring made of steel is attached concentric, resting on the torque-tube’s surface. 
Then the outer flange with a conical inside is pulled upon the conical ring, so that a pressure is induced. 
Hence, the torque-tube is clamped. Each outer flange is fixed with 8 bolts. This setup allows the pressure 
induced by wind force and gravity to spread out on a large surface on the torque-tube, i.e. high local 
stresses in the contact points are avoided. 
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Figure 72: 
The torque-tube fixture 

Weight of the torque-tube mount is shown in Table 38. 

 
Table 38: Weight of the torque-tube mount, as shown in Figure 75 

 25 m2 49 m2 

Weight of torque-tube mount (steel) 75.8 kg 85.9 kg 

 

The dimensions of the pedestal mount have not been optimized in this project; the dimensions are based 
on engineering estimations. The values for weight may be adjusted when optimizing the structure (i.e. 
cutting off unnecessary material). A picture of the sliding bearings is shown in Figure 73. 

 

Figure 73: 
Sliding bearings for the elevation axis 

Life length of plain bearing 

The bearing is expected to be a composite structure, even if shown as two solid parts in Figure 73. The 
housing can be made of aluminum, steel or similar; the contact surface would be made of a ca 10 mm 
layer of a polymer, like PET, polycarbonate, or a metal like tin-bronze or similar. The low speed and large 
axel diameter make a sliding bearing very suitable in this application, since large diameter roller bearing for 
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heavy loads are quite expensive. That the bearing is possible to open for insertion of the torque-tube 
during installation is a very important feature that simplifies the overall design of the system. 

Table 39: Wear properties of the elevation sliding bearing 

  25 m2 49 m2 

Sliding contact area [m2] 0.17 0.20 

Operational contact pressure [MPa] 0.067 0.12 

Wear deep per year 20  
(Archard’s wear theory) 

[m] 2.3 E-8 4.8 E-8 

 

Table 40: Material data for sliding bearings. Any of these materials is suggested. 

 Max contact 
pressure at low 
speed (v ≈ 0), 
material limit 

[MPa] 

Polycarbonate 7 

Bronze 14 

PTFE 3.5 

Acetal 21 

   Source: (KTH Institutionen för maskinkonstruktion, 2008) 

The wear dept of the sliding bearing is ca. 2.3·10-8 m per year in normal operation in case of the 25 m2 
heliostat, and 4.8·10-8 m in case of the 49 m2 heliostat. It is very low and eventually over dimensioned. The 
operational contact surface pressure is 0.067 MPa respectively 0.12 MPa, which is much lower than the 
maximum allowed contact pressure for all bearing materials listed in Table 40. 

The sliding bearings may be lubricated with grease. Channels inside the bearing could also be included in 
the sliding bearing design, so that the grease stays inside the bearing, and not melt and emerge during 
warm weather conditions. 

Weight of the bearing incl. housing (25 m2 heliostat): 34.4 + 9.1 kg = 43.5 kg each (modeled as built of 
Aluminum). This must be considered quite heavy. 

3.5.3 Mirror mounting solution 

A new type of mirror-mounting solution is suggested (Figure 74 and Figure 75) for the 25 m2 heliostat. 

 An custom made aluminum profile is glued or taped on the steel-frame 

 An aluminum pad is glued on the mirror glass – the pad has a diameter of 120 mm; and since 

aluminum and glass has about same Young’s modulus (70 GPa), it reduces stresses on the glass 

without adding too much elasticity. 

 A thick rubber washer act as a universal joint (the tilt angles are small). Since the rubber washer 

has contact with the aluminum pad, and not with the glass, the aluminum pad will take the 

induced stresses in the contact point. 

 A specific quantity of standard steel washers (height about 1 mm each) adjusts the height of the 

mounting point. That determines the tilt of the mirror facet. 

                                                      
20 s= 350 m/year; assuming thin-bronze bearings; semi-lubricated 
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 A M8-screw holds the washer assembly under pressure at the same time as it fixes the mirror (an 

“hamburger”-design). The play is minimal or totally eliminated. 

 The M8-nut is located inside the rubber washer. This approach will significant simplify assembly 

of the mirror facet (the mirror facet can rest on the aluminum consoles while the operator 

searches for the screw holes), as well as simplify correction of the number of washers, since the 

whole mirror facet need not be disassembled to add (or remove) one more washer. 

 The screw-hole in the aluminum profile is preferable located as close at center as possible, since 

the bending moment increases with increased free length. The minimum mounting space for a 

M8-screw is D=21.5 mm (Source: (KTH Institutionen för maskinkonstruktion, 2008). This was 

considered in the CAD-model. 

 Note that the support is designed for taking compression force as well as lift force.  

 Weight: 0.33 kg/piece 

 

Figure 74: 
The novel mirror mounting solution.  

Figure 75 shows the support mounted on the steel frame. The aluminum profiles that support the mirror 
glass is glued or taped on the steel frame. Hence, the sensitive structural parts are not pierced, which 
promotes strength. The glue or tape would also give a galvanic isolation, which reduces rusting (that may 
occur if different metals are combined). Figure 76 shows the stresses in the support under maximum 
loads. 
 

 

Figure 75: 
Mirror mounting solution 

M8 Screw 

Aluminum profile 

Steel washers 
(adjusts height) 

Aluminum pad 

Rubber washer 

M8 Nut 
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Figure 76: 
Max displacement 0.21 mm, max stress on aluminum 27.2 MPa 

Hard rubber (Young’s modulus = 62 MPa) 

The mirror mount was only developed for the 25 m2 heliostat. A similar solution is mentioned for the 49 
m2 heliostat. 
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3.6 Results 

Figure 77 and Figure 78 show the design of the proposed 25 m2 heliostat. Figure 79 and Figure 80 show 
the design of the 49 m2 heliostat.  

The 25 m2 heliostat 

 

Figure 77: 
25 m2 heliostat proposal; front-view 

 

Figure 78: 
25 m2 heliostat proposal; back-view 
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The 49 m2 heliostat 

 
Figure 79: 

49 m2 heliostat proposal; front-view 

 
Figure 80: 

49 m2 heliostat proposal; back-view 
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As can be read from Figure 81, the actual weight of the two proposed concepts showed significant higher 
weights than expected (note that the unit is [kg/m2 reflective area]). When it comes to pedestal, gear 
system and motors, the specific weight of the subsystem of both proposed concepts was even higher than 
the weight of a corresponding subsystem of the ATS-heliostat.  
 
 Note that the unit is [kg/m2 reflective area]. As can be read from Figure 81, the actual weight of both 
proposed concepts showed significant higher weights than expected. When it comes to pedestal, gear 
system and motors, the specific weight of the subsystem of both proposed concepts was even higher than 
the weight of a corresponding subsystem of the ATS-heliostat.  
 

Table 41 lists the specific weight of the 148 m2 ATS heliostat (used as reference), the goal-weights and the 
actual weights of the proposed concepts. Figure 81 shows specific weight of components/subsystems. 
Note that the unit is [kg/m2 reflective area]. As can be read from Figure 81, the actual weight of both 
proposed concepts showed significant higher weights than expected. When it comes to pedestal, gear 
system and motors, the specific weight of the subsystem of both proposed concepts was even higher than 
the weight of a corresponding subsystem of the ATS-heliostat.  

 

Table 41: Specific weight of the heliostats (weight per m2 mirror area) 

ATS (1986) 21  
148 m2 

 
 

[kg/m2] 

25 m2 
Our goal 

 
 

[kg/m2] 

Actual weight 
of proposed  

concept  
(CAD-model) 

25m2 
[kg/m2] 

49 m2 
Our goal 

 
 

[kg/m2] 

Actual weight of 
proposed concept  

(CAD-model) 
49m2 

[kg/m2] 

42.5 23.8 50.0 
(TOT: 1251 kg) 

29.3 43.9 
(TOT: 2156 kg) 

 
 

 
Figure 81: 

Weight analysis of heliostat concepts 

  

                                                      
21 Source: (Kolb, 2007) 
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3.6.1 Requirements follow-up 

Table 42 shows an evaluation of the developed example heliostats, on which aspects they did fulfill the 
requirements. 

Table 42: Requirements of the example heliostats and comparison with the results 

Mirror area 25 m2 49 m2 Verification 
method 

Requirement 
fulfilled? 

[YES/NO] 
25 m2 

Requirement 
fulfilled? 

[YES/NO] 
49 m2 

Mirror facet size 2.5 x 2.5 m 1 x 1 m CAD-model YES YES 

Pedestal height 3.5 m 5 m CAD-model YES YES 

Mirror glass and 
thickness 

AGC Solar mirror 4 mm CAD-model YES YES 

Drive type Azimuth-Elevation CAD-model YES YES 

Degrees of freedom 2 CAD-model YES YES 

Elevation range 195 deg CAD-model YES NO 
(171 deg)22 

Azimuthal range 360 deg CAD-model YES YES 

Main structural material Steel CAD-model YES YES 

Maximum deflection of 
reflective surface due to 
wind load 

3.6 mRad @ 19 m/s gust wind FEM-model 
 

YES 
(1.23) 

 

YES 
(0.32) 

 

Tracking mode <25 m/s gust wind Wind-load 
calculations 

YES YES 

Maximum survival wind 
load 

35 m/s gust wind @ any 
position 

40 m/s gust wind @stove 
position 

Wind-load 
calculations 
FEM-model 

NO 
(Too high 

pressure on 
contact 
points) 

YES 

Gap distance between 
mirror facets 

0-1 mm CAD-model YES YES 

 

From Table 42 we can read that both heliostats succeeded fulfilled all requirements except one each. The 
49 m2 heliostat showed problem with the elevation range, due to geometrical conflicts between the mirror 
array and the pedestal pole; the 25 m2 heliostat showed too high stresses in a location where different 
beams met. Some redesign is needed to adjust these problems. 

 

                                                      
22 Alfa max = 71 deg 
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4 Discussion 

In this section the work performed in the project is reviewed and discussed. 

4.1 Discussion of methods used 

Literature study 

In the beginning of the project a massive literature study was conducted which’s findings are concluded in 
the frame-of-reference chapter. The database of KTH Library was used to find research articles of the 
topic. Also commercial web pages were used for information gathering. This process was very successful 
and a lot of relevant information was found. The material found about mirror geometry, deflections, 
heliostat types, heliostat history, deflections, and solar power in general may have been of much value for 
Robotics Lab’s further research in solar energy and heliostat controls. 

Mirror geometry 

The mirror geometry generator was built on the premises that the heliostat should use the paraboloid 
canting method. It uses a rotation-symmetrical paraboloid of revolution as model for the mirror shape. 
The reason why this canting method was selected was that we understood the complexity in selecting 
most appropriate canting methods first after the Matlab program was completed. More information about 
canting methods can be found trough research papers, for example the work by Buck and Taufel (2009) 
and even the paraboloid canting method can be improved by adjusting the paraboloid so it becomes 
slightly asymmetrical. For the latter option, the developed mirror geometry generator can be extended to 
include this feature. The developed geometry generator can for example be used for dimension an 
experimental heliostat. The only verification of the mirror geometry generator is the Matlab figures, which 
shows that the surface is bowl-shaped resp. Fresnel-mirror-shaped. 

Wind loads 

Investigating the wind loads early in the project is very essential for any heliostat development project. 
The method used in this project was a method proposed by Sandia National Laboratories in 1992. The 
wind load model is based on experimental data, obtained in wind-tunnel experiments with miniaturized 
heliostat models. In basic, the dynamic wind pressure is multiplied with the wind-load coefficients found 
trough the experiments, which takes turbulence into account. Similar methods have been found in more 
recent research papers regarding solar collectors, even if no newer methods fully comparable to the 
Sandia-92 method have been found. FEM-software may be possible to use for wind load simulations, for 
example the Comsol Multiphysics 4.2 has that ability. A FEM-analysis simulating wind loads would have 
been very interesting to perform, and then one could compare the results with the Sandia-92 method. The 
scientist who has the resources may even test a miniature model of the proposed heliostat in a wind 
tunnel. Under the project, there was a discussion how to interpret the List of Requirements of the Second 
Generation Heliostat, set by Sandia, since there was not noted if the wind-speed requirements considered 
mean-wind speed or gust wind speed. Finally, we decided to count as gust wind speed, which means 1.6 
times the mean wind speed. If this assumption is incorrect, both example heliostats may have been over 
dimensioned, as long as the wind speeds in the List of Requirements of the Second Generation Heliostat 
is appropriate in practice. 

4.2 Discussion of results obtained 

Mirror size and heliostat costs 

The complexity with finding the optimal mirror area per heliostat was explained. The cost per kWh 
electricity produced by the solar power tower plant use to be the final optimization aspect, and this value 
is dependent on very many subsystems as well as external subcontractors, raw material prices, etc. which 
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makes the analysis especially complex and in practice very speculative. The price of components and 
services just at the time when signing the contracts with the suppliers is what determines the investment 
costs. The process of planning and building the solar power tower plant can take several years, and during 
this time prices of raw materials and other services can change so much, that the proposed most optimal 
heliostat design solution is not the optimal solution any more when it is time to sign the contracts. This 
problem with planning and optimizing may reduce if the solar power tower technology becomes more 
established. 

