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ABSTRACT

‘Aspects of the collection of energy from solar radiation
on a MW scale by arrays of paraboloidal collectors are
considered in this thesis. Particular emphasis is placed  on
minimising the cost of the enefgy collected. The type of
solér :plant analysed has three main ’compOnents: the
parabbloidalvcollectbrs,,each'of which concentrate enerdy onto
a small absorber at their' respective foci; the . central
station, to which the collectéd enefgyfisbtransferred; and a
linking system which connects the cbllectOrs 'ﬁo Athe éentral
station and»transfers energy and control information. 1In the
thesis three subsystems within the.vabove ééheme for energy
collection.afe_analysed;‘ These subsystems are specific to the
collectors themselves and to the linking system.

;In the first analysis the spacing of the array of’
collectors is déterﬁined as a compromiée-bef&een the cost of
the linking system and the‘amount of energy cOllecﬁed, bothfof 
Which"increase 'with incréasing = separation. This proceduré
involves the caiculation of the linking system costs and the
calculatioh of the variatiqn in the amount of enéfgy collected
due to one collector éhading anothér; An easily implemented
scheme for determining the.cost effective'spaéing_is provided.
" Analysis shows that a rectangular layout'with ;elati§ely larée
Eastéwést »,diStances.. and- links running over only short
North-South distances w1ll produce'low costs.

The subject of the second analy51s is the calculation of
the efflclency of a cav1ty energy absorber at the. focus of

eacﬁ‘pafaboloid. The maximum possible efficiency is evaluated
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as a function of three variables: the cavity absorber design,
the tolerance in the contour accuracy ofﬂthe reflecting
paraboloid and the accuracy»of theialignment oﬁ’the.paraboloid
with the sﬁn. Within this‘ calculation it is necessary to
evaiuate the fraction of energy directed’towade'the absorber
which actually enters the cavity aperturé; A graph is
presénted ‘so that this fraction can be'easily calculated as a
function of thé tolerahce‘kin the contour accuraCy of the
paraboloid, the misaiighment of the pafaboloid, and the cavity
apérture radius. | | |

The aim of the_third analysis is to 'ihveétiéaﬁe . the
’Variation - of colléctpr rcosts with the allowance for
" misalignment of the péraboléid and'the_Sun; or sun following
error. This analysis considers the relationships within tﬁe
- power plant which»depend upon the sun 'following- error. In
,analysing ‘these relationshipé we consider the choice of the
guidance ahd;contrbl scheme, the'type of alignment method'»to
be jused, the cOlleétor rigidity and information transfer ovér
the linking ,sySfem. The properties of a 'cpst'.effectiVe
guidance. - andv’control scheme' are deriVed;‘ Two specific
contributions of this‘dhaptef are an analysis of the  efféct’
that wind induced.defleCtioﬁs have on the design rigidity of
'the:coliectdr-and the;analysisyof' a ‘computationél -élignment
vmethod‘ which -hasv theA‘pbtential for lower‘ costs thaﬁ
conveﬁtional methods.

Finally a hardware allotment for the controller at each
collector is derived as a result‘of reliability>cbnsiderations 

and the design and programming for a tracking servo to be
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implemented ih the controller'is completed. The form of the
communication link between the collectors and the central
control is‘ examined and it is shown that a fibré-optic
communication network has the potential for lowest coéts,
principally dpe‘ to its iﬁmuﬁity to interference and induced

. damage from lightning.
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1.0 PREFACE

The research reported here is part of .a comprehensive
Study of 'the design ‘of a solar power plant to generate
electricify from solar. radiation on a MW scale. At the
initiation> of the _reéearch in eaply 1975, the solar»power
plant studied at the A.N.U. involved an array of thousands»of
paraboloidal 'dishes,<_eéch 'éoncentrating ,éunlight onto its
focus. In‘this»piant the energy atyeach focus is transferred
'to' a central generating fécility by circulating aﬁmonia which
absdrbs energy at each focus by dissocidting: this energy is
recovered at the central Statibn‘during resynthesis of the
ammpnia; The project has been called thé ANU solar ammonia:
éystem. | |
The writer claims originalitf in the work reported in
the following respecﬁs; | A
1. - The layout of the array of collectors 'and
separations within the array have been determined for
minimum energy cost as a}fﬁnctionjof collector ‘costs
and the qoéts of the links Betweeh the colleétérs and
the central station. Most of this aﬁalysis‘haé’ been
pﬁblished in (aj below. | |
2. : The variation.of the maximum possible»'effiCiency
of a cavity absorber is detailedvas a function Qf'the
misalignment of.the collector optical. axis and ‘the
1sun (or"sunn following_ error) . Previously orly
- reflector 'surface accuracy hadA been cénsidéred.

Diagrams are presented which allow cavity absorber

designers to include misalignment considerations



readily into their own calculations.
The reliability and maintenance costs of a

microprocessor controller at each collector are

detailed.

The consideration of the variation of collector costs

with the specifiCatiqn for sun following error includes three

significant original aspects (numbers 4,5,6 below):

4.

 The mathematical specification ~and performance

details of a computational alignment method which is

shown to involve lower costs than conventional manual
alignmeht methods. This study is the topic of paper

(b) below - the majority of the study has been

}pﬁblished in (c) below.

An analysis of the effect that wind induced
deflections have on the required rigidity of,the'
colleétor. This analysis shows that the selection of

guidance and control scheme bandwidth is important

‘and that a bandwidth Which accommodates the spectrum

of the wind induced deflections allows a less rigid

collector structure to be specified and thus allows

"v cost savings. ‘This ‘study is the subject of paper

(a).

The computer calculations nécessary to ‘direct a

collector to ‘any point in the sky are detailed with

- variations in accuracy andvcalculating.machine type.

The possibility of 8 bit microprocessor calculations

is ‘examined in detail.- The errors involved in



calculating the positions at intervals. and linearly
interpolating between times are calculated. These

last results have been published in (c).

1.1 Publications

(a) Edwafds, B.P., 'Shading and spacing in - paraboloidal
collector‘_ arrays', Solar Energy Vol 21, No 5, ppl35-439
(1978) . ' |

(b) Edwards, B.P., 'A computational alignment method for
~paraboloidal collectors' |
Accepted for presentation' at the 1979 International 'Solar

. Energy Society'(ISES) Meeting, Atianta, Georgia, May 1979.

(c¢) Edwards, B.P., 'Computer _based. sun following system',

Solar‘Energy Vol 21, No 6, ppl491-496 (1978).

(d)'Edwards, B.P., 'Collector‘deflections due to wind ‘gusts-
and cOntrbl scheme design',
'Accepted for presentation at the 1979 International Solar

Energy Society (ISES) Meeting, Atlanta, Geqrgia; May 1979.
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1.2 Dept Of Engineering Physics Publications

(e) Edwards, B.P., 'Heat exchangers', En-Con TR-10, May 1975,

19pp.

(f) Edwards, B.P;, 'A suntracking scheme: Operation of the

Carden/McMurtrie/Whyte system', En-Con TR-14, June 1977, 15pp.

(g) Edwards, B.P., 'Feedback devices_fbr suntracking systems',

En-Con TR-20, December 1978, 23pp.



2.0 INTRODUCTION

The collection of solar radiation offeré one possibiiity
for éasing man's -dependence on ffossil fuels. ‘A valuable
approach to this colléction is to use paraboloidal mirrors,
each of whichitracks the sun and cohdentrates direct radiation
onto its focus;_ Within this scheme there are ﬁany problemé‘to'
be considered and -bverqome‘ before energy is‘available-to a
user in a suitable form and at the ;owest possible cost.

Here we briefly review researéh into>solér pdwer 'plants“'
and describe one. éolar power plant desiQn, thekANU solar
ammonia system.'.The wqfk reported in this thesis is directly
. applicable to ﬁhis syétem;,‘The introduction concludes with a
descriptipﬁ of the objectiVes Qf the study and the study

contents.

2.1 Research Into Solar Energy Utilisation: Background.

Researdh into‘éolar ehergy utilisation.is,not‘ a recent
 phenoménon,.:with> an Austrian,.,d. Gunter, inventing a soiar'
boiler usingf mirrors_yin 1845.‘ Other ‘notables in early
-réseafCh are J. Eriéssoh in 1876 and Frank Shuman who opératedv
.a plant withVSth output in Cairo in 1913, | Russian research
in the 1950's and 1960's included designs of 1500kw plants
»simi;ar to the current power toWer‘cpncept. o

Apart from the Russian effort, inﬁereét was. 1in general
sporadic until £he  1974 fiscal year in the USA “when
comparitively large sums of money were invested in reéearéﬁ.,

In this year both the Aerospace Corporation and Colorado State



University (with 'Westinghouse) performed ~analyses of the
possibilities.' These aualyses recommended thatpthe project
closest to viability for electricity generation was ‘the
'Central receiver' concept(Vant ~-Hull, 1976). 1In this'concept,
'solar radiation is concentrated on a single absorber at the
top of a‘tall tower by many plane.mlrrors arranged around:the
base of the tower; The advantages of the central receivervare'
most apparent for the American Qrid system' where ‘large
;electrioity generating‘modules.of 100MwW size Whichv possess
'little storage' can.be accommodated; The two initial studies
also considered systems where concentratlon occurs at many
points _('dlstrlbuted systems' ) to be less attractive for the
above appllcatlon, pr1nc1pally due to the 1neff1c1en¢1es of
transferring the energy from the many foci “to a oentral
location for electrlclty generation. For this reason }lessv
' attention has been given to dlstrlbuted systems.

Collection of energy from foci dlstrlbuted over a 'large-
‘area (acres for each MW) ‘has been made more.attractive'by
recent'bresearch(Carden 1977) into thermochemical energy
transfer. In this approach transfer of energy is acoomplished
at'ambient:Atemperature by vthe medium of"the ‘beat of a
reversible reaction.‘ Without this development dlstrlbuted
systems tend to be limited in size and’ .scope,, lestr;buted
systems which use thermochemicals for energy transfer can
.compete with the central receiver concept, partiCularly if
advantage is; taken of the possibility of long'termkweeks)
storage of energy which can be provided by the storage of the

chemicals used. 'added feature of the dlstrlbuted system



with thermochemical transfer is that costs are not very
sensitive to scale, and small(10MW) plants can produce

electricity at moderate cost.

2.2 The ANU Solar Ammonia System.

This thesis forms part @f.é:study df one possible vsdlafl
based power gehgrating system; the ANU Sblér ammonia system
(Carden, 1977). The essential featurés‘ of this system"are
shown in figﬁre 2.1. Paraboloidal collectors concentrate the
direct beamvsolar radiatidn onto éA smail,Aabsorber' in which
' dissociation‘ of the ammonia takes place at near 700C. The
reéulting nifrogen/hydrogen mix heats thé incoming ammonia in
a counter fiow heat exchénger, Situated‘near the absorber. -
vThus both the ammonia and exiting gases ‘are transferred at
 near ambient’ temper#ture. . Atvthe single central generating
facility, the‘hitrogen/hydrogén mix ié recombined ﬁo form
.ammOhia, a process feleasing'heat, and the heat is used in a‘
conventional steam'genéfating faciiity for . power production.
viThus the lenergy, is transferfed.from a number of collection
-v sites in anvarray‘to a single generator by the ,transﬁort of
chemical énergy, the so-called thérmochemical energy transfef._
_Syétem-pressure is high‘around 300 atmospheres; ;,this keeps
pipeb sizes .and' éontainers small énd is'compatible with the

underground storage of the gases.
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2.3 Properties Of Collection Sites For Solar Energy.'

This stﬁdy is concerned with the collection of direct
(or beam) radiation <on. a moderate scale of the order of
.,megawatts. Such a scale corresponds to energy collection'from‘
an area. of the order_of‘tehs of hectares. ‘It is‘informatiVe
~to consider the intensity .of'fdirect‘ radiation which is
‘principallyb a functionlof the eleﬁation_ofkthevsun above the
horizon. This‘intensity;is given.as a functidn oflthe»time of‘
~day in figure 2.2, The’total energy available over the-year>
~in the‘absence of clouds is only a weak function of latitude,
and is typically 13GIm 2.v,This figure is of course reduced by .
clouds, and the actual energy.available in areaslof Australia‘
is given in figure 2.3. Clearly some areas are more'suited to
-radiation‘collection than others and it is reasonable to site
solarv power ' plants in areas with  good- insolation~
.Characteristics. The existing electricity'gridsican‘ be usedh j
ffdr energy distribution if requiredf As can be seenifrbm
figure 2 3, the areas are'likelj_to:be’arid, but in.’any. case
will certainly be rural S |

The other 1mportant enVironmental property of collectlon‘
sites 'is the wind. Wind can be respons1ble for damage to thep
‘structures which collect the energy (the collectors), »whether
by virtue of the sizes of forces produced by the winds, orfdue
;to abrasion caused by‘the:particles transported in the wihd,
Further, -the collectors 'cah'beldeflected from their desired
positiohsn'by awind‘ forces. Collectors will need’-to be

controlled ta minimise problems caused by winds.
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: Figure‘2.2 Intensity of diregtﬂradiation as a functioh of time
- of 'day, (Vant-Hull,|1976¢). Latitude 35N.

Figure 2.3 Expected hours of sunshine in Australia,

) (Climatological Atlas, 1976). The amount of direct

radiation received per square metre can be estimated by
multiplying the number of sunshine hours by 1kW.



RN

2.4 Systems Under Study.

While this study is directly applicable to the ANU solar
ammonia system, it is not specific to this system. In this
section we describe the broader class of systems to which the
study is applicable. |

The concentration of direct radiaticn allows energy ‘to
be collécﬁed at high temperatﬁres,.which makes-the‘task of
converting heat to forms of work relatively efficieﬁt. Here
we consider  developing highl.temperatufes .using collectors
ﬁhich have a paraboloidal shape.and'reflectf suniight ZOnto a
small energyb absofber,,' As such, . thesé‘collectors require
" motion in two dimensions to align the optical axis of ‘the‘
collector with the sun. 'Thus each collector involves £wo
 actuators and a mount to translate the motion of the actuators
inté motioﬁ of the optical axis. Due té the iarge cqilection
:areas required,  we consider a large number of colleétors. of

the .ordef of 1000's; each.will’reqﬁire some form of qoﬁtrol;v
| Control,elements may be located at the cehtral,statiohzand at
eadh collector. | | | |
' To manoeuvre £he collectors to face the sun,  poWe: is
requiréd ahd a netwbrk must existvbetween the,céntrai~station
and the colledtors. tdf prqvide thié power. This nethrk
consists of a number_of;links between the collectors and the
.céntrél S£a£ion, the links being capablé of also transferring
, theﬂ energyx from eachi_collector to the central station.
Eurther:‘the'links may also transfer infofmation'necessary for

guidance and control betwéen'the colleétors and the central

-staﬁion. Thus between each‘éollector there will be a  link



12
which can  transfer enerqgy, '.auxiliary‘ power and also
informetion. | | |

Within.these constraints therefafe an enormous number of
systems which can be pdstulated, since many possibilities
exist for the selection of each of the "three elements, vviz

links,‘collectors and central station.

2.5 Solar Power Plant Design.,

In general,  solar 'power plants are technologically
feasible; the ‘barrier”‘to implementation ie the eostvcf the
energy produced. Thus the aesigner must coﬁcentraﬁe on energy
costs, Thefe are, hewever,ha large number of studies to be
completed before the most costb effective system ceﬁ be .
derived. This task‘--is eemplicated by ‘the complex:
.interrelationships between all facete ef the solar plant. . In
figureivz;u'twe illustrate the factors and interrelationships
which have been stﬁdied in this thesis. It is not suggested
'that this 1list is exheustive.' The figure.hasAbeen compilede
withbthe premise that the collection of a fixed amount of.
energy-.is"desiied. Here we follow ﬁhrdugh a'few.of the
relatiohships,indicated to show the effects whieh need tov be
considefed in seleetihg ‘a.selar plant which prodﬁces enefgy
~ for miniﬁum cost. | | -

The>levei_of;insoiation determines hdw mehy’and thus the
coet’of the collectors required to produce a certain amount of

energy.

~n
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Wind forces deflect the collector aﬁay from facing the
sun duiing times of energy collection. This misalignmgnt'of’
the coliéctor>optical axis énd >the sun is. called a  sun
- following error. The frequency spectrum of these deflections,
coupled with the sun following error utolerance‘ and guidance
and control scheme choice‘determiné the design rigidity of thev‘
collector, and this is.relatéd to the coilector cost.
| Further, the characteristics of tHe Wind‘determine what
strategy is to be used to- reduce wind . damage, viz the
contingency strategy. This strategy in turn determines facets
ofAthe guidancé'and control scheme. N

}The contour tolerance; which is the .differencev.between
the shépe 'of. the collector refiecting surface and a truev
paraboloid, determiﬁes the efficiency of tﬁe absorber at the
focus and thué,sets the cost of the collectors b& determining
- how much energy is collected by each collector. o

The sun following error has beérihg on the design of the
guidance and COntrol schémef'bThe’tyée of guidancé and control
.scheme chosen will determine the amount of information flow
over the 1link and thus will’form‘part of the calcﬁlatidn'ofA
AtheAlink coSté;» “

The layout of the'COllecto?s and thé distancés 'between
them determine how much mutual shading will occur. This
mutual'shading reduces the energy collected thus increasing
'thev numﬂgr 'of collectors required, - with attendant cost
increases. Varying the spacing also inéreases the length',ofb

‘the links, and thus increases the link costs.
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Other relationships exist as shown in the diagram.

2.6 Study Objectives.

The initial‘objective of the‘study was the design of a
guidance ahd control ~scheme which would minimise costs. It
was found, 'heweVer, that certain pieces of information
essential to the study were not available. .Firstly, the
layeut of the cellector'arrey had been considered no further
_then to assume it would be square. This»problem is imporfent
because the.leyout and spacing,of the collectors deﬁermines
“both the typerand cost of the communication‘system~that'can_be
used in the guidance and control scheme. Secondly, a feel for
the allowaﬁle 'suﬁ following error Was neeeseary before-
analysis of the guidance and control scheme could proceed. An
analysis of the collection efficiency variations with sun
fbllowing erfor is conducted in chapter'u, Because ' of this
lack of’ precise -knowiedge of wﬁhe eallowable sﬁn,following“
lterrof; the initial oﬁjective was expanded to inéludefnot onlyv
a derivatien of ﬁhe cemponents of a cost effective gpidance
and - control scheme,vbut also thev variation ‘of guidance rand
‘control scheme cost with sun following error specification.
Thisvanalysis'iévperformed~in chapter 5. With the‘addition of
a study of hardware costs (cellector structure, actuators etc)
as a function:of allowable sun folloWing'error, chapters 4 ahd_
5 would 'previde ‘the value of a cost effective sﬁn following
error specification. ' This value will be required for"fiﬁel

design of the guidance and control scheme.
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2.7 Method And Contents.