Since the solar power tower technology is still, in many senses, in an experimental and demonstrational 
phase, one would need to check the latest trends when it comes to heliostat sizes and plant sizes, since the 
trends also indicates that suppliers are available. Following the trends usually means lesser risks. The sizes 
of the example heliostats, 25 m2 and 49 m2 with mirror facet sizes 6.25 m2 resp. 1 m2, was values taken 
from current trends. 

There was an indirect goal to reach a heliostat cost of 80 USD/m2. The costs of the example heliostats 
have not been investigated in detail. The weight of the components may serve as a rough indicator of the 
heliostat costs compared with the ATS-148 m2 heliostat, which costs about 200 USD per m2 (USD as of 
2010). Both example heliostats showed higher weight than the ATS heliostat (ATS: 42.5 kg/m2 ; our 25 
m2: 50.0 kg/m2 ; our 49 m2: 43.9 kg/m2). Hence, it is not likely that the example heliostats, without further 
refinements, would be more economical than the ATS-heliostat. The analysis is little more complex if 
considering the improved performance of the example heliostats (compared with the ATS-heliostat), 
which is obtained by smaller mirror area per heliostat, and low-backlash gear system and probably also 
little more robust structure in heavy winds. However, it is questionable if the developed example heliostats 
show better economy during their lifecycles than the ATS-heliostat. Probably, the economy is quite 
similar. This question needs further investigation. 

Is it possible to reach the cost 80 USD/m2? 

The premise of using 4 mm glass mirrors with a weight of ca 10 kg/m2 is not a very good start of the 
project if one would like to decrease the specific weight of the heliostat to 1/3 – ½ of the specific weight 
of the ATS heliostat. Decreasing the weight of the reflective material as well as using a material lesser 
sensitive for breakage would directly give better opportunities to decrease the total weight of the heliostat, 
since lesser support structure would be needed. Decreased weight is assumed to be needed for a radical 
price reduction, due to the cost of raw-material as well as services for handling the heavy materials. On the 
other hand, the main loads acting on the heliostat are the wind loads, so the required strength of the 
torque-tube and pedestal, as well as the torque from the motors, are almost the same even if the mirrors 
would have zero weight. Probably, the only way to reach an ultra-low price heliostat is to use some kind of 
innovative material that can be actuated in an economical way. Small heliostat surfaces experience minor 
wind loads. Then naturally, development proceeds towards smaller heliostats. So called smart materials, 
especially those made of a polymeric material, which are engineered plastics actuated by heat, 
electromagnetic fields, etc. may be useful in heliostat designs in future. Another approach may be to use 
very small mirror facets glued on a rubber sheet, which suggest something similar to the stretched 
membrane technology investigated in the 1990’, to promote robustness in heavy winds (avoid glass 
brakeage). The idea of stretching the support structure to set the focal length would save a significant 
amount of fasteners, bolts, small rubber parts, as well as a considerable adjustment work. This is 
interesting for larger heliostats. For very small heliostats, no curvature of the mirror surface is needed. The 
other approach is to optimize manufacturing. How much the costs can be reduced when producing 
heliostats in India (compared with the costs of the AST-heliostat, made in the U.S.A.), due to lower labor 
costs, needs to be investigated to answer the question whether 80 USD/m2 can be reached. 

The future of Solar Power Tower technology 

There has been an increased interest in the Solar Power tower technology since 2005, and a multiple of 
solar power tower plans have been built 2005-2013. However, the source where this information was 
stated (Blackmon, 2012) is little more than one year old, and the book chapter could have been written a 
year or so before the book was published in 2012 (an estimation). The photovoltaic approach competes 



Master Thesis - Heliostat Design  N.Björkman 

89 

 

with the solar power tower technology for large scale solar power plants, and the photovoltaic approach 
has shown significant cost reductions during the last years. Also other renewable energy technologies may 
compete with each other when companies want to invest in economical clean renewable energy, e.g. salt 
power, wave power as well as wind power. The progress in development of solar cells would probably 
decide the investments in the Solar Power Tower technology for the coming decades. If further 
improvements occur in the branch of photovoltaic, the solar engineer developing the solar power tower 
technology meant for electricity production would need to show convincing advantages with the solar 
power tower that makes the technology even more feasible than photovoltaic, to get further support for 
research and development; since both the technologies more or less fulfill the same function. 

Why did the example heliostats become so heavy? 

The proposed dimensioning process was exemplified by showing the development of two heliostats, 25 
m2 and 49 m2. The 148 m2 ATS heliostat installed 1986 served as reference for weight and to some extent 
also for design. Blackmon’s size-weight rule proposed that the weight of all components (except mirror 
glass) being dependent on the bending moment, i.e. the chord length of the mirror-array. Therefore a 
heliostat with a small-area mirror would have lower specific weight (kg/m2) than a large area heliostat. 
Blackmon’s rule was the premises of the weight goals set for the example heliostats. Optimization of the 
support structure was done with FEM-software. The design of the developed 25 m2 resp. 49 m2 heliostats 
were not miniatures of the ATS 148 m2, but a new design using fewer elements than the ATS, to simplify 
manufacturing. As already mentioned, the ATS-heliostat showed 42.5 kg/m2 ; our 25 m2: 50.0 kg/ m2 ; 
our 49 m2: 43.9 kg/m2. This means that both example heliostats were heavier than the ATS-heliostat. 
According to Blackmon’s rule, it should have been possible to design a miniaturized ATS-heliostat in size 
of 25 m2 with weight 23.8 kg/ m2 and in size of 49 m2 with weight 29.3 kg/ m2. This was not met; the 
results were even far from the goal-values.  

Possible reasons why the example heliostats became so heavy: 

- The load requirements may have been different for the ATS 148 m2 heliostat; there has not been 

found information that the ATS heliostat fulfilled the Sandia-requirements of the 2:nd generation 

heliostat, which our two heliostats did. The ATS heliostat may have been under-dimensioned, or that 

we have interpreted the wind-load requirements in different ways (gust wind speed resp. mean wind 

speed). This can simply be checked by the following procedure: A FEM-model approximating the 

ATS-heliostat is built, then the wind loads that we found are applied on the ATS-FEM-model, and 

finally the deflections of the heliostat surface is compared with the requirements of the 2:nd 

generation heliostat. 

- The optimization work done in this project must be further refined to arrive to the goal weight; more 

solutions and variants of structures need to be evaluated to decrease weight with maintained strength. 

I.e. simply iterate the proposed development process a couple of times. 

- Blackmon’s rule may not be fully applicable in practice. A large heliostat is usually not a scaled version 

of a small heliostat. For example, small heliostats use to have fewer layers of beams for supporting 

the mirrors than big heliostats use to have. 

Has there been a sub-optimization? Is the suggested development process really appropriate? 

A designer is aware that a product should be designed with a life-cycle perspective and the total context in 
mind. We do not want to sub-optimize the solar power tower plant, causing a non-optimal power plant. A 
typical example of sub-optimization may have occurred in this project: The pipe thickness and pipe 
diameter of the torque-tube and pedestal where optimized regards strength. Therefore, very large diameter 
thin-walled pipes were selected. This gave implications in the assembly; the thin-walled pipes needed extra 
support structure to not buckle in the assembly points. These extra support structures were not included 
in the initial optimization. Also size of bearings increases with large diameter pipes; hence the total weight 
of the heliostat increases. So the very optimal pipe diameter is a trade-off, and the simplest way to find it, 
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is to iterate the design process a couple of times and evaluate the design proposal and obtain feed-back 
between each cycle. In this project, we demonstrated only one such cycle. 

The problem with simply focus on price per kWh electricity produced during the plant’s lifecycle is that 
this perspective is too large (too many factors involved that can be adjusted) to be of any aid when 
components are being designed. The designer need some support during the dimension process, with 
more practical optimization goals, e.g. strength per kg pedestal pipe. In a second overview, the weight and 
manufacturing costs of the heliostat should be optimized. It may not be worth to put in too much effort 
in the first design proposal. Feed-back from suppliers and experts may be needed for improvements; this 
approach would at least speed up the process to arrive to an efficient heliostat design. 

And in a third analysis the risks with unproved solutions, degrading of material, maintenance, etc. should 
be included in the optimization of the heliostat. All these factors are impossible to fully evaluate when 
drawing every new line in a sketch of a new component. 

To ensure that the proposed heliostat designing process aligned with common praxis, feed-back from an 
experienced solar engineer who has been involved in heliostat development would be desirable. 

Uncertainty factors 

In this work, the old fashion way of dimensioning the structure, using the permissible stress design approach 
was used. The structure was in most cases designed against overload under maximum wind loads (except 
the glass mirror support, where the rigidness-requirements in normal operation also decided the 
dimensions). The permissible stress design approach means that an uncertainty factor is assumed (usually 
based on building standards) which gives a margin to the yield-strength of the material. No detailed study 
has been conducted in this project to determine a suitable uncertainty factor specific for the heliostat; only 
a general steel-building code (StBK-1) was used, noted in a solid mechanics handbook (Lönnelid, 2006), 
suggesting factor two. In some cases, the actual design ended up with a factor of uncertainty at 2.6 (e.g. 
pedestal pipe). This may be an explanation why the heliostat proposals become so heavy compared with 
the ATS-design. It is really suitable to have a factor of uncertainty above one? An uncertainty factor equal 
to two seems very high for a heliostat design. In the case of a heliostat, the wind loads are stochastic and 
maximum loads occur very seldom. Even no direct health-issues are involved in case of a failure. A very 
suitable approach to use in heliostat designs is the limit state design approach or probabilistic design which both 
is a more contemporary approach to dimension a system for reliability and robustness, based on 
probability of failure. There will be a little more work with the probabilistic approach, including 
investigations of the statistics of the wind loads and weather conditions at the expected site. It would pay-
off by conducting probabilistic design in a real project, by removing costly margin and just add strength 
and rigidness where it is most needed. 

By using probabilistic design and/or reviewing the uncertainty factors, it may be possible to archive 
significant weight reductions of the proposed heliostat concepts, maybe around 50 % of the present 
weights. 

Risks when using new technology, like the azimuth-belt drive? 

New and unproved technology is always more risky than approved solutions – it is a part of the game in 
finding more feasible solutions. For heliostats, the planetary gear and a worm gear are approved solutions 
for the azimuth driver. Through intensive research and testing, the risks of the new technology can be 
reduced. The main risk in this case is interrupted function, so that the heliostats do not give the desired 
output to the estimated cost. No directly health risks are associated with the new technical solutions 
proposed in this project. 

Dynamic effects 

The only dynamical effect that was investigated in the project was the Eigen-frequency. The result showed 
that the 25 m2 heliostat had about the double Eigen-frequency (14.9 Hz) compared with the 49 m2 
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heliostat (7.17 Hz). Lower Eigen-frequency means that oscillations with a lager wave-length may be 
induced in the structure, which occurs if approaching wind gusts changing in intensively with the same 
frequency as the Eigen-frequency. Dependent on the frequency, different approaches needs to be taken to 
damp these oscillations. A high Eigen-frequency means that the structure is rigid compared to the mass 
involved in the movement. However, for a more specific interpretation of the Eigen-frequencies and 
dynamical effects, help from a specialist is needed. 

Using the FEM-software for simulating irregular wind loads and periodical wind loads on the heliostat 
may have been useful, for example for evaluating fatigue. 

Deflection of mirror surface 

The deflection of the mirror glass and support structure was investigated with the FEM-analysis software 
Comsol Multiphysics. To evaluate the deflection of the mirror surface of the two example heliostats, the 
mirror geometry for the array was built as a FEM model, and evaluated. It was no possibilities to enlarge 
the mirror-array FEM-model to consider torque-tube and pedestal as one single model, due to limited 
computer power as well as complex geometry in the surfaces where the mirror-array is connected to the 
torque-tube.  

The shell-function in Comsol Multiphysics was used in almost all FEM-simulations. It means that the 
object is modeled in a CAD-software (we used Solid Edge ST4), imported into the FEM-software as an 
infinitive thin surface, and the thickness of the surface is given as a numerical value in the FEM-model 
through a special input. This method significant reduced the computations needed to solve the FEM-
problem, about 1/100-1/1000 lesser time needed to perform the simulation. The accuracy may be little 
disturbed, but not significant. A test was conducted on a simple pole to verify the applicability of the shell-
function compared with the standard solid function, and the differences of the results were negligible. 

Both example heliostats showed low deflections of the mirror surface when simulating only the mirror 
array. Allowed deflection was 3.6 mRad RMS, and the mirror array of the 25 m2 heliostat did deflect 1.23 
mRad RSM and the 49 m2 heliostat did deflect 0.32 mRad RMS. Since the deflection under normal 
operation wind speed of the torque-tube, mirror-mounting, bearings and pedestal was not investigated in 
this project, which will add some amount of deflection to the total heliostat design – it is suitable that the 
resulting deflection on the mirror arrays shown such low values. A full FEM-model would be of value, 
evaluating the total deflection. Moreover, deflections in bearings could be interesting to investigate. 

4.3 Limitations 

 The project was limited to focus on the mechanical system of the heliostat.  The limitations set in 

beginning of the project were not specific enough to define a task of reasonable size; the task was 

too broad to produce results worth to be published in a scientific journal. The subjects that were 

investigated would need further research to reach to edge of the state of art. 