.In the initial stages of a project it is customary to
analyse the totai plant as a éeries of smaller systems; where-
the boundaries of each smaller systeﬂ are .ehosen to include
all factors dependent on the particular variable. Variables
whieh are yet to be determined by other analyees are ‘included
as independent variables; " Analysis of each smaller.syStem
delineates cesr variations as a function of the variable in
questionj which allews .a' choice of the variable value to be
made to 'minimise energy costs. Twoe'steps- are generally
employed in this analysis. Firstly the variation in costs as
a function of the variable is calculatea and secondly; the
variation in energy collection'is found as a function Qf‘the -
variable. The combination of thewtwo 'piecee of information.,
yields,the'value of the variable which will produce energy. for
- the minimum cosr.- |

| In chapter 3 the variable in question is the distanee'.
between coliecters.v First the cellectien of energy as a
function of vthe> distance~ between collectors is studied,
- Energy ‘cellection'vis affected as-cqllectdr separationivariee'
due to the'bshadihg. of nearby collector apertures. ‘This
variation is  calculated -for an’varrayv'of _paraboloidal
collectors. . Seqondly the Variations of the‘costs ofvthe links\
between the eoilectors and the central station are,analysed as
a funetion=of cellecter separation. The cost effective~Avalue‘
of spacing is then determined from the combination of the
information presented. This cost effective value of the-

spacing ' is evaluated as a function of site latitude, the cost
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of_the links‘per metre and the costvof 'each collector. Two
layouts for the array of collectors are considered, and the
cost advantages of an array based on a‘brectangular grid are
shown. A simple method for determining the cost effective
spacing is piesented. | |

In chapters 4 and 5 the emphasis .is placed on ’threg'
~ other variables, namely the non-ideal orientﬁtion of the
pgraboloid with respect to the sun, or sun. f&llowing error, .
the contdur.‘toleranéé- of the'~reflectingt surface of the
paraboioid and the losses of_thé absorber at the'focus of the
paraboloid. | | | 4 - |

In chaptér b the energy colieéted‘ by"an‘ isolated
paraboloidal‘ collector with a;caVity absorber is evaluated as
a'functidn of the three variables. 1In this process theiradius
of the"cavity is chosen so that the energyICOlleCtion:is“a
maximum. In this evaluaﬁion it was necessary-to calculate the
‘fraction of radiation which enters a davity aperture as a
function of cavity aperture size, sun‘ followingv errd:s'_and B
paraboioid'COntour tolerance.  |

In chapter 5 the relatibnéhips depending on the sun
following_errér are analysed. These relationshipsitake in the"
éhoiée of the guidahceiand dontrol schemé, the choicé.;of the
alignment‘ _scheme,v.conSiderationv of the rigidity of ‘the
kcpllector and ;ink data ratés.' The émphésis here is on the
costs‘ inéurred as a'function of the sun following erfcr. - The
compbsitibn of the guidance and control scheme is considered:
in‘ detail'and the properties Qf a cost<effectivelguidancé and

control scheme are derived. Two significant contributions of
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‘thisb chapter are an analysisvof the effect that.wind'induced
defleétions have on the design rigidity of the collector and
an analysis }of a computationalAalignment.method which can be
used in the guidance and'control scheﬁea |
Finally in chapter 6 the type of communication link is

conSidered _and. the design .of - portions 6f the guidance and
control sjstem compi;ted. o ~v |

o The appendiées include two .papersv published. in Solar
Energy’by_the author dﬁring the'course-of the;study; Further;
thevautho; found a lack of statistics . on direct radiation;
éuch statistics’have a direcf_bearing 6h.guidance and’contro1
scheme design. A remedy was_effected by analeing .datal for
Griffith N.S;W.; the method and :esulfs'of which are given in
v'Abpendix B. ‘An examplequ the,opération of the compufatidnal
alignment‘method of chapter 5 on a collector mount is given'in
Appendix D. » |

4 .Two.aﬁpeﬁdices contain departmental teéhnical reports
Which> describe the author's WorkAon feedback devices for sun
' following>and the operation of a sun‘foilowing scheme proposed

by P.O.Carden(1978a).

2.8 Stﬁdy Conclusions.

The study concludes that cost effectivé guidahde and
control schemes will poésess elements of both;tracking'and
1pointing systems. When the sun is obscured, a pointing system
is necesSary to pdsitibn the sun in readiness‘for solgr'énergy,

colledtion.'.Oh the other hand, when the sun is . shining .cpst
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advantages are offered by a tfacking' system vusiﬁg a sun
alignment’sensor. This _adVantage is due .to two‘ factors;
firstly the control loop of the. t;acking sysﬁem includes
deflections'due t§'wind'gusts and secondly alignment ébsts‘ére
reduced due to the tracking capability. Further the study
cbncluded that collector',arrays 'shouid be laid out on a .
réctangular grid with small North~South distanceS and large"

East-West spacings.
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3.0 SHADING AND SPACING IN PARABOLOIDAL ARRAYS.
3.1 vIntroduction

Here we are concerned with the comprbmisé between the
decreasing costs »of. conheqting' collectors toa the central
'statidn, aa Separations decrease and the increase in »énergy
collection as  the separations increaée due to lower mutual
shadiné. ‘

- The nett cost »Qf, the  energy colléctedv 'from !
paraboloidal array depends on both the.collector cost and the
amount bf‘energy paséing through each collaptor’apefture. one
,Way to décrease:athe cost of‘solar energy is to decrease the
amount the aperture ia.shaded: if oné increases the amount of
energf collected 'by,_1%, then all else remaining_equai,vthe
energy collected will be 1% cheaper.'..Terfestrial collectors
suffer from 'shadingvby_the earth du;ing night,'by clopds aﬁd
‘aiso.by‘adjaceht'colleétorsg In this chapter only -shading of
'bcoliectors by adjacent .collectors is considered. | The
'variatiOnsAin'lbsses‘due to shading as a function of iapacing:
are‘ evaluafed,for arrays based on a square gridi~f6r isolated>

ﬁ-s rows of collectors, and for:a specificgarray vbaSed"on -a‘a
rectangular_érid.: It is noﬁ'réalistié to‘increase>the“spacingv

between aollectors. sufficiently to completely eliminate“
;shading caused4”byﬁ adjacent collectors;‘ as .Several costs.
increase.Withiincreaséd spacing,  These coéts :are'bdependent
upon the " links between-"the mirrors and the central

control/power plant which in turn depend'upon the system used

‘to control .the mirrors and the system used to collect the
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energy from the mirrors. The costs of the links pro&iding
energy transfer; communication and power to the collectors are
considered. it 'is assumed that a thermochemical energy
transfer system will 'be used and the problem of'appropriateA’
' pipe diameters for the energy transfer network is addressed
bfollowingb'Williams(1978f. The‘ link costs are combined in
conjunction with the shading calculétions'to,evaluate optimum
spacings. Afsimple'methodAfor deﬁermining optimum spaeings'is
described and graphs provided to facilitate the determination.

,Wiliiams hae noted.that some"change in technology . is
vneeded to reduce the. installationncostsnfor pipe networks.
The effect of such a chenge is censidered in thisA pape£ by'
varying parameter_ values in the.link cost’formulatien;»and
studying the effects ef such- variations on the eqllector
separation‘which-pfoduces minimum energy coéf.

Optimum spacings for uniformlytspaced square arrays are
evaluated. The .theory here indicates that a more  ¢os£
effective array ‘would be bésed on a rectangular bgfid. . This
rectangnlar1earray. weuld‘ have smali N-S spacing,,and‘a large
E-W spacing, with networkn-links running N-S over short'
bdistances, with attendant low coets, while shading'is low due
to large E-W 'distances. Initial‘ analyses‘ of rectangular
aﬁrays are  givén’ which snow the - potential savings of the
layout."Fnrther,,both uniform end non*unifdfm ‘spacing is
considered for an isolated row of N-S collectors and finally”a
simple procedure to determine cost effeetive’ spacing is:

described and graphs provided for ready'implementation;
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Tﬁe optimum spacingé evaluated‘aré Hlarge, the -optimuﬁ
ratio of aperture area  to land area occupied fot,a square'
array is 4-5., For a rectangu}ar array, this optimum ratio
being néar 10, Previous work on'distributed systems (Caputo
1975) made no attempt to determine thimum spacingsu and
assumed ratios of 2-3, . |

_‘In'general,in this chapter no hard costs are qubted,
hdwever, ~where festimates"ére- given;‘tthe aﬁe derived from
1973 or j974 documentsl aﬁd ,thus~'refer_‘to"1973-1974 Us

dollars.

3.2 . System Under Study

The sysﬁem‘ studied is fah ~array of éollecfors with
-vcirculér apertures, ‘eadh' cOllecior being mounted on a fixed‘<
‘pedestal. - The pedestals_are laid out in a recfangular grid.
Ihitially bnly squarebafrays are considered, ie.pedéstals.laid
out on a _squdre vgtid.‘; Latér,” rectangular" arrays | are
»conéidered. N | | |

| The energy transfer scheme‘uSed in this papef is " the
ammoniaxschemé of“Carden(1977);.where-enerqy is trahsferred aé
'chemical”énergy, ‘SYstem pressure is; 300 atm and‘-thev mass
'fractionﬂ'of diésociation occurring a£ the Acollectors' is‘
assumed‘to‘be_O.G. Aévin the‘study of Williéms(T978),. it :is.
assﬁmed that the thermal enérgy.carried by the chemicals used

for energy transfer cannot be recovered.
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‘An advantage of this thermochemical transfer scheme is
fast response to radiation input.v Alternative schemés such as
the transfer of sensible heat require a reasonable startup
period during which the entire network of pipes must be”heated
(Caputo 1975). For the sdlargammonia scheme, only the small
receiver‘ at éadh' collector focus and'Vthe_aséqciated'heat_
exchanger are héated during the’startup>§eriod and thus energy
is’ received at the central plaﬁt within'a short period of the
mirrors being illuminated. Hence early morning -radiation is
in fact useabie énergy, and does-not simply‘make uﬁ heat’leaks1
for fhis tréﬁsfer scheme. It 4is assumed that.,storage is
provided for £he'thermochemi¢a1 reéctants étJthe central plant
and'that the tétal plah# produéeS'a conétant powet output. - »‘

| Anothér part'bfv the coliector array - is the_'linking%.'
system fér the distriﬁution of - power to the actuatbrs on the
cdllectbrs and éommuhicatioﬁ links for Contr01r,in additioﬁ to
the pipes reqﬁiréd for ehérgy transfer. ' In tﬁé present.
formulation, the costs of the‘three ﬁ??es of 1inks. in the
agray( n&melY'.power; enérgy transfer and.communicatioh,'afe
| combihed into.a single formulation representing thé‘ qostA of

the network.

3.3 Cost Optimisation.

The basic requiremént fot_design is to minimise'the cost
of energy;" Here we analyse the costs and energy flows,
delineating the factors‘whiéh must be evaluated before optimum

spacings can be determined.



25

The costs associated with power production can be
divided into several categories; the cost of the collectors,
Cor the cost of the links between the collectdrs, Cy, the cost

of the central station generating and stofage équipment, c .,

. gs
and the cost of the pumping equipment required to circulate
the chemicals. This final cost is the product of the maximum

.

pumping power reqﬁirement;-w and the cost per unit power of

pm’
 the pumping equipment, I, | |

| _The output work(ﬁe) is calculated ‘as: the »difference
between the work equivalent tdbthe energy_collected, expressed'
as if thé collection was in factvcontiﬁudus, ﬁc, and the work

required to circulate the chemicals. The latter is expressed

as the product of the capacity factor of the pumping

equipment;‘ S and the>maximum_pumping power requirement(wpm).
Thus : | | |
W =W, -SW I (3.1)
€ ¢ - pm o
‘where the7$uBSCript= m' indicates a - maximum value. For a

btypicaL solar power piant S assumes a value of'around’0.2‘(see
later section 3.6;2),
The cost of the output electricity is given by the sum '

6f the costs divided by the electrical output:

[ C__+C #C +I W
gs g c "p pm

(3.2)
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In equation ‘3.2, storage and electricity generating

costs are functions of spacing. It is assumed in later

calculations that both of these costs are proportional to W, o

and_thusuthat:

C.4+C 4TI W ' |
e W gs.
e

where lgs is the appropriate constant of proportionality‘ for
generation and storage. Noner of.the later figures include
Iés.”

The energy. collected (reflected 1n W ) is reduced by the
shading and the losses due to shading need to be evaluated
This is performed in section 3.4, The costs which constitute
the numerator in eqtn (3.2) are evaluated in section 3.5. To
determine the optimumwspa01ng, varlables-ass001ated with - the
‘first term must be chosen to minimise costs. Such variables
are the diameters of the pipes in the energy transfer network
and the mlnimum cost of the energy transfer network is
‘evaluated‘in section 3.6.1. | ‘

Information on'iall‘»the: terms in nequation (3.2) is
collated' in section ﬁ3,6;, -optimum_spacing is determined by

minimising egtn (3.2).

- 3.4 Shading CalculatiOns

‘,A brief description of the method used to calculate the
shadinglis given and sections follow delineating the equations

‘used. Results indicating the average fraction of aperture



27

which is illuminated are presented graphically.

3.4.1 General

In this section we calcﬁlate‘ thé variétidn in'zenergyv
‘colleétion‘vas "a functionv of the separation between the
collectors. The array studied is as shown in figﬁre 3.1.

 The shading of one  mirror ‘deep_ inside.'the arréy“ is .
'representafiﬁe - of the shading of the whole.array and‘thus‘it
is necessary to calculate the amount of shading experiended,g
by a sihgle mirror only. This is accqmpliShed by detefmining
‘the boundarylbf the illuminated parf (or parts) of the mirror;
then the actual area illumipated' cah. be calculated; ‘see
figure 3.2. Thié procedure is carried out for many .points}
over a Se:ies of days forlfheﬂWhole year, and the aVefége
’shading calculated. TheumifrOr chosen‘as being representative
: of‘fhe field is called the shaded mifror. |

The  pseudo : 3fdimenéiohal : pldtting - program
HIDE (Williamson, 1972) has been modified to calculateAthé'seﬁl‘
: of points which defihé4the boundéry;' Details 6f. the vprogram,
are given 'in Appendix A. Tt is assumed that the,shadbw cast
»by‘each of thé;colleétors is identidal to the shadow dast» by
: the ,éperture, -i.e.  the effect of the pédeétal}andvsupportb
‘structure'is not included. |

A sqﬁare array with 49 doilectors ;was"used 'in. the
’ calculations,  with 'the shaded collector beihg‘the fufthést»l
from the sun in oﬁé éqrnér Vof 'ﬁhé array. This arréy‘ was
ksufficiently‘large to inélude all éollectors'whiéh might shade

‘the collector in the corner of theAarray.
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' Array reference |
dlreptlon North

‘Figure 3.1 Layout of the rectangular array, indicating the
- collector under consideration(or shaded collector),
black dot; the shading collectors, circles; and

the array reference direction. '



- Figure

3.2 Dlagram deplctlng the boundary (heavy llne)
surrrounding the illuminated area of a collector
shaded by two other collectors.

29
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The energy available for‘coliection each yeat per square
metre, dgp, is a functioh of the shading “each collector
experiences because of the proximity of other”collectqrs. The
proximity is defined in terms of a ground cover ratio g, which
is the ratio of the total aperture area to the areé of ground
occupied by the ‘collectors. In terms' of the aperture
diameter (D) and"the,}distance' between collectors (L), the

ground cover ratio is giveh by:
2 2. S
gL =T /4 . (3.4)

We use the,illuminatioﬁ function f(g)j to relate- the
energy available for collection by a collector ,which is
isolated énd thus free from shading, (qA(O)),.and »the fenergy
available for ¢ollection-by a collector in an array»ofvspacing

g. Thus:
£(g)= gy (9) /g (0) L (3.5)

inj a:ffactionfbf'ﬁhe energy_which passeS'.through._the
colléctor‘ is':available‘for conversion from thermal energy to
.electficaL enefgy at the  dentral. plant; ~ A "dollecticny
efficiency ,factor,_hc, quahtifies this fraCtion, and inclqdes
the_éfficiendy‘of‘thé thermochemical energy transfer process,
‘the qualit?!‘of the‘aiignment and 6pti¢s;_the reflectivity of
the Coliectbr and so ‘on. This factor does not incldde pumping
losses and is ’ndt a function of. spacing. The energy

"available to the central station(qc) is therefore:
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4, = Ng f(g) qA(O) , | | (3.6)

The annual work (Wc) prdducedAby the power station is
calculated from d. using‘an-estimate for the efficiency'of the

power'station in converting heat to work of say 0.25. Thus:
- = 0,25 N 1D - (3.
Wc -0 qc‘ ST /4 | | (3.7)

‘where N¢ is the number of collectors.

Values for £(g) have; been caléulatéd for vthe ;squére
array of figure 3;1;- The orientation of the arfay, as
'detefmined>by> fhe difectioﬂ of the érray 'referencé with-
respect toijorth; has been varied to determine the best
oriehtétion.l ‘The results are shown in figuré 3;3> ' and
'diécusséd be1ow in 3.4.5. | | A

No energy bcollection is considered below 5 -degrees~
elevation fof_twovréaSOns. Firstly, direct radiation at these
eleﬁations is variable ahd not condﬁcivé to éimple.modellingri‘
.aﬁd‘secondly,’the:dirgctvradiation from the sun deéreasés'hear
’the‘horizon and this reducesA the relative importance of

shading;

3.4.2 Diréct’Radiation Model  |

- ’Vant—Huii(1976)'has givénb'severai tabulations of the
.intensiﬁy of direCtbradiatidn in clear skies as a_function of.
solar eleVatibn. Hé-cdnsideré the médel of Allen(1964) to be
appropriateblfor Calculaﬁiohs for solar powerbétafions as the -

other models he chSidered applied - only to the relatively
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contaminated atmospheres of urban environments and he notes

that Allen's model is an adequate représentation of clear
skies at Inyokern., For a pressure of 760mm Hg the model is

fitted by:

' . 0.427 -2
‘T = 1353.(1.0-0.232m ) Wm - (3.8)

This. assumes a water content of 14.4mm in the atmosphere. The
relative air mésé(mr) is given as a function of solar

elevation(9)>by:

2.'.2' . : .5
m, é.(r sin 6 + 2r + 1)0 3 - rsin® - (3.9)

'wherefr=755;6 for the chosen pressure of 760mm Hg. ~ The

equations used for :the 'elevatidn and azimuth (¢) of the suh

Zare(BrinkworthL 1972) =
sin(0) = sin(9) sin(B}'+'cos(6) cos (2mt) cds(B):(3.16)

: tan(¢) =.sin(2ﬁt)/(§os(Znt)‘sin(B) —'tan(G) cos(B));(3:11)_t

where B is the latitude, t is the time in days, and § , the

SOIar'declination?is'approximated by:
_ sin(6) = 0.40 sin(2nT)  (3.12)

where T is the time in years.
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With these equations, the value of qA(O), with no energy
collected when the elevation is less than 5 degrees, is equal
to 13.6GJ m™ 2 and 13.3GJ w2 for latitudes 255 and 35S

respectively.

3. 4 3 Cloud Effects

Slnce f(g) is a ratlc of two quantJtles, both of which
will be affected 51m11arly by vcloud cover, f(qg) will be
independent of cloud effedts-prouided that the variation in’
cloud cover has no regular dally or seasonal variation. It is
noted that Paltrldge and Proctor(1976) assume that there is no f
regular dally variation, albelt tacitly, but thlS is not
‘easily justlfled with avallable data.A There are patterns ~of
seasonal varlatlon,l which themselves vary across. Australla.
For example, Brisbane.and places further North experience,more o
clouds (in ’terms_of the ratieuof'the duration of sunsninefto_.
‘the hours of dayliéht):in the summer.months than inbjwinter,
while in Adelaide the.reverse is the‘case.: Data_from specificv
sites wlll need to be examinedvbefore‘more exact calculations -
can be made. Thus-the_follOWing:calculaticns strictiy‘apply
only to areas where cloud cover is 'relativelykaOnstant"

throughout the year.