 Exactly what optimizations that should have been performed would preferable has been included 

in the limitations. 

 When the area of study is unknown, one would preferable perform a pre-study, to investigate 

where to set the boundaries of the project. 

4.4 Proposal for future work 

 Further analysis of the dynamical effects of wind loads would be needed, e.g. using FEM-software 

to analyze vibrations, before building full scale prototypes. For appropriate input data, a specialist 

would preferable be involved. 

 Build ADAMS-model to investigate how much the accuracy in the elevation drive and the 

azimuth drive improves when using two counteracting motors instead of one motor. 
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 Investigate other designs of azimuth drivers, for example a worm gear drive or planetary gear 

drives with two counteracting motors. If the belt drive should be further developed, the weight 

needs to decrease radically to make it economical. 

 The heliostat design process suggested in this project would preferable be discussed with an 

experienced solar engineer who has experiences of heliostat development projects and who could 

give feed-back. 

 The validity of Blackmon’s weight-size rule needs further investigations 

 The results would preferably be published in a scientific journal to spread the knowledge, when 

the tasks suggested above are finished. 

 Use probabilistic design or investigate appropriate uncertainty factors 
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5 Conclusion 

This project has investigated and summarized factors that affect the mechanical design of the heliostat. 
The work has also resulted in a general dimensioning process for the heliostat mirror-array, as well as a 
number of tools for dimensioning the heliostat. 

Developed tools: 

- Mirror geometry generator, which gives the mounting coordinates for a Fresnel mirror based on the 

paraboloid canting method 

- Wind load calculator 

- Beam calculator, based on the Euler Beam theory 

- Tube diameter - wall-thickness investigator 

Robotics Lab at IISc was interested in accumulating knowledge in heliostat designing, wind-loads on 
heliostats, optical errors, mechanical transmission errors and knowledge about other factors related to the 
mechanical design that might be helpful in development of tracking formulas and controls. 

The literature study that was conducted and summarized in this report provides a firm introduction to the 
heliostat technology, for any engineer, with – or without – previous knowledge in solar power technology 
that is interested in heliostat development. Due to the wide scope of the initial task, it was not possible to 
undertake a detailed study of all factors that affect the heliostats mechanical design in the time-budget 
assigned for this project. For example in the area of transmission errors, one could find much more 
information than what is included in this report. More effort was given in the analysis of mirror geometry, 
where the concept of mirror canting methods was discussed. 

 Two example heliostats were developed, demonstrating the proposed dimensioning process, a 25 m2 
heliostat and a 49 m2 heliostat. Both heliostats need further refinements for fulfilling all the requirements; 
in case of the 25 m2 heliostat stresses on contact points between meeting steel profiles were too high, and 
in case of the 49 m2 heliostat the edge of the pedestal pole causes a geometrical conflict with the mirror 
surface; the proposed solution is to reduce the size of the pedestal from 850 mm to 700 mm. 

Both heliostats showed low deflection of the mirror surface, well within the limits of the requirements.  A 
goal-weight based on a theory of Blackmon was set. The goal weights were not met, and both example 
heliostats were heavier than the AST heliostat. Why this occurred is not very clear.  

The goal of the project was also to suggest some novel and innovative design-solutions, aimed to making 
heliostats more accurate and economical. The following novel solutions are suggested: 

- Using light-weight C-profiles with wall-thickness 1- 1.2 mm (instead of I-beams or rectangular pipes).  

- A mirror-mount that allows accurate adjustment of each mirror facet with a washer-system. A 

damaged mirror-facet is very easy to replace with this mounting system. 

- A sliding bearing for the elevation axis (instead of ball bearings) – this reduces cost and allows larger 

diameter on the torque-tube, which makes a low-weight torque-tube possible. 

- A very novel azimuth-drive with integrated block-brake that uses steel-wires as belt transmission – 

minimized backlash, integrated overload protection. The wire is actuated by two DC-motors which 

improves the accuracy of the azimuth-drive. 

 

The new azimuth-drive needs radical weight reduction to be further considered as a competitor to the 
established azimuth-drive using epicycle gears or worm gears.  

Hence, all three parts – analyze, exemplify and invent – have been covered.  
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Appendix A – General Heliostat Design Process 

The following process for dimensioning the heliostat is suggested, which is based on the perspective that 
the mirror surface should be connected with the ground in a way that it can be tilted according to the 
requirements. The technical solution is the dynamical, actuated connection between the mirror surface and 
the ground. 

The general concept 

 Decide drive mechanism type (Az-El; Target-aligned; Parallel; Ganged) 

 Decide approximate mounting points for the actuators on the array 

 Decide mirror area per heliostat 

The array design 

1. State wind loads on the heliostat 

2. Transpose the requirements of allowable deflection on reflective surface from angular to linear 

units [mm]; for edge and corner. 

3. Decide mirror facet size and thickness. – check out current trends or do a system analysis. 

4. Find number of support points needed to support the mirror facet and distance/distribution of 

support points on the mirror facet with the FEM. 

Consider maximum allowable deflection as well as fatigue. To avoid breakage of mirror glass: 

maximum deflection =  L/60; where L= free length of glass sheet. 

Design the facet support structure. Set a weight goal [kg/m2] with reference to similar heliostat 

structures recently made by others. Set the goal-weight as low as possible, since low weight will 

reduce costs on system level. Do some different design concepts for the arrangement of the 

beams that are being evaluated (e.g. number of beams or pattern of beams). Euler beam theory 

can be used initially to find the beam sizes that can withstand the wind loads and gravity loads. 

Initially, calculate for the α = 30 deg case, since it has the maximum total applied loads. Use wind 

load situation as for “normal operation”. Do a FEM-model of ¼ of the array, use the symmetry 

boundary condition in the FEM-program and analyze deflection both under normal operation 

and extreme operation (survival wind speeds). Treat the support-structure as a module that 

should connect the mirror facets’ assembly points with the assembly points of the 

pedestal/actuators.  

5.  Dimension the pedestal with the aid of FEM-analysis. 

 

Note:  

- A way to adjust the alignment of the mirror facets (a canting adjustment method) needs to be 

found if canting of the mirror array is desired. 

- The optimal mirror array design depends mainly on the actuator mounting locations, and also to 

some extent on the drive mechanism type (Az-El; Target-aligned; Parallel; Ganged), since e.g. the 

support-structure of an Az-El-heliostat can be designed asymmetrical  due to constant direction 

of gravity loads in X-plane, while the target aligned heliostat would probably best be designed as 

rotation-symmetrical as possible, due to its rotation around a tilted axis, and hence the gravity 

load on the support-structure will change direction under normal operation. Also the extra 

torsion forces on the support-structure should be considered in the case of a target aligned 

heliostat. 

- Dynamical effects (vibrations) should be taken into account when designing the support 



 

 

 

structure, since it causes fatigue (Peterka, 1992). The frequency of the wind-induced oscillation is 

dependent on the spring constant of the structure k (included glass mirror facets) in relation to 

the mass m of the structure: 

         
 

   
  

 

 
   [1/s] 

 

k is given by:     
 

 
  [N/m] 

 

where δ is deflection under the total load F (wind load + gravity load). 

 

 Different ranges of frequencies needs their respective attention. However, higher frequency 

oscillations may be easier to handle, with simpler means, than lower frequency oscillations 

(Google.org, 2011). To increase the oscillation frequency, the support-structure, as well as the 

mirror facets, should be low-weight, the stiffness of the structure should be large and beams 

should be short. Long simple-supported beams should be avoided. The glass can be used as 

structural part to increase the stiffness – that strategy also needs some extra considerations if 

brakeage of the glass should be avoided. The eigenfrequency (natural mode of vibration) should 

also be calculated and compared with the expected wind induced oscillations. Means needs to be 

taken to damp wind-induced oscillations; otherwise the edges of the structure may act as 

pendulums around the support points, which may cause fatigue. 

 

The Eigen frequency is calculated by: 

          
 

   
  

 

 
    [1/s] 

 

Where g = 9.81 and δ is deflection under the gravitation load (=mg) 

 

For a more sophisticated design, the flutter effects of the wind loads acting on the structure 

should be analyzed, since it is often the fluttering effects (rather than simple pendulum oscillation) 

that causes fatigue.  FEM-software may be useful as well as wind-tunnel experiments and full 

scale prototypes.  

 

 



 

 

 

Appendix B – Sandia Heliostat 
Requirements, 2:nd generation 

 

Source: (Kolb, 2007) who referred to the report from 1993. 



 

 

 

 

From the SANDIA 1993 report. 

  



 

 

 

Appendix C – Pedestal calculation 

 Weight of pole tube m kg/m 30,9 

 Density of material rho kg/m3 7880 

 Gravity load from mirror array Fz_mg N 4047 

         

 Wind induced moment, Z-axis (azimuth) Mz Nm 7500 

     

 Wind induced moment, Y-axis My_wind Nm 84000 

 Moment due to gravity and offset My_mg Nm 2023 

 Total My Nm 86023 

     

 Allowed stress in steel     1,67E+08 

     

Desired values Bending resistance W_b m3 5,15E-04 

     

Actual values     

 --> Wall thickness of pole t m 1,60E-03 

     

     

 Outside diameter of pole D m 0,8 

 Inside diameter of pole d m 7,97E-01 

 Cross section area of pipe A_cross_section m2 4,01E-03 

     

 Torsion resistance, pipe W_v m3 1,60E-03 

 Bendning resistance, pipe W_b m3 7,99E-04 

     

     

 Torsion stress tau_torsion Pa 4,69E+06 

     

 Parallel stresses:    

 Bending stress omega_bending Pa 1,08E+08 

 Compressive stress omega_compressive Pa 1,01E+06 

 Total parallel stresses omega_total_parallel Pa 1,09E+08 

     

 Von Mises compound stresses omega_mises Pa 1,09E+08 
 

  



 

 

 

Appendix D – Torque-tube calculation 

    

 Weight of pole tube m kg/m 30,9 

 Density of material rho kg/m3 7880 

 Gravity load from mirror array Fz_mg N 4047 

 Allowed stress in steel     1,67E+08 

 Wind induced moment, Z-axis (azimuth) Mz Nm 7500 

 Length torqutube L m 4,4 

     

 Wind induced moment, Y-axis My_wind Nm 25200 

 Moment due to gravity and offset My_mg Nm 2023 

 Total moment around Y My Nm 27223 

     

 Side wind force Fx N 10000 

 Lifting wind force Fz N 17500 

 Reultant force F_wind N 38890,87297 

     

Desired values Bendning moment M_bendning Nm 38329 

     

Desired values Bending resistance W_b m3 2,30E-04 

 Torsion resistance W_v m3 2,72E-04 

     

     

     

Actual values     

 Wall thickness of pole t m 1,00E-03 

 Outside diameter of pole D m 0,553 

 Inside diameter of pole d m 5,5100E-01 

 Cross section area of pipe A_cross_section m2 1,73E-03 

     

 Torsion resistance, pipe W_v m3 4,78E-04 

 Bendning resistance, pipe W_b m3 2,39E-04 

     

     

 Torsion stress tau_torsion Pa 5,70E+07 

     

 Parallel stresses:    

 Bending stress omega_bending Pa 1,14E+08 

 Compressive stress omega_compressive Pa 0,00E+00 

 Total parallel stresses omega_total_parallel Pa 1,14E+08 

     

 Von Mises compound stresses omega_mises Pa 1,51E+08 

     

 Margin bendning resistance   Pa 9,37E-06 



 

 

 

 Margin torsion resistance   Pa 2,06E-04 
 

 

Appendix E: Wind load calculation results 

25 m2 heliostat 

Height heliostat( ground to center support) H [m] 4 4 4 4 

Mirror assembly size, one cant, chord length h [m] 5 5 5 5 

External fence, height h_ext [m] 3,5 3,5 3,5 3,5 

Heliostat spacing (parallel to the fence), (rows) deltax [m] 10 10 10 10 
Heliostat spacing (perpendicular to the fence), 
(columns) deltay [m] 10 10 10 10 

Gust wind speed at height z_wind above ground U_gust [m/s] 19,2 25 35 40 
Elevation of wind speed mesurement above 
ground z_wind [m] 10 10 10 10 
Power law exponent, based on surface 
rughness; grass open terrain n [-] 0,15 0,15 0,15 0,15 

Density of air roh [kg/m3] 1,229 1,229 1,229 1,229 
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Isolated single heliostat without fences; α = 90 deg; β= 0 deg  Gust wind: 19 25 35 40 m/s 

Drag force per 1m2 Fx [N/m2] 269 454 904   

Lift force per 1m2 Fz [N/m2] 67 114 226   

        

Drag force Fx [N] 6722 11360 22594   

Lift force Fz [N] 1681 2840 5648   

Base overturning moment My [Nm] 28989 48991 97435   

Hinge Moment Mhy [Nm] 2101 3550 7060   

Azimuthal moment Mz [Nm] 2437 4118 8190   

        

Isolated single heliostat without fences; α = 30 deg; β = 0 deg        

Drag force per 1m2 Fx [N/m2] 141 239 474   

Lift force per 1m2 Fz [N/m2] 188 318 633   

        