3.4.4 Procedure
At each instant the power available to each collector is
the product of the instantaneous solar flux (from equation

3.8), and the fraction of the collector aperture illuminated
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-at the time, the latter being calculated by the program of
appendix A, which fequires knowledge of the angle of the sun
as given by equations 3.10 and ‘3,11. . This ‘product is
- calculated at 40 points over each Aday and for twénty days
equally spaced over half the year. fhe integration gives

qA(g), and thus f(g) from ‘equation 3.5.

3.4.5 Results -

" The effect of changing ﬁﬁe orientatioﬂ of fhe a;réy on
the illumination function f£(g) is shown on polar scales in
figure 3;3 for.latitudes 255 and 35S. Shéding is minimised
with the  directioﬁ of fhe' array reference:ﬂs degreeé from
‘North. The reduced dependenéé'ofrf(g)’bnIarray.orientation at
both larger 'ground:vcoﬁer :atics and higher latitudeé can'be'k
explained in tefms of the deéreasiﬁg importance of éunrisé and
sunset in-determining shading;'relafive'to>$ther.timés‘of the
day. |

- Furthef information for this-”direction of :the array.
‘reference is giVeh invfiguré 3.4, Note #hat at small ground
.cOvef ratiO$; the effect of shading »is pronounced‘.neap  the
:,équincx,"which occurs when the - sun fises in line Witﬁ the
collector 'A' in'figure 3.1. The fuhdtion f(g) 1is plotted"in
figuré 3.5 fof £he same‘array'reference direction as in figure

3’.”.’



Figure

35

N

Direction of .
“array reference

- f(g)

3.3 The function f(g)'as'a function of the orientation

of the direction of the array pattern. The function
is the ratio of the annual energy entering an
‘aperture for ground cover ratio g to the annual
energy entering an aperture when g is zero. The"
orientation is expressed by the angle between North
and the direction of the array reference indicated
"in figure 3.1. : ' '
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Figure 3.4 Energy entering a square metre of aperture per day
' as a function of the time of year. The array
reference direction is U5 degrees West of North.
The curves are for four different ground cover
ratios. Latitude 358. . ‘
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4‘Figure 3. 5 The functlon f(g) vs g for an array referencef-

direction 45 degrees West of North.
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3.5 Costs Relevant To Determining Optimum Spacing.

Here we analyse :those.'costs which 'cohstitute the
numetator of 4the first term in eqtn‘3.3, namely q:, C ,‘end
kahhn). These costs are the cost of the collectors and the
final two terms are the cost of energy transfer, including the‘
cost of communication and auxiliary power links. h These are
discussed. in the ensﬁing sectiens. All costs are combined

into a single.formulation in the‘final,subsection.A

43.5.1 Cost Of Energy Transfer .
'Costing.the hardware involved in pipe layouts presentsl
few pioblems"'to the designer. Difficulties‘arise,»however,'
.when anvattempt " is 'made'_to “include  in the costing hsuch
intangibles ‘as handling, -haﬁlind?and storage of cemponents.
Seﬁeral methbds for costing pipe systems are outlined in the
Chemlcal Englneer s Handbook (Perry, 1973), ene of which is.to~
'cost by welght of materlal know1ng that the 1nstalled cost of-
_plplng‘-generally is 1n the reglon 850~ 1100$/ton. Another
‘method is to cost on the basis of each jOlnt as’ jOlnlng is
’usually the s1gn1flcant cost. These methods- are approprlate
where knowleage of'constructien costs for a particular plant.
type _sﬁch as an’ammonia.plant'can bevbuilt uphfrom records.of
plant .construction costs. o B
In a‘no&el system "such as the thermoChemical' energy
v_transfer. system preposed for a solar energy plaht,’it is felt
~that a better-costihg ﬁethed would explicitly account for each

" cost component, such as joints, pipe material and‘footings,‘
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since costs for each vary. A notional pipe layout must be
developed before such a coSting‘exercise cdn be'implemented:
this is now discussed. |

Since the most significant coét factor is joints, the
first requireﬁent of the pipeflaydut is that the number of_
'joints.is’minimised; A minimum number of joints 'is two per
collector,A_ with a connection at each coilector ~and a
connection at a trunk pipe for eachchllector. |
| Such.an'abproach will be féasible-;only‘ if pipes barei
availéble; in  sufficient lengthé to avoid 'intefmediate
connections. _The‘a§ailability ofvpipes,:ih long leﬁgths is
‘depéndept on :both’manufacturing prdcessésdand tfanspo;tatioh
costs, the latter being the limiting factér.‘ There ‘are
' several techniques for making pipes ofg‘any ~length, but
.whicﬁever'is-chosen, thé critical factor .isz fhe requifement
'that ,ﬁhe pipes can be coiled fot»eaSy transport. This sets a
;liﬁit on the diameter of-piﬁe whichbcan'be ﬁSed, estimated by
Cdrden(1977) to be'éround Emm Ob for 300 atmospherevoperation.
’Pipes of this size aré»suitable for the thérmochémicél.'energy
vtrénsfer,sysfém and this enables us to considér‘joint costé as
a-fixed amount'fqr'each collector, involving two joints and -
 thus independent of collector separdtiqn. |
| In sumﬁafy, thé cost of the energy transfer network is.
‘ divided 'into three parts: a ﬁaﬁeriél cost term, p;opdrtional
to the 1ength‘dnd‘square of the ‘diameterbvof the pipe; ab
'cohneéinn term; and - an dinétallation term, which includeé
‘footings, or,bin the case of bﬁrieddgpipes; excavation and

- filling cosﬁs which are proportional to pipe léngth.' We
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discuss these costs brieflj below. .

It is probable that pipes would be installed
underground, a process which would involve digging a small
trench with perhaps sand or‘aggreéate fill. The‘ majority of
pipes would be small, around. 1cm diameter or lessfand it is
, for this reason that,installation costs are assumed to"be'
independent of pipe diameter,' Pipe material cost is estimated
at 37Q$/ton} as suggested . hy Caputo (1975). - The ‘connection
term involves two welding 'connections,’ the cost of welded
connections being ‘given by Perry(1973). For 1lcm pipes, this
amounts to some 2 manhours per jOlnt, or some $20 32. This
cost is not dependent on plpe lengths-‘ pipe diameter is - set
by the collector diameter._ Thus it is reasonable to include
these costs as an adjustment to collector cost.

‘With the above provision for connection costs, the cost
of 1nstalled pipe per unit length(cy) is assumed to be given
by an expre851on w1th a constant cost per unit length term and
a cost. term‘proportional,to material'volume, which for pipes
will be proportional,to.iength.and:.the,'square of diameter.

'Thus:
c, =B, +Bya | L. (3.13)

wherei?1:and B, are‘cost perameters .and‘ d is"thei internal'
diameter of the pipe. This expression-is the~cost‘per‘unit
length of one pipe; two such pipes -arel.required in' the
thermochemical scheme considered here.” Thus the'cost'per unit

length of network link installetion,is approximated by 2B1 if
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B2d is small. In all later qalculations the convention is

observed, that B¢ is half the cost per unit length of link.
The cost of the links is the cost of each link summed over all
link segments in the array. The subscript k is used to denote

the kth segment, and thus:

Cp=2 Ly leg)y - | (3w

wheré the caléulation Oftcnytakes into accoﬁnt the need for
two pipes of possibly different sizes. |

The cost of energy tranéférvis‘givénlby thé sﬁm " of the
.cost of 'thev.pipeillinks(C2)  and the coét of the equipment
‘required to circuiate thé.energybtfansfer fluid; The cost of -
pumping. equipment is the product of the makimum pumpihg power;
'requiremeht&%ha; and thé capital cosf‘of pumpiné equipmentvper_
installed Watthp).x:'Thus the cost of the energy‘trénSfer

 network may be expressed:’
(3.15)
- where the second term is the cost of £he pﬁmpinglequipmentg

The pumping power can'be calculated'Ausing the Fanning

(or Datdy)~eqﬁation (Perry, 1973) where:

(3.16)

where e is the total mass flow rate thtough the circulating
‘pump, np is. the efficiency of the pumping équipment, P the

density of the pumped fiuid, and AP the pressure drop = across
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the pump, which is given by:
.2 .5 2 .
Ap = (8L fL, y / dp) /(m7p) - (3._1-7),

where £ is the frictidn factor, ﬁk the mass flow rate thrOugh‘
the kthrpipe segment and the summation extends along a single

trunk line.

3.5,2 ‘Cost Of The Communication And Powef Links.
Dubberley(1977),has provided tables of costs for the
‘installation'.of telephéne .1ine'équiément; Just éébfor pipe
‘costs, it is assuméd that‘termination and cqnnection cbéfs are
inéludedA by adjusting the collector cOst;> ‘These tabieé
indicate that'the'cost of‘a commﬁnication'network is related
‘only'Ato the‘total length of line and is difecfly proportional
.togfhe totai,length. Costs are.estimated’to.berof the 6rder
of  1$/m. _ Cosﬁing. of powér. cables (Perry, 1973)i_ is'alsé
carried out,per unit ‘léngth, ‘with direct' burial' costs '6f
around $30/metre. ' The' cost »th’both these = items daﬁ be
included in (3.13) simply‘by adjustihg By . .Asiforbpipés;H»the
cOstf,bf instailatiqn is of ﬁhe order of 10 times £he_material

cost.

3.5.3 'Cost Of Energy Collectors.
The‘colleétors are costed at c, dollars per square metre

of aperture. The collector cost c, is assumed to include the

connection costs for pipes and cables as mentioned in the
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previous two sections.

3.5.4 Cost Of Land.

At a land cost of $250 per»acre,'lénd costs amount to
only 1% of total costs. The cost of land at suitable'sites is
unlikeiy tc.approach such a figure, and thus land costsh‘have

been ignored in this study.

3.5.5 Total Costs.
| The tctal ‘costs which _are' relevant“tc determining
optimum spacing is therefore:’
C=C +NocnD /b I (3.18)
et cc ‘ ' S

wherenNc'is the number: of collectcrs, D the collector dianeter_
and - Cq the cost ‘ofizccllectors per equare»metre suitably
adjusted to include connectionkccsts; In determining Cet in |
egtn 3.15"-B1-‘cmusth‘be- adjusted to include power and
ccmmﬁnication.costs; Although B1 now includes‘ the costv-cf’
direct burial of pipes andvpower and communicaticn‘cables, one
can expect cost savings" from installlng all items together in
the same trench. It would be ‘expected further that Bq would
not be  the Simple sum of ~cost estimates of, the three
;indepedent items. | |

o xEstimating appropriate values’ for ccb and B1 is ’not
straightforwerd. In 'the present celculaticn, cc.is assumed.to

be'50$/m2, a value which  would ensure economic viability..
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Several factors are in favour of a low value.for By. o Firstly,
installation condltlons would be close to ideal, over a rural,
or arid surface. Secondly, hazards fa01ng the laid plpeS and
cables, such as traffic and digging, can be ~well controlled.
This factor . w1ll favour low burial = depths. = Finally,
relatlvely large lengths are 1nvolved w1th half a: kilometre
of piping required for each thermal MW (see later section
3. 6. 3). It seems pos51ble, therefore, that the costs' of
dlrectly buried cable, estlmated by Perry(1973), at 30$/m, may
be reduced. In later calculations we assume that a reasonable
’value -for_B1‘is 10$/m, which is equivalent to a cost per.nnit

length of link of 20%/m.

3.6 Tradeoff Between Shading And Spacing.

Iﬁsthis section theifirst'term'in eqgtn 3.3 is minimised,
‘The procedure “to minimise ,the cost of‘energy transfer is
'outlined:in the first section and later‘~sections pfesent"
optimumi'spacing as la function of/the parametefs‘in the cost
»formulation. <Finally a simple methodnfcr determining ,cpfimum

spacing is described and graphs for implementation provided;i

3.6.1 Minimising Pipe Costs.
If spacing is uniform, shading'losses are the same _fcr'
all collectors and thus each collector gathers equal energy

and the mass flow rates through'all.collectdrs are the same.
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The determination of the distribution of pipe sizes in
the network is‘identical to the method used by Williams. Flow
rates are determined by fixing the degree of dissociation
desired at the collectors :end a.pipe:eize distribution is
evaluated Siject to the requirement, of minimum cost and
pressure drop equallty aCross pafallel paths;. Wiliiams
evaluated the distribution of pipe sizes w1th respect to the
smallest plpe in the network and the cost of the network was
'fevaluated in terms of both the smallest dlameter and a set ofr
dlmenSLOnless». perameters : (l(Nc),v(Nc),APr(Nc)) (Wllllems,
1978),,whicn are respectively the pipe length per coilector,
the-aﬁerage pipe inner ﬁoinme and the totalbpressure dtop, all
normalised1to‘the appropriate‘variebles.for~thevsmallest‘ pibe.n
segment. The parametervl(Ne) is Very-nearly unity.

In the:present studyf the cost ’determining equation
(3.2) differs slightly from the COst'equation used by Williams
(1978) and 1n thls case for mlnlmum costs the smaliest 'pipeb

dlameter in the network should be chosen as:

. H APr (N ) m~ (I_+SI ) v _
= = (3.9

ﬂV(Nc) Bz

o .

where H is a constant determined by the 'thermochemical cycle

used and m is the mass flow rate through a 51ngle collector."

-

The expression for ‘the minimum cost of the .network‘,ls

identical to that given by Williams, with the replacement of
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his cost per installed watt by (Ip+S Ie). The expression for

the minimum cost of energy transfer is:

Cop = 2B4L 1(N,) + ¥(v(N)B,) > "rapr () 2/ (éin)§/7 (3.20)

, o | 3 |
(£(1 +81 )y M ,
= £'/p0") 2/7 p e _
~ where vy = 1.71 [ 1+(_f73“‘) ] [ 53n'pzAH3 ] . (3.21)
P

where the apostrophe 1dent1f1es return- plpe properties, SafAis
the fractlonal degree 'of dlssoc1atlon,zﬁi/bdls the enthalpy.'
‘ change between reactant and product per unit mass and qug -
is the maximum power absorbed by each collector.

the that‘adjusting-Bi to include the‘ other"componentsf
of ’the 'total network wlll-not affect the calculatioh-of thle

minimum cost.

3.6.2 Procedure. -

The tbtal c95t5~ for -energy transfer were ccalculated
using bequations"3.20 and 3.21 using valﬁes for:the friction
,factor‘f (inbthe range .02—.03), ahd'pump‘efficiency (;75), as
calculated"'by 'Williamé.", The,‘cost: of electricity was
calcﬁlated using equation 3.1,t with f(g) .aéb calculated ~in
section 3.2, The values. of,'the variables 1(N,) V(Nc).

_APr(Nc) are given for.aquuarevarray‘by'Williams;
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In determining the pump capacity facto; S, wé assumeb
| that the flow rate is ’controlled so that the amount of
dissociation in the focal receiver is held éonstant. Thus the
compositions YOf- the feed and‘réturn pipesvare held,consﬁaht.
.Thé CApacity factor of the pump cah be calculated from 'the'
time variation of the pdwer input to the cavity. We .assume
| the mass flow rate is proportional to the préduct(qih) of the
inStantaneous illumination function and the AinStantanequs
solar flux. . Using the Fanning' (or ,Daréy) ;equation for
pressure drops(Pérry 1973), the pumping'power‘is proéortional

- to the cube of the mass flow rate and thus:

. ' .. 3 ' '
- 23 - ' - , .
= t 3.22
| S J Uadt Mgy (3.22)
where (q; )y is the maximum value of dgin. 'S Wwas

evaluated ét. the same time as f(g).was calculated,'and is
likewise a fUnction'of spacing. ‘Typiéally;_SAis in the range
.15-.2., |

~ The electrical output, We, is calculated from eqtn 3.1,

' using eqtns 3.6 and 3.7, and:

. . v . ] . ' . : ) 2 ° “ ' ) E L] ' : “ .
We.= 0.25 ng f(g)qu(O) Nc mD /u/3,15307: Sme .

.(3‘23)

3.6.3 Situation Studied.
In.the_folldwing figures for square arrays, an afray -of
collectors with a total aperture area of approxiﬁately 150,000

square metres is coﬁpled to a storage facility and the



u8
combination supplies the central boiler with 42 N MW,
continuously. The value of n, was taken as .65 and thus the
available thermal energy from this array is 27MWt; The
collector diameter used was 5m and so approximately' 7500

collectors are involved.

3.6.4 Results.

| The cost’of;the'electricél output ( excluding thei costs
of the central stétioﬁ,équipmeht>qgs) is given as a fpnction
of groqnd‘cbver ratio in figure 3.6. The worth of evaluating
optimqm‘spacing(go)‘is demonstrated in the figure, :Thé efﬁect’
of B1 and collgctor cost on both cost of the work ahd 96} is‘
,shown in figureé 3.7 and 3,8, i | '

Inéréasiﬁg collector cost is couﬁled with lower ground.

cover ratios and g:eéfer utilisation of the collector
area(highef f(g){;,.Ingreasihé B1 leads to'higher_gfound cover -
_ratios as the qosts  of»coﬁnécting mirrors iﬁcreaseé;'“Note'
 tha£ a redﬁétion in B, from 3?$/m to 10$/m involves a
correspondihg-.ihcréase of 5% i;‘ f(g) andvthis inCreaée_in‘
energy collected lowers energ§ costs. |

| The'resultihg‘spacings.aré surprisingly‘large.  Previoﬁs
reports, eg Capuﬁb,v(1975), consider ground cover ratiqs of
0.46 td»be»acceptable. _Thé ¢onsideratioh ofvshading'gis‘vthus
" shown nét to : be an ‘idlé propositioh, as costs vary
. considerably withfspaping. Exéludiﬁg ;gs the resultihgr cost
of‘.0.96$/Wé}.cén be coﬁpared with a total cost of 2$/W, which

would ensure viability.
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6 Variation of costs w1th spa01ng. Capltal costs
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array. 3 optimum spac*ng(go) is arrow& 3
c. = 50%m ; B, = 10$m '; B_ = 663x10 ';
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3.7 Variation of costs with B,. Capital costs of both

the network links aqﬁ tBF cgllectors_&er thermal
watt. B, = .663x10 $m ~; Co = 50$m = 5m.
The cost “per: electrlcal watt “is greater by a- factor
of four.
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Figure 3.8 Variation of costs with c Capital costs due to
both the n%twork costs anducol ector costs.
B,=10$m ; B .663%x10 $m " >; D = 5m.-

- The cost per electrlcal watt is greater by a factor>
of four. , . r
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A note on C .

It is possible that the storage costs will not be related to

o 28 assumed. HoWever, if this is-the case, then a lineat'
approximationitc storage costs as a-function of ﬁe‘cah be mede
and the constant term ih this linear approximation included by
adjﬁstihg cc. The portion of the approximetion proportional

to We can be included'ih Igs as above.

3.6.5 A simpler Minimisation Process.

Increasing the Spacing between collectors reduces’
shading, increases the ‘amount of energy collected and thus the
flow rate; In general the pipe capaclty varles with the
collector separation. Azsimpler calculation can be made if we‘.
~assune that_the.ccst of the links per_metre_is not a functioh
of spacing’.and that the» variation of mass flow rate with.
,spa01ng can be 1gnored If this is'the case, then ignoringv
Igs the mlnlmlsatlon of (3.3) is equlvalent to minimising:

- T L
I= 0.25( T2} L+ .Ncc‘:cﬂD /4 )/ (W /3.15E07) (3.24)

'where‘QB{ is an effective cost per'hnit length Qf. the' linke
between coilectcrs' and the constant is'the number of seconds
in a year, convertingva  yearly energy W, into an aﬁerage
power . | |

| .In~thie case,.cne can determine the spaCing Afor' each’

'network link individually, if the cost ofvthe_link perfmetre

is known, For this formulation,'spacing is a function of the
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dimensioﬁless Variable B{/(Dcé). Suitable wvalues for qo>as a
function of B{/(Dcd) are given in figure 3.9. We note that as
B{ approximatés the cost per unit length of pipe and two pipes
are reqdifed in a thermochemical energyAutransfer ‘link,

equation (3.21) gives the costs for a network whose link cost

is 2B;$/m.