Drag force Fx [N] 3529 5964 11862   



 

 

 

Lift force Fz [N] 4705 7952 15816   

Base overturning moment My [Nm] 19158 32377 64392   

Hinge Moment Mhy [Nm] 5042 8520 16945   

Azimuthal moment Mz [Nm] 504 852 1695   

        

Isolated single heliostat without fences; α = 90 deg; β = 65 deg        

Drag force per 1m2 Fx [N/m2] 249 420 836   

Lift force per 1m2 Fz [N/m2] 34 57 113   

        

Drag force Fx [N] 6218 10508 20899   

Lift force Fz [N] 840 1420 2824   

Base overturning moment My [Nm] 26132 44163 87833   

Hinge Moment Mhy [Nm] 1260 2130 4236   

Azimuthal moment Mz [Nm] 5882 9940 19769   

        

        

Isolated single heliostat without fences; α = 0 deg; β = 0 deg; (stove)        

Drag force per 1m2 Fx [N/m2] 40 68 136 175  

Lift force per 1m2 Fz [N/m2] 60 102 203 263  

        

Drag force Fx [N] 1008 1704 3389 4376  

Lift force Fz [N] 1512 2556 5084 6565  

Base overturning moment My [Nm] 5714 9656 19205 24799  

Hinge Moment Mhy [Nm] 1681 2840 5648 7294  

Azimuthal moment Mz [Nm] 168 284 565 729  

 

 

Heliostat in-field        

  Gust Wind speed  19,2 m/s   

        

Heliostat in-field; with fences; α = 90 deg; β = 0 deg;  Row no: 1 2 3 4 5 - 

Drag force per 1m2 Fx [N/m2] 118 164 179 187 210 

Lift force per 1m2 Fz [N/m2] 40 120 147 161 201 

        

Drag force Fx [N] 2958 4100 4481 4672 5243 

Lift force Fz [N] 1008 3012 3680 4014 5016 

Base overturning moment My [Nm] 9982 17578 20110 21376 25174 



 

 

 

Hinge Moment Mhy [Nm] -1849 1176 2185 2689 4201 

Azimuthal moment Mz [Nm] -5798 -1449 0 725 2899 

        

        

Heliostat in-field; without fences; α = 90 deg; β = 0 deg;        

Drag force per 1m2 Fx [Pa] 429 420 286 267 210 

Lift force per 1m2 Fz [Pa] 283 275 230 223 201 

        

Drag force Fx [N] 10728 10500 7148 6672 5243 

Lift force Fz [N] 7065 6887 5759 5573 5016 

Base overturning moment My [Nm] 50207 49024 33913 31728 25174 

Hinge Moment Mhy [Nm] 7293 7025 5322 5042 4201 

Azimuthal moment Mz [Nm] 7344 6957 4509 4107 2899 

  

49 m2 heliostat 

Height heliostat( ground to center support) H [m] 5 5 5 5 

Mirror assembly size, one cant, chord length h [m] 7 7 7 7 

External fence, height h_ext [m] 3,5 3,5 3,5 3,5 

Heliostat spacing (parallel to the fence), (rows) deltax [m] 14 14 14 14 

Heliostat spacing (perpendicular to the fence), (columns) deltay [m] 14 14 14 14 

Gust wind speed at height z_wind above ground (2-3 sec) U_gust [m/s] 19,2 25 35 40 

Elevation of wind speed mesurement above ground z_wind [m] 10 10 10 10 

Power law exponent, based on surface rughness; grass open terrain n [-] 0,15 0,15 0,15 0,15 

Density of air roh [kg/m3] 1,229 1,229 1,229 1,229 
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Isolated single heliostat without fences; α = 90 deg; β = 0 deg  Gust wind: 19,2 25 35 40 m/s 

Drag force per 1m2 Fx [N/m2] 287 486 966 1248  

Lift force per 1m2 Fz [N/m2] 72 121 242 312  



 

 

 

        

Drag force Fx [N] 14087 23808 47349 61143  

Lift force Fz [N] 3522 5952 11837 15286  

Base overturning moment My [Nm] 76600 129455 257462 332467  

Hinge Moment Mhy [Nm] 6163 10416 20715 26750  

Azimuthal moment Mz [Nm] 7149 12082 24030 31030  

        

Isolated single heliostat without fences; α = 30 deg; β = 0 deg        

Drag force per 1m2 Fx [N/m2] 151 255 507 655  

Lift force per 1m2 Fz [N/m2] 201 340 676 873  

        

Drag force Fx [N] 7396 12499 24858 32100  

Lift force Fz [N] 9861 16665 33145 42800  

Base overturning moment My [Nm] 51771 87493 174009 224702  

Hinge Moment Mhy [Nm] 14792 24998 49717 64200  

Azimuthal moment Mz [Nm] 1479 2500 4972 6420  

        

Isolated single heliostat without fences; α = 90 deg; β = 65 deg        

Drag force per 1m2 Fx [N/m2] 266 449 894 1154  

Lift force per 1m2 Fz [N/m2] 36 61 121 156  

        

Drag force Fx [N] 13031 22022 43798 56558  

Lift force Fz [N] 1761 2976 5919 7643  

Base overturning moment My [Nm] 68852 116360 231420 298838  

Hinge Moment Mhy [Nm] 3698 6250 12429 16050  

Azimuthal moment Mz [Nm] 17257 29164 58003 74901  

        

        

Isolated single heliostat without fences; α = 0 deg; β = 0 deg; (stove)        

Drag force per 1m2 Fx [N/m2] 43 73 145 187  

Lift force per 1m2 Fz [N/m2] 65 109 217 281  

        

Drag force Fx [N] 2113 3571 7102 9171  

Lift force Fz [N] 3170 5357 10654 13757  

Base overturning moment My [Nm] 15496 26189 52084 67258  

Hinge Moment Mhy [Nm] 4931 8333 16572 21400  

Azimuthal moment Mz [Nm] 493 833 1657 2140  

  

  

  



 

 

 

 

Heliostat in-field        

  Gust Wind speed   19,2 m/s     

             

Heliostat in-field; with fences; α = 90 deg; β = 0 deg;  Row no: 1 2 3 4 5 - 

Drag force per 1m2 Fx [N/m2] 224 224 224 224 224 

Lift force per 1m2 Fz [N/m2] 119 167 183 191 215 

        

Drag force Fx [N] 10988 10988 10988 10988 10988 

Lift force Fz [N] 5846 8180 8957 9346 10513 

Base overturning moment My [Nm] 57406 62337 63980 64802 67267 

Hinge Moment Mhy [Nm] 2465 7396 9039 9861 12326 

Azimuthal moment Mz [Nm] -5670 1418 3780 4961 8505 

        

        

Heliostat in-field; without fences; α = 90 deg; β = 0 deg;        

Drag force per 1m2 Fx [Pa] 459 449 306 285 224 

Lift force per 1m2 Fz [Pa] 302 295 246 238 215 

        

Drag force Fx [N] 22484 22005 14980 13982 10988 

Lift force Fz [N] 14806 14433 12068 11679 10513 

Base overturning moment My [Nm] 133816 130633 90512 84701 67267 

Hinge Moment Mhy [Nm] 21399 20610 15614 14792 12326 

Azimuthal moment Mz [Nm] 21547 20413 13230 12049 8505 

   



 

 

 

Appendix F: Mirror geometry generator 

5.1 Variable names 

Table 43 lists and describes the variables used in the program. 

Table 43 Variable namnes 

Variable Unit Description 

M - Size of Z-matrix (number of columns) 

M1 - Size of Z2-matrix (number of columns) 

N - Size of Z-matrix (number of rows) 

N1 - Size of Z2-matrix (number of rows) 

Rim_Diam m Length of one vertical row 

Rim_Radius m Half the length of one vertical row 

X m Grid points in X-direction ((0,0) @ center of array) 

X2 m X2 is a copy of matrix X with all gaps and plot-construction distances replaced 
by “0” for simplified reading. The values correspond to specific facet assembly 
points. 

Y m Grid points in Y-direction ((0,0) @ center of array) 

Y2 m Y2 is a copy of matrix Y with all gaps and plot-construction distances replaced 
by “0” for simplified reading. The values correspond to specific facet assembly 
points. 

Z m Height of paraboloid (or spherical mirror) at each (X, Y) point (is a matrix) 

Z2 m Height of Fresnel mirror at each (X, Y) point (is a matrix) 

Z_group_min m lowest point (Z-value) for one specific facet in a paraboloid assembly 

brakepoint_0 - column (= row) number in the Z-matrix where the 5x5 sub-matrix starts 
(central column (=central row)) 

brakepoint_1 - column (= row) number in the Z-matrix where the 5x5 sub-matrix ends (central 
column (=central row)) 

checkpoints_ar

ray 

- Array with the column number in the Z-matrix, which defines the upper-right 
corner of the sub-matrix (specific for each facet) 

d m Height of the paraboloid assembly (Z) @ end of center row 

dist m length between heliostat and central tower, measured along the ground 

focallength m Focal length, i.e. distance between receiver and center of mirror assembly  



 

 

 

gap m Gap distance between two facets 

group_Zvalues m A matrix with values selected from the Z-matrix, so they represent Z-values for 
a specific mirror facet. Is a submatrix of Z. 

h m (height of the central tower) - (height of the heliostat) 

h_heliostat m Height of the heliostat (from ground to center point @ mirror assembly) 

h_tower m Height of the central tower (from ground to middle point @ the receiver) 

i - Counting variable for loops 

j - Counting variable for loops 

k - Counting variable for loops 

l - Counting variable for loops 

minival m an very small value (10^-12) ; for constructing a continuous plot 

mirror_size m length of one cant at a square-shaped mirror facet 

mirror_size_to

tal 

m length of one cant at a square-shaped mirror facet + gap distance 

point m An chaotic variable; used in a for-loop for generating the points-array 

points m An array with reference distances for develop the X and Y grids 

qty_y - Number of mirror facets in one row (vertical or horizontal; (vertical = 
horizontal)) 

s - Scale variable for adjusting the scale of the axis in the plots 

shape - Select the shape that should be calculated. Input ‘Spherical’ or ‘Paraboloid’ 

 

5.2 Input and outputs 
The inputs of the program are listed in Table 44 and some of the variables are clarified by … 

Table 44 Input parameters 

Variable Unit Description 

dist m length between heliostat and central tower, measured along the ground 

gap m Gap distance between two facets 

h_heliostat m Height of the heliostat (from ground to center point @ mirror assembly) 

h_tower m Height of the central tower (from ground to middle point @ the receiver) 

mirror_size m length of one cant at a square-shaped mirror facet 



 

 

 

qty_y - Number of mirror facets in one row (vertical or horizontal; (vertical = 
horizontal)) 

shape - Select the shape that should be calculated. Input ‘Spherical’ or ‘Paraboloid’ 

 

Figure 82 
Some of the input parameters 

The outputs are mainly the plots, Table 45; and the matrixes, Table 46.   

Figure 83 describes how the output matrixes should be understood. 

Table 45 Output plots 

Plot Unit Description 

Figure 1 m 3D-plot. The spherical mirror assembly or paraboloid mirror assembly (X, Y, Z) 
– Note scale of axes. 

Figure 2 m 3D-plot. The Fresnel mirror assembly (adjusted paraboloid mirror or 
paraboloid mirror assembly) (X, Y, Z2) – Note scale of axes. 

Figure 3 m 3D-plot. The Fresnel mirror assembly (adjusted paraboloid mirror or 
paraboloid mirror assembly) (X, Y, Z2) – axes equal in scale. (Normally the 
surface appears flat.) 

Figure 4 m 2D-plot. The cross section of the Fresnel mirror assembly. The red curve 
illustrates the center column and the blue curve illustrates one of the outer 
columns. – Note scale of axes. 

 

Table 46 Output matrixes 

Variable Unit Description 

X2 m Grid points in X-direction ((0,0) @ center of array) The points are explained 
below. X2 is a copy of matrix X with all gaps and plot-construction distances 
replaced by “0” for simplified reading. The values correspond to specific facet 
assembly points. 

Y2 m A transposed version of X2. Shows the specific facet assembly points in Y-



 

 

 

direction. 

Z m Height of paraboloid (or spherical mirror) at each (X2, Y2) point (is a matrix) 

Z2 m Height of Fresnel mirror at each (X2, Y2) point (is a matrix) 

 

 

Figure 83 
The row numbers and column numbers are specific for this example with a 7x7 facet mirror assembly. The row 

numbering and column numbering is counted from the upper left corner of the assembly. Independent of assembly 
size, each facet occupies 4 rows and 4 columns in the Z2-matrix, i.e. 16 values. (2 rows for design values; 2 columns 
for design values; 2 rows for plot-construction values; 2 columns for plot-construction values.) The distances in the 

X-matrix and Y-matrix are measured from origin at the center mirror facet. 
 

5.3 Examples 
Let us test the program with the following parameters (Table 47). 

Table 47 Input parameters for example calculation. 

Variable Unit Value 

dist m 60 

gap m 0.05 

h_heliostat m 5 

h_tower m 120 

mirror_size m 1 

qty_y - 11 

shape - ‘Paraboloid’ 

 



 

 

 

The resulting graphs are presented in Figure 84-Figure 87. 

 

 

Figure 84 
Paraboloid mirror assembly. The figure is called ”Figure 1” in the Matlab code. 

 

 

Figure 85 
Fresnel mirror assembly. The figure is called ”Figure 2” in the Matlab code. 
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Figure 86 
Fresnel mirror assembly in scale. The figure is called ”Figure 3” in the Matlab code. 

 

 

Figure 87 
Profile of the Fresnel mirror assembly. The figure is called ”Figure 4” in the Matlab code. 

The corresponding output matrixes could be read for design purposes. Figure 88 explains how to read the 
output matrixes. 

 

Figure 88 
Screen shot of the MATLAB Variable Editor that shows the variable Z2. How to read the matrix: The values which 
correspond to the four mirror facets on the upper left corner of the mirror assembly are marked with red rings. Each 

ring contains 4 values – the height of the four assembly points (one value for each assembly point on the mirror 
facet). The values which correspond to the four mirror facets on the second upper row, leftmost, are marked with 

blue rings. Z2, X2 and Y2 matrixes are arranged in the same way. 
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Shape of Paraboloid or Shape of Spherical mirror 

It is of course of interest to investigate the differences in dimensions between the paraboloid shaped 
mirror and the spherical mirror for input values common for a Solar Power Tower plant. 

Table 48 shows a comparison of the heights (Z2-values) for the six mirror facets leftmost and uppers in 
the mirror assembly (out of 11x11 facets). Only the two most outer assembly points of each facet are 
compared, since they are the highest points in the assembly. To clarify exactly which mirror facets that are 
investigated, Figure 89 shows that. 

 

Figure 89 
Selected mirror facets for the analysis are marked with red. 

 

The input values are equivalent with the values used for the example calculation above, i.e. the values from 
Table 47, except that “shape” is switched to ‘spherical’ in the second run. 

Table 48 Comparison of Z2-values between spherical mirror assembly and parabolic mirror assembly, distance from 
tower: 60 m. 

Mirror 
No. 

Matrix Row 
No. 

Paraboloid 
[m] 

Spherical 
[m] 

Difference 
[m] 

[1, 1] 2 0,040474526 0,040491263 1,67371E-05 

[1, 1] 3 0,020237263 0,020244841 7,57821E-06 

 4    

 5    

[2, 1] 6 0,036427073 0,036439448 1,2375E-05 

[2, 1] 7 0,020237263 0,020243506 6,24285E-06 

 8    

 9    

[3, 1] 10 0,03237962 0,032388762 9,14167E-06 

[3, 1] 11 0,020237263 0,020242502 5,23953E-06 

 12    

 13    

[4, 1] 14 0,028332168 0,028339006 6,8377E-06 

[4, 1] 15 0,020237263 0,020241831 4,5681E-06 

 16    

 17    

[5, 1] 18 0,024284715 0,024289979 5,26373E-06 

[5, 1] 19 0,020237263 0,020241491 4,22846E-06 



 

 

 

 20    

 21    

[6, 1] 22 0,020237263 0,020241483 4,22056E-06 

[6, 1] 23 0,020237263 0,020241483 4,22056E-06 

 

The largest difference in the Z-values in Table 48 is 1,67371E-05 m; a value smaller than reasonable 
manufacturing tolerances. 

  

Let us try with another distance between heliostat and tower, 300 m. I.e. the input values are as follows 
(Table 49): 

Table 49 Input parameters for the second investigation. 

Variable Unit Value 

dist m 300 

gap m 0.05 

h_heliostat m 5 

h_tower m 120 

mirror_size m 1 

qty_y - 11 

shape - ‘Paraboloid’ / 
‘Spherical’ 

 

The comparison is shown in Table 50. 

 

Table 50 Comparison of Z2-values between spherical mirror assembly and parabolic mirror assembly, distance from 
tower: 300 m. 

Mirror 
No. 

Matrix Row 
No. 

Paraboloid 
[m] 

Spherical 
[m] 

Differece 
[m] 

[1, 1] 2 0,016340557 0,016341658 1,10079E-06 

[1, 1] 3 0,008170279 0,008170777 4,98445E-07 

 4    

 5    

[2, 1] 6 0,014706501 0,014707315 8,13975E-07 

[2, 1] 7 0,008170279 0,008170689 4,10647E-07 

 8    

 9    

[3, 1] 10 0,013072446 0,013073047 6,01346E-07 

[3, 1] 11 0,008170279 0,008170623 3,44672E-07 

 12    

 13    

[4, 1] 14 0,01143839 0,01143884 4,49813E-07 



 

 

 

[4, 1] 15 0,008170279 0,008170579 3,00515E-07 

 16    

 17    

[5, 1] 18 0,009804334 0,009804681 3,46281E-07 

[5, 1] 19 0,008170279 0,008170557 2,78178E-07 

 20    

 21    

[6, 1] 22 0,008170279 0,008170556 2,77658E-07 

[6, 1] 23 0,008170279 0,008170556 2,77658E-07 

 

The largest difference of the Z-values in Table 50 is 1,10079E-06 m; a value smaller than reasonable 
manufacturing tolerances. 

Conclusion: For reasonable numbers of the input parameters, the shape of a spherical mirror and the 
shape of a paraboloid do almost give equivalent outputs. The differences in dimensions between a 
spherical heliostat and a parabolic heliostat are smaller than reasonable manufacturing tolerances. Hence, 
it does not make sense in heliostat designing for Solar Power Tower to distinguish between a spherical 
shaped mirror assembly and a paraboloid shaped mirror assembly. 

  



 

 

 

Appendix G: Matlab code  
Mirror Geometry Generator  

(multi facet heliostat) 

%MIRROR MODULE ASSEMBLY ANGLES FOR HELIOSTAT (Solar Power Tower) 

  

%By Nils Björkman, IISc/KTH, Supervisor: Professor A. Ghosal; Prof. Kjell 

Andersson 2013-06-10 

%The program uses the PARABOLOID canting method. 

%The program do also use the fresnel method. I.e. the paraboloid is divided 

into 

%flat elements, and each element’s respectively angles are maintained when 

they are grounded on the planar frame. 

  

  

  

clear all 

clc 

  

%shape = 'Spherical' ;  %Select shape of mirror assembly. input 

'paraboloid' or 'spherical' 

shape = 'Paraboloid' ;  %Select shape of mirror assembly. input 

'paraboloid' or 'spherical' 

  

h_tower = 120;  %tower hight [m] 

h_heliostat =  5; % hight of heliostat (from ground to center support) [m] 

qty_y = 7; % quantity of square-shaped mirrors at each heliostat, one 

vertical row (y-direction), enter odd number, e.g. 1, 3, 5, 7, 9, 11, ... 

  

  

mirror_size = 1 ; %size of one cant at a square-shaped mirror, [m] 

gap = 0.001 ; %The gap is defined as distance between each mirror module if 

arranged as a parabola [m]  

  

  

mirror_size_total = mirror_size + gap*2; %Adding gap distance to mirror 

size 

  

dist = 300; % [m] ('heliostat distance from central tower [m]: '); % 

%length on the ground  - or used the input below 

% dist = input ('heliostat distance from central tower [m]: '); %length on 

the ground 

  

h = h_tower - h_heliostat;  

  

focallength = (dist.^2 + h.^2)^0.5; %pythagoras 

  

Rim_Diam = mirror_size_total * qty_y - gap*2;  

Rim_Radius = Rim_Diam/2;                %Radius of the mirror assembly 

  

d = Rim_Radius.^2/(4*focallength);  %hight of the disc 

  

  

  

  

%% mirror distribution 



 

 

 

  

  

  

X = zeros; 

Y = zeros; 

points = zeros; 

  

%rcy = Rim_Radius - mirror_size/2;  %point at center of the most outer 

mirror in y-dir. 

%points = -rcy : mirror_size_total : rcy;  %makes a symmetrical vector with 

the points to the mirrors' center points 

  

minival = 10^-12; %a minimal distance for constructing a contnious curve, 

for the plots. Is 0 in reality. 

  

  

for i = 1: ((qty_y/2+0.5)*4)-2 %number of mirrors * 2 (i.e. number of 

mounting points) + number of gaps; from center to edge 

    if i == 1 

            point = mirror_size/2; %inital value, one half mirror (center 

mirror)     

     

    elseif mod(i-2,4) == 0 %number is 2, 6, 10, 14, .. 

            point = point + minival; %Add minimal distance for making 

continious plot 

                     

  

    elseif mod(i-3,4) == 0 %number is 3, 7, 11, ... 

            point = point + gap; % add gap    

             

             

     elseif mod(i-4, 4) == 0 % number is 4 , 8 , 12, ... 

            point = point + minival; %Add minimal distance for making 

continious plot 

             

             

    elseif mod(i-5, 4) == 0 % number is 5 , 9 , 13, ... 

            point = point + mirror_size; % add space for a mirror            

             

             

    

             

     end 

     

  points(i) = point;   

   

   

end 

  

points = [-fliplr(points), points];  %makes symmetrical array of delta X_Y 

  

  

[X, Y] = meshgrid(points, points);  %makes 2 quadratic matrixes (mesh) 

  

  

  

if strcmp(shape,'Paraboloid') 



 

 

 

Z = X.^2 / (4*focallength) + Y.^2 / (4*focallength);  % parabolic mirror 

equ. will be a matrix. Z is hight of an parabola with spec. focallength and 

spec. width 

  

  

elseif  strcmp(shape,'Spherical') 

Z = 2*focallength - sqrt(4*focallength.^2 - X.^2 - Y.^2);  %spherical 

mirror equation (???) 

  

  

else 

     

    disp ('error! Select shape!') 

     

end 

  

  

%mesh (Y_list', Y_list , X_big_matrix) 

surf (X, Y, Z); 

  

hold on 

  

figure (1) 

plot (Y, X) 

plot (X, Y) 

  

stem3 (Y, X, Z) 

  

title ([shape, ' mirror assembly [m]; dist from tower: ', num2str(dist), ' 

m']) 

 xlabel('X') 

 ylabel('Y') 

 zlabel('Z') 

  

hold off 

  

  

%% Adjust the Z's so it becomes a fresnel mirror 

  

brakepoint_0 =  (((qty_y/2+0.5)*4 - 2) - 1)-1;  %Point where the flat 

center mirror starts 

brakepoint_1 =  (((qty_y/2+0.5)*4 - 2) - 1)+2;  %Point where the flat 

center mirror ends 

  

checkpoints_array = [1: 4 : brakepoint_0, brakepoint_1-2 : 4 : length(Z)];  

% this is the right corner in the ( 3x3 or 3x4 or 4x3) matrix, part of the 

% Z-matrix, that specifys Z-values for a specific mirror 

  

Z2 = zeros; 

  

for i = checkpoints_array  %Rows 

     

     

    for j = checkpoints_array %Columns 

     

     

        if j == brakepoint_0 && i == brakepoint_0       % 5 x 5 matrix 

(center mirror) 



 

 

 

            group_Zvalues = [Z(i,j), Z(i+1,j), Z(i+2,j), Z(i+3,j), 

Z(i+4,j);    Z(i,j+1), Z(i+1,j+1), Z(i+2,j+1), Z(i+3,j+1),Z(i+4,j+1);    

Z(i,j+2), Z(i+1,j+2), Z(i+2,j+2), Z(i+3,j+2),Z(i+4,j+2);  Z(i,j+3), 

Z(i+1,j+3), Z(i+2,j+3), Z(i+3,j+3), Z(i+4,j+3); Z(i,j+4), Z(i+1,j+4), 

Z(i+2,j+4), Z(i+3,j+4), Z(i+4,j+4) ]; 

             

             

        elseif j == brakepoint_0 && i ~= brakepoint_0       % 5 x 4 matrix 

            group_Zvalues = [Z(i,j), Z(i+1,j), Z(i+2,j),Z(i+3,j);    

Z(i,j+1), Z(i+1,j+1), Z(i+2,j+1), Z(i+3,j+1);    Z(i,j+2), Z(i+1,j+2), 

Z(i+2,j+2),Z(i+3,j+2);  Z(i,j+3), Z(i+1,j+3), Z(i+2,j+3),Z(i+3,j+3); 

Z(i,j+4), Z(i+1,j+4), Z(i+2,j+4),Z(i+3,j+4) ];  

             

        elseif i == brakepoint_0 && j ~= brakepoint_0           % 4 x 5 

matrix  

            group_Zvalues = [Z(i,j), Z(i+1,j), Z(i+2,j), Z(i+3,j), 

Z(i+4,j);    Z(i,j+1), Z(i+1,j+1), Z(i+2,j+1), Z(i+3,j+1),Z(i+4,j+1);    

Z(i,j+2), Z(i+1,j+2), Z(i+2,j+2), Z(i+3,j+2),Z(i+4,j+2);  Z(i,j+3), 

Z(i+1,j+3), Z(i+2,j+3), Z(i+3,j+3), Z(i+4,j+3) ]; 

             

        else  % 4 x 4 matrix 

   

            group_Zvalues = [Z(i,j), Z(i+1,j), Z(i+2,j), Z(i+3,j);    

Z(i,j+1), Z(i+1,j+1), Z(i+2,j+1), Z(i+3,j+1);    Z(i,j+2), Z(i+1,j+2), 

Z(i+2,j+2), Z(i+3,j+2);  Z(i,j+3), Z(i+1,j+3), Z(i+2,j+3), Z(i+3,j+3) ]; 

         

        end 

         

         

         

        % operations 

         

       Z_group_min = min (min (group_Zvalues)); %extract the total group 

min 

         

         

       group_Zvalues = group_Zvalues - Z_group_min ; %Subtract the lowest 

value from all elements. I.e. the mirror will rest on its lowest corner, 

and angles maintained. 