Applicability'of equation 3.24,

Differehtiating'equation (3.3) ieads'tO;the condition that

..M . : :
(M) >> == (W) 3.29)
Tk

which must be true for (3.24) to be applicable, “In this .

‘,,equation, (Wc)k is the contribution to W, due toﬁthe kth

collector, (T/:Ip)k the contribution to‘pumping'powet due to the -

kthvlink~segment and ﬁk the flow;rate through the»kth'segmeht.

'ﬁv is £he,varying portion of‘ﬁk, ie the part’of my determined

by the energy' collected by"thé‘ kth collectof;v itself

'principallyvdetermined by Ly. The right hand side”'gf"this ,

inequality 'is the pumping power expended due to friction in

the kth segment reduced by the ratio of variable to total flow

rate. The left haﬁd_ side is the'COntribuﬁion to. the total

work'prbduéed by the kth collector. The"only' situation in

~ which this‘inequality might not be true would be if nly swamped

- my, since pumping.power‘increases as the square of m.
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Figure 3.9 Ground cover ratio(g ) required to minimise
‘installed costs for the alternative network cost
formula eqgtn 3.24. ' - o



Estimation of Bq. >3
The célculation of the optimum spacing by this simple

ﬁethod reliesvon an estimate of B{, which can be derived from

the‘derivativerof (3.3), ignorihg the terms which indlude

derivatives of mass flow rate with respect to I . We have:

' =B+ B A2 (I + ST )W . - (3.26
B! B ( p e)("pm)k N . | ( 6)
In gerieral Bq is the dominant term and an estimate' for the

final terms sufficesr

3.7 Rectangulaf Arrays.

Here We'deteiﬁine the cost reductions possible if an
array with asymmetric épacing is used. In the following
section we semi-quantitatively discuss 'theb advantages of'
rectangular”.arrays and thé.possiblé‘costs are analyéed more
thQroughly in ensuing sectiéns. Thé minimisation'of cbsts for
a rectangular__array»‘is‘ more complex than that;for‘a square,'
~ array because of the additional ’spaqing variable ‘;nd 6nly

. initial calculations are presented.

3.7.1 Ihpliéations Of Square Array Analysis;

The'questionbarises as to whether there is a 'layou£ V
wh@ch allowslbmore economic energy collection than the above
layout. _Wiliiams’studiedva pipezlayOut for a square array and
considered it reasohable because the cost of piping perr
cdllectbr is:very>nearly proportiona1 t6 the<léhgth of piﬁing.

It is.‘pfobable that - for most arrays the 1length of the
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pipe/communication nétwork'ié nearly proportional to the pipe
- length betweén collectbrs, the trunk lines having only a small
effect. To collect energy as efficiently as'possible,’we must
therefore 'miﬁimise the pipe length between collectofs,and
| minimisevthe shading. The latter réquifes long diétahces_
between collectbrs ~whichf‘shade each Aother,; but these two
apparently conflicting requiremenfs‘ are compétiblé, as the
ﬁarameter whiéh . princiéally : deterﬁines sh@ding is . the
East-West distahée and the pipes can be run over a short
North-South distance. ThUsvanbarray‘with North-South rows of
collectors‘relatively.far apart in‘the East—West‘diréction may
'v‘satisfy both requirements;'iAhalYSis of sughva.laYQut requires
- the formulation of cbét éétimateS' for: piping ~for suéh* én
‘array,  ANeiﬁher Williéms(1978)v nor Caputo(1975)v¢onsidered
“piping costs in ‘ﬁhe‘ light of shéding; The following
calculation gives some ‘insight into the §ossib1e savings of
sdchva scﬁeme; | | | |
| For a square array at latitude 35, a’ground cover ratio
of ‘.13:W0ﬁld give an illumination factor 6f .98 (figure 3.5),
The pipe and communication.COStsr‘forv'thiS'vlayout would be.
approximately‘ proportional , to | ﬁhe‘ pipe  length Jpef
collector(L), which for g of .13 is 2.46D metres. A 
rectangular 1layout wasvassﬁmed’with the North-South distance
betWeen mirrors‘(where thevpipes woula be run) beingl 1.48D. 
To atﬁain lﬁhe:same iliumiﬁétion factor of .98, the East—Weét
distance was set at'ﬂ.ﬂﬂD.: The3pipe‘length per collector . for
this ,1éyout is only 1;&8D;’ Thus a éimple layout chénge has

reduced the costs derived from B

1 by 40%. Whether the costs
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due to B2 have increasedrAenough to nullify this advantaQe
depends upon the values of B1 and B2. For the values given by
Williams (1978) (B,=32§/m, B,=6630$/m”), costs due to B, are
dominant. o |

Ih the next.seétion "we consider = in more detail the

analysis of a rectangular array.

3.7.2, Analjsisvof Rectangular Arrays.
To determine the optimum épacing within a rectangular

.érray completely, ;onef would ‘need to genératé shading
,info?mation and also ;netwqu. gost(cl)i'inEOrmétion as  a
function of tﬁo variables{the N-S and the E-W separation.
“ No atfempt'is made to ‘solve' thisv pﬁoblem -completely,
rather an iterétion of the ‘0ptimisation is completed by
firstly ignéring E—W.shading_and‘optimisinq N;S'4spacing, and
‘ 'secondly ¢a1cu1ating shading;aé é funcfion of EfW,S§acing for:'
a particular N-S séparation, The spacing variable = used 'for
~the N-S séparatioﬁ is Afhe ratio'of:separation to collecﬁor
diameter. | | | | |

| 'A.calcuiationvof‘the costsbfor the:afray considered ‘in
3.6.3 wés performed ‘with'the layout of the array changed to
rectangular, in order to'compare'directly wifh;figure 3.6. To
Vallow strict chmparison;_ it wés assumed that‘_the site

available for the poWér station was in fact square and two

arrays of the form shown in figﬁre.3.10 fed thermochemicals to .

a central location. Pipe:costs for the array' were evaluated
according to Williams ‘and the N-8S spacing in the array was

chosen using the simplified method of section_3.6;5.
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Figure 3.10 Layout of pipes considered for,rectangﬁlar'array.
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3.7.3 North-South Spacing.

‘Shading for an isolated~ row of N—S collectors ﬁas
calculated wusing the program of appendix A. 1In this case the
spacing variable chosen was the ratio of collector separation
to collector diaméter, L/D.  The illumination functioh-for’
this array, f£(L/D) is showﬁ in figurev'3.11.' A row of 11
collectors located in the Southern'Hemispheré was uéed.in the
calculafibns,»with fhe'éhaded.cbllector being the southernﬁdsf
of the row.»y - |

Using equation 3,2&, a figure similaf to figure,3.9  can
be vgenérated; as shownAin figure,3.12.vvItfis'assumed that a
separation of‘1.05D is necessary for‘ l6gistic ,pufﬁoses“and .

optimum separations are not shown bélow this wvalue. .

3.7.4 'Eiectricity Costs For A Récténgul'ar'ArJ;ay. ,

~ In this»calculation’the ground cover ratio is varied_‘by'
holdiﬁg the' N-S 'separation constant and varYihg the-Eéw
'spacing,-labéiled'BL‘in figure 3.10. The area océupied ,is
*maintainedr sQuare by adjusting ‘tHé nﬁmber.of COilectors in
each N-S rbw. " Pipe costé weré geherated'asia‘ function 'of. B
from eqtns _(3.20) and (3.21). The illumination func£ion was
‘calcﬁléted‘as;a function of B_for spedific»N—S‘separations aév
shown in figﬁre 3.13.

AbThe'coﬁbihation of this informétion:givestOSts aé shown
in figure 3.14, as a directléqmparison.withcthevdata,in figure
3.6. For the middle’line at a ground cover.iatio of .384, the
rectangulér .array ;reduces  to .a ‘square array and costs are

similar. At higher ground cover ratios the asymmetry of the
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Figure 3.11 Variation of shading for an isolated N-S row of
—_— collectors. The illumination function for a row,
f(L/D), is the yearly average of the fractlon of the
collector aperture 1llum1nated
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Figure 3.12 Spacing to minimise energy cost for an isolated
‘row of collectors. - It is assumed that a minimum
separation of 1.05D is required for logistic
purposes. The subscript o indicates an optimum
value for L. ‘ - ' '
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Figure = 3.13 Shadlng variation with E—W spacing.
Upper line; N-S separation is 1.27D for 258
latitude, and 1.43D for 35S. Information for both
“latitudes is essentially coincident.
Lower line; 35S latitude with N-S separatlon 1.28D.
B is the ratio of the E-W separatlon to the N-S

separatlon.
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" Rectangular array
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-~ Figure 3.14 Variation of costs with spacing for rectangular
arrays., Parameter values are identical to those of

figure 3.6.
Upper line;

Middle line;

costs for square array.
costs for rectangular array, N-S

separation 1.43D. _

Lower line:

costs for‘rectahgular array, N-S

separation 1.28D.
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“array involves larger N-S distances than E-W distances: this
is not desirable since costs are larger . than for a square

array. Clearly from the figure the rectangularvarrayyhas a

cost advantage which is not lessened by the knowledge that the

pipe layout ‘chosen is not:neceséarily optimum and3only the
initial stages of an optimisation have been performed. |

The bottbm'linevof“figure‘3;1u77is- Caléulatedu using  a -
North-South  separation of 1.28D  which  is _thé optimum
separation in an isolated:Nbrth-Sqﬁth row of’ collectors vwith :
the parameter7 values df ”figure 3.6,'calculated‘from,figﬁre
3.172. Only a small cost penalty is paid if théu non-optimum
FN—S sepafation, of 1:43D‘ is ‘used and this resﬁlt has been
foreshadoWed by the information‘in figures 3.6 and‘3.14, where
the slope of the cur§e>is 1ow on the side Whererépacings are
larger than the optimuﬁ. | | _

We noteA that the ﬁinimumx costs  prédicted by this.
prodedure occur at even lower ground'eover ratids_than were
found férv Square' arrays: this is a ‘conséquénce of the
relafiVely small costs involved in E-W trunks. |

~ Since the size of the Erwvtrunk will: vary'fconSiderablyvb
from one segmen£ to another, fufthér séﬁings can be‘expected
by adjﬁsting eachlE?W segment length individuéllj' uéihg the

>proceduré of section 3.6.5.