         

         

         

         

        %Put values into Z2 

        [M , N] = size(group_Zvalues); %M for rows, N for columns 

         

         

         

       

         

         

         

        for k = 1: N 

             

            for l = 1:M 

         

                Z2 (j+l-1, i+k-1) = group_Zvalues (l, k); 

         



 

 

 

            end 

         

         

        end     

      

     

    end 

     

     

end 

  

[N1, M1] = size(Z2); %size of the matrix, rows, columns 

  

  

% Set so gap is on 0-level 

  

%  

   for i = 1 : 4 : brakepoint_0 

        

       for j =  1 : 4 : brakepoint_0  %first half 

        Z2 (1:N1, j) = 0;   %whole row = 0 

        Z2 (i, 1:M1) = 0;   %whole column = 0 

        Z2 (1:N1, i) = 0;   %whole row = 0 

        Z2 (j, 1:M1) = 0;   %whole column = 0 

       end 

        

       for j =  brakepoint_1+1 : 4 : N1  %seccond half 

        Z2 (1:N1, j) = 0; 

        Z2 (i, 1:M1) = 0;  

        Z2 (1:N1, i) = 0; 

        Z2 (j, 1:M1) = 0;  

       end 

         

  

  end  

  

  for i = 4 : 4 : brakepoint_0+4 

        

       for j =  4 : 4 : brakepoint_0+4 

        Z2 (1:N1, j) = 0; 

        Z2 (i, 1:M1) = 0;  

        Z2 (1:N1, i) = 0; 

        Z2 (j, 1:M1) = 0;  

       end 

        

       for j =  brakepoint_1-2 : 4 : N1-2 %brakepoint_1+1 : 4 : N1 

        Z2 (1:N1, j) = 0; 

        Z2 (i, 1:M1) = 0;  

        Z2 (1:N1, i) = 0; 

        Z2 (j, 1:M1) = 0;  

       end 

         

  

  end  

   

  

  

  % Make a matrix X2, easier to read for design purposes 



 

 

 

  

  X2 = X; %Copy matrix X. 

%  

   for i = 1 : 4 : brakepoint_0 

        

       for j =  1 : 4 : brakepoint_0  %first half 

        X2 (1:N1, j) = 0;   %whole row = 0 

        X2 (i, 1:M1) = 0;   %whole column = 0 

        X2 (1:N1, i) = 0;   %whole row = 0 

        X2 (j, 1:M1) = 0;   %whole column = 0 

       end 

        

       for j =  brakepoint_1+1 : 4 : N1  %seccond half 

        X2 (1:N1, j) = 0; 

        X2 (i, 1:M1) = 0;  

        X2 (1:N1, i) = 0; 

        X2 (j, 1:M1) = 0;  

       end 

         

  

  end  

  

  for i = 4 : 4 : brakepoint_0+4 

        

       for j =  4 : 4 : brakepoint_0+4 

        X2 (1:N1, j) = 0; 

        X2 (i, 1:M1) = 0;  

        X2 (1:N1, i) = 0; 

        X2 (j, 1:M1) = 0;  

       end 

        

       for j =  brakepoint_1-2 : 4 : N1-2 %brakepoint_1+1 : 4 : N1 

        X2 (1:N1, j) = 0; 

        X2 (i, 1:M1) = 0;  

        X2 (1:N1, i) = 0; 

        X2 (j, 1:M1) = 0;  

       end 

         

  

  end  

   

   

  Y2 = X2'; 

  

%% plots fresnel 

  

  

s = Rim_Diam *1.3 ;  %Scale factor 

  

  

figure (2); 

  

surf (X, Y, Z2); 

  

  

hold on 

  

  



 

 

 

plot3 ([0 0], [0 0], [0 (s/900)], 'LineWidth',3, 'Color','black') %plot a 

normal curve at center mirror 

  

  

  

  

plot (Y, X)  %plot the ground grid 

plot (X, Y) 

  

stem3 (Y, X, Z2)  %plot stems 

  

title (['Fresnel mirror assembly [m]; based on the shape of ', shape, ' 

mirror; dist from tower: ', num2str(dist), ' m']) 

 xlabel('X') 

 ylabel('Y') 

 zlabel('Z2') 

  

hold off 

% ------------- 

  

  

figure (3); %3d-plot in scale 

  

surf (X, Y, Z2); 

  

axis equal 

  

hold on 

  

  

plot3 ([0 0], [0 0], [0 (s/900)], 'LineWidth',3, 'Color','black') %plot a 

normal curve at center mirror 

  

  

  

  

plot (Y, X)  %plot the ground grid 

plot (X, Y) 

  

stem3 (Y, X, Z2)  %plot stems 

  

title (['Fresnel mirror assembly [m]; based on the shape of ', shape, ' 

mirror; dist from tower: ', num2str(dist), ' m; equal scale of the axes']) 

 xlabel('X') 

 ylabel('Y') 

 zlabel('Z2') 

  

  

hold off 

  

  

  

  

% ------------- 

%  

 figure (4) % 2D-PLOT 

 plot (Y(:,1), Z2(:,2),  'x -') %plot outer profile 

hold on 



 

 

 

  

 plot (Y(:,1), Z2(:,(brakepoint_0+2)),  'o -', 'color' , 'red') 

  

  

%  

 %axis ([-s s 0 s/500]) 

 title (['Horizonthal profile [m]; dist from tower: ', num2str(dist), ' 

m']) 

 xlabel('X') 

 ylabel('Z2') 

  

 hold off 

  



 

 

 

Appendix H: Matlab code 
Geometry 4 facet heliostat 

%SIMPLE MIRROR MODULE ASSEMBLY ANGLES FOR HELIOSTAT (Solar Power Tower) 

% Gives assembly points for a 4 facet heliostat without gaps 

  

%By Nils Björkman, IISc/KTH, Supervisor: Professor A. Ghosal; Prof. Kjell 

%Andersson 2013-07-24 

%The program uses the PARABOLOID canting method. 

  

clear all 

clc 

  

h_tower = 120;  %tower hight [m] 

h_heliostat = 3.5 ; % hight of heliostat (from ground to center support) 

[m] 

  

mirror_size = 2.5 ; %size of one cant at a square-shaped mirror, [m] 

  

  

dist = 300; % [m] ('heliostat distance from central tower [m]: '); % 

%length on the ground  - or used the input below 

% dist = input ('heliostat distance from central tower [m]: '); %length on 

the ground 

  

h = h_tower - h_heliostat;  

  

focallength = (dist.^2 + h.^2)^0.5; %pythagoras 

  

  

  

  

  

%% mirror distribution 

  

  

  

X = zeros; 

Y = zeros; 

points = [0, mirror_size/2]; 

  

  

  

points = [-fliplr(points), points];  %makes symmetrical array of delta X_Y 

  

  

[X, Y] = meshgrid(points, points);  %makes 2 quadratic matrixes (mesh) 

  

  

Z = X.^2 / (4*focallength) + Y.^2 / (4*focallength);  % parabolic mirror 

equ. will be a matrix. Z is hight of an parabola with spec. focallength and 

spec. width 

  

  

  

  



 

 

 

  

  

hold on 

  

figure (1) 

plot (Y, X) 

plot (X, Y) 

surf (X, Y, Z); 

stem3 (Y, X, Z) 

  

  

  

title ([' Mirror assembly [m]; dist from tower: ', num2str(dist), ' m']) 

 xlabel('X') 

 ylabel('Y') 

 zlabel('Z') 

  

hold off 

 

  

  

  

  

 

  



 

 

 

Appendix I: Tube investigator 

% Hollow beam thickness calculator 

% Calculates the bending moment resitance as function of inner diameter and 

outer diameter,  

% while cross section area is constant. 

%Numerical study 

% By Nils Björkman, KTH 2013-07-10 

  

%Axial forces only gilty for walls bigger than D/t > 750 

  

  

clear all 

clc 

  

%Input material data 

rho = 7880; %[kg/m2]  density of material, e.g. steel 

sigma = 167*10^6; % [MPa] Yield strength of high quality steel 

my = 0.3; %Poison’s ratio 

E = 210e9; % [Pa] Young's modulus of elsticity 

  

%length of pipe, free length 

L = 2; % [m] 

  

n =1; % start loop 

while n > 0  %infinity loop - restarts program after output 

% Beam profile 

  

  

m = input ('EXIT CTRL+C;      Mass of beam [kg/m] = '); 

  

  

  

V = m/rho;  %[m3] Volume of one meter beam 

A = V; % [m2] cross section area of a solid cylinder with weight m 

  

D_solid_circular_cylinder = (4*A/pi).^0.5; % [m] solid cylinder diameter 

  

disp ('Outer diameter of solid circular cylinder [mm]:  ' ) 

disp (D_solid_circular_cylinder * 1000); %display in mm 

  

Wb_solid_circular_cylinder = pi*D_solid_circular_cylinder.^3/32  %Bending 

resistance of solid cylinder [m3] 

  

  

%% Calculator 

  

  

i = 0; 

D = zeros; % [m] outer diameter of pipe, inital value 

d = zeros; %[m] inner diameter of pipe, inital value 

W_b = zeros; 

W_v = zeros; 

t = zeros; 

  

n = input ('Max diameter of pipe in analysis [m] : '); 

  

for i = 1:n*1000 



 

 

 

     

    %% 1. circular pipe 

    d(i) = i/1000;  %the hole in the pipe increses with 1 mm for each loop, 

the outer diameter increses too, so that the cross-section area is 

constant. 

    D(i) = (4*A/pi + d(i).^2).^0.5; %outer diameter of the pipe based on 

constant area A 

     

    W_b(i) = (pi/32)*(D(i).^4-d(i).^4)/D(i);  %Bending resitance of hollow 

cylinder [m3] 

    W_v(i) = (pi/(16*D(i)))*(D(i).^4-d(i).^4);  %Torque resitance of hollow 

cylinder [m3] 

    t(i) = (D(i)-d(i))/2; 

     

  

       % yield strength of material 

        sigma_shell_yield(i) = sigma;  %Constant given by material 

properies 

  

         

     

       %Buckling of pipe's walls 

        if (D(i)/2)/t(i) <= 1500 % In this range, the pipe's walls will 

buckle        

        fi = 1/16*((D(i)/2)/t(i)).^0.5 ;           %Only gilty for r/t < 

1500, see NASA report 1968 page 5  

        ypsilon(i) = 1-0.901*(1-2.718282^-fi);  %Experimental values, see 

NASA report 1968 

        sigma_shell(i) = ypsilon(i) * E / (3*(1-my.^2)).^0.5 * 

(t(i)/(D(i)/2)); 

        %sigma_shell(i) = 0.6* ypsilon(i) * E *(t(i)/(D(i)/2)); 

         

  

        else 

        sigma_shell(i) = 0;  %Theory is missing for thinner shells 

  

        end    

         

       %Standard single buckling of columns based on length of column 

       n2 = 2*L/D(i); 

       sigma_single_buckle(i) = E/n2.^2; 

        

        

%        % Select the smallest of the three allowed stresses 

  

list_of_sigma_values (1) = sigma_shell_yield(i); 

list_of_sigma_values (2) = sigma_shell(i); 

list_of_sigma_values (3) = sigma_single_buckle(i); 

  

sigma_min(i) = min(list_of_sigma_values);  %Find the minimum allowed stress 

          

end 

  

  

  

%Calculate maximum, i.e. the largest allowed diameter 

     

    D_max = n;  %[m] outer diameter max allowed pipe diameter 



 

 

 

    d_max = (-4*A/pi + D_max.^2).^0.5; %inner diameter of the pipe based on 

constant area A 

     

    W_b_max = (pi/32)*(D_max.^4-d_max.^4)/D_max;  %Bending resitance of 

hollow cylinder [m3] 

    W_v_max = (pi/(16*D_max))*(D_max.^4-d_max.^4);  %Torque resitance of 

hollow cylinder [m3] 

     

    t_max = (D_max - d_max)/2 ; 

    e_max = D_max/2; % cant distance [m] 

    I_max = W_b_max * e_max;  % moment of interia [m4] 

     

disp (' Max bending moment circular pipe [m3] : ') 

disp ( W_b_max) %type result, maximum bending moment for the given weight 

and given cross section 

disp ('   Moment of inertia [m4] : ') 

disp (I_max) %type result 

disp (' @ outer diameter [m] : ') 

disp (D_max) %type results 

disp ('   inner diameter [m] : ') 

disp (d_max) %type results 

disp ('   pipe wall thickness [mm] : ') 

disp (t_max*1000) %type results, in [mm] 

  

  

disp ('  -------------------- ') 

  

figure (1) 

subplot(2,1,1), plot (W_b, D, W_b, d) 

  

hold on 

  

title (['Maximum bending moment resistance for a circular beam, m = 

',num2str(m),' kg/m']) 

ylabel ('Tube diameter [m]') 

xlabel  ('Bending resistance, Wb [m3]') 

legend('Outer diameter', 'Inner diameter') 

hold off 

  

subplot(2,1,2), plot (W_b, t) 

ylabel ('Tube wall thickness [m]') 

xlabel  ('Bending resistance, Wb [m3]') 

  

hold off 

  

figure (2) 

subplot(3,1,1), plot (W_v, D, W_v, d) 

%plot (W_b, d) 

  

hold on 

  

title (['Maximum torsion resistance for a circular beam, m = ',num2str(m),' 

kg/m']) 

ylabel ('Tube diameter [m]') 

xlabel  ('Torsion resistance, Wv [m3]') 

legend('Outer diameter', 'Inner diameter') 

  

hold off 

  



 

 

 

subplot(3,1,2), plot (W_v, t) 

ylabel ('Tube wall thickness [m]') 

xlabel  ('Torsion resistance, Wv [m3]') 

  

% ----------- Buckling strength calculation ---------------- 

  

%Area_circel_sector = (1/360)* pi*(D.^2/4 - d.^2/4); 

%Area_testpiece = t.^2; % [m2] Sqaure test stripe of the pipe's wall 

  

Maximum_force_vertical = sigma_min*A; %Force at which the test-stripe 

compresses plastical vertically; F=p*A 

Maximum_force_vertical_yield  = sigma_shell_yield*A; 

Maximum_force_vertical_shell = sigma_shell*A; 

Maximum_force_vertical_buckle = sigma_single_buckle*A; 

  

subplot(3,1,3), plot (W_v , Maximum_force_vertical) 

title (['Allowed compression force  (sigma_a_l_l_o_w_e_d = 

',num2str(sigma/1e6),' MPa)']) 

ylabel  ('Allowed compression force, F [N]') 

xlabel ('Torsion resistance, Wv [m3]') 

  

figure (3) 

  

semilogy (t, Maximum_force_vertical_yield,t, Maximum_force_vertical_shell,t 

,Maximum_force_vertical_buckle) 

legend( 'F_a_x_i_a_l (Yielding)', 'F_a_x_i_a_l (Local buckling)', 

'F_a_x_i_a_l (Simple buckling)') 

  

title (['Allowed axial force; (sigma_a_l_l_o_w_e_d = ',num2str(sigma/1e6),' 

MPa); Pipe length ',num2str(L),' m']) 

ylabel  ('Allowed axial force, F [N]') 

xlabel ('Tube wall thickness [m]') 

  

  

figure(4) 

plot (t, Maximum_force_vertical) 

title (['Allowed axial force; (sigma_a_l_l_o_w_e_d = ',num2str(sigma/1e6),' 

MPa)']) 

ylabel  ('Allowed axial force, F [N]') 

xlabel ('Tube wall thickness [m]') 

  

%% 2. Square pipe 

for i = 1:n*1000 %Max diameter 10 m 

     

    

    d(i) = i/1000;  %the hole in the pipe increses with 1 mm for each loop, 

the outer diameter increses too, so that the cross-section area is 

constant. 

    D(i) = (A+d(i).^2).^0.5; %outer diameter of the pipe based on constant 

area A 

     

    W_b(i) = (D(i).^4-d(i).^4)/(6*D(i));  %Bending resistance of hollow 

sqaure pipe [m3]  

           

          

end 

  

disp (' Maximum bending moment resistance [m3] : ') 



 

 

 

MAXBENDINGMOMENT_SQUARE = max(W_b) %type result, maximum bending moment for 

the given weight and given cross section 

  

figure (5) 

plot (W_b, D, W_b, d) 

%plot (W_b, d) 

  

hold on 

  

title (['Maximum bending moment resistance for a sqaure hollow beam, m = 

',num2str(m),' kg/m']) 

ylabel ('Tube side [m]') 

xlabel  ('Bending resistance, Wb [m3]') 

  

legend('Outer chord length', 'Hole chord length') 

hold off 

  

end 

  

  

  

  

 



 

 

 

Appendix J: Euler beam calculator 

% Beam deflection calculator - Euler beam theory 

%Numerical study 

% Supported at one end resp. supported at both ends. Distributed load. 

%find the length of beam given a specific load and a specific deflection 

%requirment 

  

clear all 

clc 

  

n =1;  

  

while n > 0  %infinity loop - restarts program after output 

% Beam profile 

% I = 1.71e-6; % IPE100  moment of interia [m4] 

I = input ('EXIT CTRL+C;      I [cm4] = '); 

I = I*10^-8; % cm4 to m4 

  

%Material data 

E = 210e9; % Young's modulus [Pa], e.g. steel 210e9 

% g = 6; %[kg/m] 

g = input ('                   g   [kg/m] = '); 

  

%Load per meter beam. The load is distributed over the beam in Z' direction 

Fz_prim = 250; % Wind load [N/m] 

Fzg_prim = 10.1*9.81; % Ev. mirror facet gravity load or gravity of other 

support structure [N/m] 

  

%Deflection requirement (= limit) 

def_req = 8e-3;  %[m] 

  

  

  

%% Calculator 

  

L_II = 0; %reset variables 

L_V = 0; 

i = 0; 

  

  

for i = 1:100000 %Max length 100 m 

     

    Q = (Fz_prim + Fzg_prim + g) * i/1000 ; %Add forces, i: step up L with 

1 mm per loop 

    L_II =  i/1000 ; % step up L with 1 mm per loop 

     

    def_1 = (Q*L_II.^3)/(8*E*I);  %A standard euler beam II calculation 

                                  % Supported at one end 

     

     

     if def_1 >= def_req      

         break %brake the loop, save the result 

          

     end 

          



 

 

 

          

end 

  

L_II %type result 

  

i = 0; 

  

  

for i = 1:100000 %Max length 100 m 

     

    Q = (Fz_prim + Fzg_prim + g) * i/1000 ; %Add forces, i: step up L with 

1 mm per loop 

    L_V =  i/1000 ; % step up L with 1 mm per loop 

     

    def_2 = (5*Q*L_V.^3)/(384*E*I);  %A standard euler beam V calculation 

     

     

       

     

     if def_2 >= def_req      

         break %breake the loop, save the result 

          

     end 

          

          

end 

  

L_V %type result 

  

  

end 

  

  

 

 

  



 

 

 

Appendix K: Speed calculations 

1. Acceleration moment with moment arm = 1/4 chord 
length  
      

    25m2 49m2 

Chord length h m   5 7 

Area of reflective surface A m^2   25 49 

      

mass array m kg   6,80E+02 1,11E+03 

hinge displacement r_hinge m  0 0 

      

      

Elevation, y-axis      

Time to move path angle t s   900 900 

Path angle fi rad   3,14 3,14 

      

      

Start velocity fi'_0 rad/s  0 0 

Min. requ. Adjustment speed fi'_1 rad/s 
 = fi / t 
= 3,49E-03 3,49E-03 

Maximum speed fi'_max rad/s   4,19E-03 4,19E-03 

Time to reach max speed delta t s  5 5 

Acceleration 
fi_max'
' 

rad/s^
2  8,38E-04 8,38E-04 

      

Hinge to centre of gravity r_z m  1,25 1,75 

z-axis to sub-point of gravity, see fig. r_z m  n/a n/a 

Tangent velocity v_max m/s   5,24E-03 7,33E-03 

 v_o m/s  0 0 

Linear acceleration @ center of gravity a m/s^2  1,05E-03 1,47E-03 

      

      

Acceleration force needed F_acc N   0,71 1,63 

Acceleration moment needed at hinge Mhy Nm   0,89 2,86 

      

      

Azimuth, z-axis      

Time to move path angle t s   900 900 

Path angle fi rad   6,28 6,28 

      

Start velocity fi'_0 rad/s  0 0 

Min. requ. Adjustment speed fi'_1 rad/s  6,98E-03 6,98E-03 

Maximum speed fi'_max rad/s   8,38E-03 8,38E-03 



 

 

 

Time to reach max speed delta t s  5 5 

Acceleration 
fi_max'
' 

rad/s^
2  0,001675516 0,001675516 

      

Hinge to centre of gravity r_z m  n/a n/a 

z-axis to sub-point of gravity, see fig. r_z m  1,8 1,8 

Tangent velocity v_max m/s   1,51E-02 1,51E-02 

 v_o m/s  0 0 

Linear acceleration @ center of gravity a m/s^2  0,003015929 0,003015929 

      

      

Acceleration force needed F_acc N   2,05 3,36 

Acceleration moment needed at z-axis M_hz Nm   3,69 6,05 
 

 

 

2. Acceleration moment, considers hinge moment arm  

      

At α = 90 deg (start position)    25m2 49m2 

hinge displacement r_hinge m   0,31 0,434 

      

Moment at hinge due to gravitation Mhy Nm  = g*m*r_hinge = 2070 4748 

 M_hz Nm  0 0 

 M_hx Nm  0 0 

      

      

Start speed v_o m/s  0 0 

Max speed v_1 m/s  = r_hinge * fi'_max = 1,30E-03 1,82E-03 

      

Time to reach max speed t s  5 5 

Acceleration a m/s^2  = v_1 * t = 2,60E-04 3,64E-04 

      

Acceleration force needed F_acc N   1,77E-01 4,05E-01 

Acceleration moment needed at z-axis Mhy_acc Nm   0,055 0,176 
 

  



 

 

 

Appendix L: Mechanical system calculations 

      = Input values 

Tension in one wire     = Read result 

      

    25m2 49m2 

Number of full turns around the wheels n   [-] 1,5 1,5 

Diameter of wheel 1 (big wheel) D1   [m] 0,7 0,85 

Diameter of wheel 2 (drive wheel) D2   [m] 0,2 0,2 

Diameter of wheel 3 (support wheel) D3   [m] 0,3 0,45 

Wire diameter D_wire   [m] 1,00E-02 1,00E-02 

uncertainty factor n_s   [-] 2 2 

Yield strength of steel wire R_eL   [Pa] 3,00E+08 3,00E+08 

Modulus of elasticity, steel E   [Pa] 2,10E+11 2,10E+11 

Mass of mirror array m   [kg] 440 957 

Radius of planet gear contact circle R_planet_path   [m] 0,77 0,84 

Torque-tube diameter D_torquetube   [m] 0,3 0,35 

            

length between wheel 2 and 3 L2  [m] 0,2 0,2 

length between wheel1 and 2 L  [m] 0,7 0,85 

Length of wire L_w  [m] 7,50 9,06 

Cross section area of wire A_wire  = D_wire^2 * pi /4 = [m2] 7,85E-05 7,85E-05 

      

Radius pole R1  = D1/2 = [m] 0,35 0,425 

Radius drive wheel R2  = D2/2 = [m] 0,1 0,1 

      

Max allowed force in wire F_allow  = R_eL * A_wire / n_s = [N] 11781 11781 

Extension of wire length delta 
 = F_allow * L_w / (E * 
A_wire) = [m] 5,36E-03 6,47E-03 

      

      

Expected forces, Z-axis (Azimuth)    

      
Operational moment due to wind force 19 m/s 
gust wind Mz_19   [Nm] 2900 8500 

Moment due to friction in bearings M_ff 

 
=m*g*my_s*slewing_ri
ng_diam =  [Nm] 216 469 

Moment due to acceleration Mz_acc   [Nm] 4 8 

SUM Moments Mz_tot_19  [Nm] 3120 8977 

      
Max moment due to wind force survival 35 
m/s Mz_35   [Nm] 9750 29000 

Moment due to friction in bearings M_ff 

 = 
m*g*my_s*slewing_rin
g_diam =  [Nm] 216 469 



 

 

 

Moment due to acceleration Mz_acc   [Nm] 4 8 

SUM Moments Mz_tot_35  [Nm] 9970 29477 

      

Expected forces, Hy-axis (Elevation)    

      
Operational moment due to wind force 19 m/s 
gust wind Mhy_19   [Nm] 4200 13000 

Moment due to friction in bearings M_ff 

 = 
m*g*my_s*R_pedestal
*2 =  [Nm] 130 329 

Moment due to acceleration Mz_acc   [Nm] 4 8 

SUM Moments Mhy_tot_19  [Nm] 4334 13337 

      
Max moment due to wind force survival 35 
m/s Mz_35   [Nm] 14000 41000 

Moment due to friction in bearings M_ff 

 = 
m*g*my_s*R_pedestal
*2 =  [Nm] 130 329 

Moment due to acceleration Mz_acc   [Nm] 4 8 

SUM Moments Mhy_tot_35  [Nm] 14134 41337 

      

      

      

Number of parallel wires n_w   [-] 4 10 

Total force in all wires together F_tot_wire  [N] 28486 69359 

Force in one wire F_wire  = F_tot_wire/n_w = [N] 7121 6936 

Extension of wire length delta   [m] 3,24E-03 3,15E-03 

            

Force margin, to allowed force limit F_margin   [N] 4660 4845 

Safety margin (to F_allowed)       1,65 1,70 

      

      

      

Azimuth gear system losses    

Efficiency belt-gear etha_belt   [-] 0,9 0,9 

Efficiency spur gear1 etha_gear1   [-] 0,95 0,95 

Efficiency spur gear2 etha_gear2   [-] 0,95 0,95 

Efficiency spur gear3 etha_gear3   [-] 0,95 0,95 

Efficiency of azimuth gear system etha_gear_tot 

 = etha_belt * 
etha_gear1* 
etha_gear2* 
etha_gear3 = [-] 0,77 0,77 

      

Motor power needed       

velocity, azimuth fi'   [Rad/s] 8,38E-03 8,38E-03 

Motor power needed, azimuth P  = M * fi' [W] 108 320 



 

 

 

*etha_gear_tot^-1= 

velocity, elevation fi'   [Rad/s] 4,19E-03 4,19E-03 

Motor power needed, elevation P   = M * fi' = [W] 42 124 

      

      

Size of wheels     

Gear ratio belt gear u   [-] 7,7 8,4 

Moment needed at wire drive wheel M_2   [Nm] 1295 3509 

Speed needed at wire drive wheel fi'_2   [Rad/s] 6,45E-02 7,04E-02 

Speed needed at wire drive wheel fi'_2   [rpm] 0,616 0,672 

      

      

Belt system data     

      

Friction coefficient belt-drum my   [-] 0,300 0,300 

Belt angle β_belt  = arcsin ((R1-R2)/L) = [Rad] 0,365 0,392 

      

Belt contact angle, Pole wheel α_con_1 
 = pi+2*β_belt + 
2*pi*(n-0,5) = [Rad] 10,16 10,16 

Belt contact angle, Drive wheel α_con_2 
 = pi-2*β_belt + 
2*pi*(n-0,5) = [Rad] 8,69 8,69 

      

      

Pre-tension in one belt  F_pre_tension   [N] 600 600 

Max force transmitted by one wire F_wire   [N] 7121 6936 

Max total force in one wire 
F_wire_tension_l
oad 

 = F_wire + 
F_pre_tension = [N] 7721 7536 

      

      
Max allowed counter force in belt, before 
sliding F_slide_limit 

 = F1 * 
e^(my*α_con_1) = [N] 8146 8146 

      

Margin to force where belt starts sliding   
 = F_slide_limit - F_wire 
=   1024,2 1209,8 

Uncertainty factor, force where belt start 
sliding       1,14 1,17 

      

Total pretension in gearbox (from spring) F_spring 
 = F_pre_tension * n_w 
= [N] 2400 6000 

      

      

      

Height of drive-wheels    

Wire height D_wire  [m] 1,00E-02 1,00E-02 

Free space between wires h_space   [m] 5,00E-03 5,00E-03 

Height of drive wheel h_drive_wheel 
 = (D_wire + 
h_space)*(n+0,5)*n_w [m] 0,12 0,3 



 

 

 

 

  

= 

      

      

      

Gear-ratio    

Needed speed on wire-drive wheel fi'_1  [rpm] 0,616 0,672 

Speed on motor Alibaba 360 W DC-motor fi'_motor   [rpm] 30 60 

Needed gear ratio u_needed     48,7 89,3 

      

            

Gear combination own gearbox u_1     4 4 

  u_2     4 4 

  u_3     3 5 

  u_solution  = u_1 * u_2  * u_3 =   48 80 

      

Number of gear teethes z_1_1     7 7 

Number of gear teethes z_1_2     29 29 

Gear ratio u_1   4,14 4,14 

Prescribed diameter big wheel D_g1   [mm] 200 200 

Described diameter small wheel D_g2  = D_g1 / u_1 = [mm] 48,3 48,3 

      

      

      

Number of gear teethes z_2_1     7 7 

Number of gear teethes z_2_1     29 29 

Gear ratio u_2   4,14 4,14 

Prescribed diameter big wheel D_g2   [mm] 165 165 

Described diameter small wheel D_g2  = D_g2 / u_2 = [mm] 39,8 39,8 

      

      

      

Number of gear teethes z_2_1     7 7 

Number of gear teethes z_2_1     20 33 

Gear ratio u_2   2,86 4,71 

Prescribed diameter big wheel D_g2   [mm] 165 165 

Described diameter small wheel D_g2  = D_g2 / u_2 = [mm] 57,8 35,0 

      

      

Actual, described gear ratio u_solution     49,0 80,9 

      

Moment at motor axle M_motor  = M_2 * u_solution = [Nm] 26,4 43,4 



 

 

 

Brake force    

      

Radius of pedestal R1  [m] 0,35 0,425 

Max applied brake force F_brake  = F_tot_wire = [N] 28486 69359 

      

Friction coefficient brake-pad my_brake     0,3 0,3 

      

Brake moment of brake pad M_brake_pad  = my_brake*F_brake*R1 = [Nm] 2991 8843 

      

Brake moment of wires (motor brake) M_brake_wire  = n_w * R1 * F_slide_limit =  [Nm] 11404 34619 

Total brake moment (Brake + belt) M_brake_tot  = M_brake_pad + M_brake_wire = [Nm] 14395 43462 

      
Required brake moment due to wind 
load Mz_35   [Nm] 9750 29000 

Wear in sliding bearing     

    25m2 49m2 

Moment due to wind force 19 m/s 
gust wind Mhy_19   [Nm] 4200 13000 

      

Mass of mirror array + torque-tube m  [kg] 579 1200 

      

      

Contact radius of sliding bearing R_bearing   [m] 0,150 0,175 

Contact surface angle fi_contact   [Rad] 3,14 3,14 

Width of each bearing L_bearing   [m] 0,180 0,180 

Surface area one bearing A_bearing 

 
=R_bearring*2*pi*{fi_contact/
(2*pi)}*L_bearing = [m2] 0,085 0,099 

      

Number of bearings N_bearing   [-] 2 2 

      

Total sliding area A_slide  = A_bearing * N_bearing = [m2] 0,170 0,198 

      
Surface pressure, normal 
operation p_bearing  = F/ A = mg/A = [Pa] 6,69E+04 1,19E+05 

      
Achard's wear coefficient, Metal-
metal, semi-dry k1   

[mm^2/N
] 1,00E-09 1,00E-09 

Achard's wear coefficient, Metal-
metal, semi-dry k  = k1*10^-6 = [m2/N] 1E-15 1E-15 

      
Numbers of tours per day (180 
deg, one way) N_turns   2 2 

Number of tours per year (180 N_turns_ye  = N_turns * 365 =  730 730 



 

 

 

 

 

 

 

  

deg, one way) ar 

Sliding path length one tour s_1  = R_bearing*2*pi/2 = [m] 0,5 0,5 

Sliding path length per year s  = N_turns_year* s_1 = [m] 344 401 

      

Wear deep (Archard's theory) f  = k*p_bearing*s = [m] 2,30E-08 4,77E-08 



 

 

 

Appendix M: Pedestal calculations 

 

   25m2 49m2 

Weight of pole tube m kg/m 30,9 59,3 

Density of material rho kg/m3 7880 7880 

Gravity load from mirror array Fz_mg N 4047 7990 

          

Wind induced moment, Z-axis (azimuth) Mz Nm 7500 29000 

     

Wind induced moment, Y-axis My_wind Nm 84000 224000 

Moment due to gravity and offset My_mg Nm 2023 3995 

Total My Nm 86023 227995 

     

Allowed stress in steel     1,67E+08 1,67E+08 

Desierd values     

Bending resistance W_b m3 5,15E-04 1,37E-03 

     

Actual values     

Wall thickness of pole t m 1,60E-03 2,83E-03 

     

     

Outside diameter of pole D m 0,8 0,85 

Inside diameter of pole d m 7,97E-01 8,44E-01 

Cross section area of pipe A_cross_section m2 4,01E-03 7,53E-03 

     

Torsion resistance, pipe W_v m3 1,60E-03 3,18E-03 

Bendning resistance, pipe W_b m3 7,99E-04 1,59E-03 

     

     

Torsion stress tau_torsion Pa 4,69E+06 9,12E+06 

     

Parallel stresses:     

Bending stress omega_bending Pa 1,08E+08 1,43E+08 

Compressive stress omega_compressive Pa 1,01E+06 1,06E+06 

Total parallel stresses omega_total_parallel Pa 1,09E+08 1,44E+08 

     

Von Mises compound stresses omega_mises Pa 1,09E+08 1,45E+08 

     

Margin bendning resistance     2,84E-04 2,25E-04 
 

  



 

 

 

Appendix N: Torque-tube calculations 

    25m2 49m2 

Weight of pole tube m   kg/m 30,9 30,9 

Density of material rho   kg/m3 7880 7880 
Gravity load from 
mirror array Fz_mg   N 4047 7990 
Allowed stress in 
steel       

1,67E
+08 1,67E+08 

Wind induced 
moment, Z-axis 
(azimuth) Mz   Nm 7500 29000 

Length torqutube L   m 4,4 6,6 

      
Wind induced 
moment, Y-axis Mhy_wind   Nm 25200 41000 
Moment due to 
gravity and offset Mhy_mg   Nm 2023 3995 

Total moment around 
Y Mhy  Nm 27223 44995 

      

Side wind force Fx   N 10000 19600 

Lifting wind force Fz   N 17500 34300 

Resultant force F_wind  N 16763 32808 

      

Bending moment 
M_bendnin
g   Nm 18439 54133 

      

Desired values      

Bending resistance W_b   m3 
1,10E-

04 3,24E-04 

Torsion resistance W_v   m3 
2,72E-

04 4,49E-04 

      

      

Actual values      

Wall thickness of pole t   m 
1,00E-

03 2,80E-03 
Outside diameter of 
pole D   m 0,553 0,35 
Inside diameter of 
pole d  m 

5,510
0E-01 3,4440E-01 

Cross section area of 
pipe 

A_cross_se
ction  m2 

1,73E-
03 3,05E-03 

      
Torsion resistance, 
pipe W_v   m3 

4,78E-
04 5,26E-04 

Bending resistance, 
pipe W_b   m3 

2,39E-
04 9,74E-04 



 

 

 

      

      

Torsion stress tau_torsion   Pa 
5,70E

+07 8,55E+07 

      

Parallel stresses:      

Bending stress 
omega_ben
ding   Pa 

7,72E
+07 5,56E+07 

Compressive stress 
omega_co
mpressive   Pa 

0,00E
+00 0,00E+00 

Total parallel stresses 
omega_tot
al_parallel   Pa 

7,72E
+07 5,56E+07 

      
Von Mises compound 
stresses 

omega_mis
es   Pa 

1,25E
+08 1,58E+08 

      
Margin bending 
resistance     Pa 

1,28E-
04 6,50E-04 

Margin torsion 
resistance     Pa 

2,06E-
04 7,69E-05 

      

      

      

      

Moment of area, combined structure (CS)    

     49 m2 

      

Profile 1         
KKR 
25x25;t3 

Side length of square 
profile r_profile   [m]   2,50E-02 

Wall thickness t_profile   [m]   3,00E-03 

      
Inside side length of 
square pipe 

r_profile_in
ner  [m]  1,90E-02 

Moment of area of 
profile 1, one pice I_1  [m4]  2,1692E-08 
Quantity of profiles 1 
parallel qty_1       14 
Moment of area of 
profile 1, all profiles I_1_tot  = I_1 * qty_1 = [m4]  3,03688E-07 

      

      
Cross section area 
profile1, one profile A_1  [m2]  2,64E-04 
Cross section area 
profile1, all profiles A_1_tot  = A_1 * qty_1 = [m2]  3,70E-03 

      



 

 

 

Wall thickness of pole t   [m]   2,80E-03 
Outside diameter of 
pole D   [m]   0,35 
Inside diameter of 
pole d  [m]  3,4440E-01 
Cross section area of 
pipe 

A_cross_se
ction  [m2]  3,05E-03 

      
Torque-tube moment 
of area 

I_torque_t
ube  = pi/64 * (D^4-d^4)= [m4]  4,6024E-05 

      

      
Distance between 
pipe center and 
center of KKR-profiles T  = D / 2 + 0.3 = [m]   0,475 

      

   [m]   

A1_tot*T AT  = A1_tot*T =   1,76E-03 
Total area of CS cross 
section A_tot_sys  = A1_tot + A_cross_section = [m2]  6,75E-03 
Height of CM of CS 
above pipe center CM  = AT/ A_tot_sys  = [m]   0,260 

      

Total moment of area 
of CS I_tot_CS 

 = I_torque_tube + 
A_cross_section * CM^2+ 
I_1_tot + A_1_tot*(T-CM)^2 = [m4]   4,24E-04 

      
Total moment of area 
of KKR part only I_tot_KKR 

 = I_1_tot + A_1_tot*(T-CM)^2 
= [m4]   1,71E-04 

      
Max cant distance of 
CS e_max  = D/2 + CM = [m]  0,435 

      
Bending resistance of 
CS Wb_tot  = I_tot_CS/ e_max = [m3]   9,74E-04 
Bending resistance of 
KKR part only 

Wb_tot_KK
R  = I_tot_KKR / e_max = [m3]   3,93E-04 

 

 
 