3.7.5 Further Calculations On Isolated N-S Rows.
' The diminished number of variables in a N-S row allows
the' possibility of performing a complete minimisation by

‘allowing separation between COllectors to be non-uniform,
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while still considering the compléte equation 3.3. The
analytical method for miﬁimising pipe . costs of Williams is
applicable only for uniform spacing, ie Lk indépendent of k.
In this case,‘howéver,~both'1k and dk are -chosen 'té minimise
costs. The cost penalty of using uniform-spacing for thi§
array is derived. | | |

The array considered is a simple row of 'colleqtors,
oriented N-S. '-In specific calculations, an array of JO} 5m
'diameter colléCths wéé'considered.' B1‘w§é ‘taken aé >10$/m;
and collector -cost set at 50$/h?.,']é in équation 3.3 was
minimised for two céses, firstly with the collector separation
’nqn—uhiform‘.and secondly'wiﬁh-uniform.spacing. ‘The decrease
“in cost achieved withrvafiabie separation alongv}the'-row of
collectors . was less thén .01%, and this negligiple reduction

2

" can be expected as long as costs due to B, remain sécond
order. The;resultant'spacings'and pipe diameters are shown in

figure 3.15. The accuracy:ofveqtn 3.24 was-chédked“vusing “an

estimate for B of:’

. . , . : | : o
Bl =B + 28,4 N | (3.27)
'-vThe'spacing calculated . using (3.27) and figure 3.11
coincided with the data of figure 3.15. |
3.8 Discussion And Conclusion

This chapter has demonstrated the importance of the cost

'per' unit length of the links between CQllecths in an array,
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Figure 3.15 Minimum energy cost pipe diameters and collector
separations for an isolated row of 10 collectors.

... The pipé segment from collector 9 to collector 10
carries the most flow in the array. Pipe diameters
were the same for both equal and unequal collector
separation. D=5m; 35S latitude; B, =10%/m; ’
c_=50$/m , B = 6630$m=3. o
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be they pipes, cables or both.  This value determines the
optimum séacing and network costs can contribute significantif
to the total cost of electricity. A simple tééhniquev for
evaluating the optimum‘spacing has been described and graphs
felafing the estimated cost per unit length to the optimum

‘spacing‘Via'the‘ébllector diameter and_cost have beéﬁ given; 

| Ground cover ;atids are significantly“smaller Zthan
previouély. accepted '§a1ues(Caputo 1975). RectangularAatray$=
are shown toihave potential‘for.lqwer coéts thah séuare ar?aYs
and ‘in‘,one ‘case'anglysed,_costs.due'to’COllecfbrs'and links-
wefe reduced by 8%. Optimﬁm ground covér ‘ratios for
.réctangular arrays _wére.smallef than £hose for séﬁaré arrays
and in the cése ahalysed,;the ground cover ratio ‘Was A for
'the rectangulér;arrayAand‘.23 for‘the,square arfay,

As stated by Williams(1978), a different installation
ﬁechniqﬁe is required to .overcdme the higﬁ qoét of pipe
‘instaliatidn as estimated by Black' and Veatch(197u). This N
"cost was preéumably deEermined by'the'number of footingsAand
pipe‘joints,'as telephone cable installed in trenches costs
dhly 1$/m(Dubberley;:1977),.while installed .5inch pipé costs
 32$/m(Black énd Veatdh,A1974). vTheré is an aaVantage in beinéi
able to reel out the pipes in unlimited iengths;‘With minimal
attention to footing, as‘is done for cables, and‘this would bé _
possible if tubes vup to 6mm OD were employed. Carden(1977)
has shownvthat such‘tubes are appropriatei'for‘ thermbchemical-
systems employing high pxessufe-gaSes'and'iiquids.' Using the
same trench, or footingf,for both pipes and éables‘would also

save money.
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This optimisation haé» application to any‘ distributed
systém where énergy is to be transferred to a central point
with negligible énergy is lost ih transit;v For -example,
Caputo(1975) suggésts a;‘scheme Where_'a Brayton engine and
generator is 1ocated at each collector and energy is
transferred in the form‘of.electricity.to the central plant by
Aluminium bcabies. ’He  estimatésv tha£ these cables ~cost
32$/mﬁ197u$us) ‘ to ‘buy and install;‘>of ‘which 90% is
installation coét.‘ The optimum gréund cover ratio for this

"situation can be determined from figuré‘3.9 with %'-at 16$/m.
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4.0 CAVITY ABSORBER EFFICIENCY.

4.1 Introduction’

The efficiency with which the absorber aﬁbthe focUsbof a
par&boloidal dish collects >the ehefgy reflected to itvié an
important parameter. In this chapter we . examine  this
befficienCy as a funétiOn of sun'fblloWingkerrbrs,‘paraboloid
contour errorsv'énd' absorber -design. A'This ,infdrmationj"is
necessary to‘determine the}valuesvof the abové‘tﬁree variables
which will*prqduce‘energy for minimum cost. The value oﬁi the
suﬁ‘ following error is particularly important as it in turn:
determines the rigidity of the collector ‘structure and the
sophistication oft the servo .équipment controllingvlthe
collector orientation. Thus this study is essential before
§ne can determine an ’éllowable sun.folibwing.errof and Sét'
reasonable standards for fhe manufacturevcf the collectors;_f

Pre&ious authoré, eqg Lof.ahd Duffie(1963), do nbt appear‘
to have considered the influence of-sun»ﬁoiléwing errors on
radiation collection and the inc1usion of this ‘effecf is ian
importantv extension  of ~théir work. 'Thé,pfesent_stﬁdy has-v
bénéfited‘ from the 'expériments of Weiss(1978) 'wﬂo ~ has
determined‘,the radiétion,» coﬁvection énd.conduction_losses
from a specific type of.cavity absorber,"His‘datavis used as
--a guide té réasonable values of losses from cavity absorbéré.'

‘Experimehtal and théoretical studies of the 'radiation -
field in the.fbcal plane of a pafaboloid‘have beenrpublished
in a series of papers in the‘Russian journal Celiotekhnika, eg

‘Zakhidov and Vainer (1974). These studies have been used.
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herein as thedbasis for determining the radiation field in the
focal plane. .The amount of energy captured by a cavity
.absorber of‘a specific‘size has then been calculated and 'the
losses subtracted. The 'absorber efficiency' is then assessed
as the ratio of the enerqy absorbed to the energy dlrected at
the absorber. = The size of the cav1ty is chosen to max1mlse‘.
the absorber efficiency. 1In these. calculations account is
taken of theb coliector surface. aoCuraCy and snn folloWing -
»errors in determlnlng the radlatlon fleld and hence the energy
captured by the absorber. Data is given whlch relateS'
- absorber efficiency to‘oollector surfaoe“accuraoy, ,the sun

- following error, and the'magnitude of absorber losses.

4,2 General.

The ‘energy.absorber is thedinterface_between‘a radiation
field and an eneroy.absorbing flnid and as such must take intor
account the oharacteristics of both. The temperature profile

dof-enthalpy changes of a'thermochemical working fluid is shown
in flgure 4.1 for the ammonla/n1trogen-hydrogen system (Carden
and Wllllams 11978) . Most of the energy is absorbed over one.
high'temperature region and a small fractron vabsorbed‘ at
mOderatev_temperatures. "An absorber design that - provides'
enerQY'with'this particular temperature:distribUtion.would be
optimal. A simple solution to vthe problem.of proViding a
large amount of energy at a high.temberature involﬁeslthéi use -

of a cavity and only this option is considered here.,
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Figure'4.1 Temperature profile of enthalpy changes of a
: thermochemical working fluid (Carden and Williams,
- 1978), for the ammonla/nltrogen hydrogen system.

'L__ cavity _'_4
aperture =

intensity

Figure 4.2 Radiation flux cr0581ng focal plane and sizing of
'~ cavity to maximise absorption. Hatched area
1nd1cates energy not absorbed by the cavity.
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The radiation ‘intensity in the focal plane is
axistmetric and 1is approximated vby a Gaussian profile, as
shown in figure 4.2. The angular diameter of. thé 'sun and

errofs in the .collector'surface determinejthe»hélf width of
the profiie. The effect of sun following» errors;':provided
théyo'are‘,isotropic, is to produce é distribution which whenb
averoged‘over time is also Gaussian,'but_with‘ a llérgor half
width. | S
 The cavity muét be'sizéd s0 £hat_not all the radiationo'
is coilected, as increasingAthe absorber apertufe‘to include
the radiation in the;Wiﬁgszof'the_ Gaussian' profile “involves
extra losseso whioh are .greater.vthan ‘the exfra radiation
coliected. The resuiting‘situation is depioted in figureiuiz,
‘where tﬁe‘haﬁched region is the‘radiation not absorbed due to
thelsizé of the cavity aperture. HoWeVef, it is:noﬁ necessary
that tﬁis is a loss since the thermocﬁemical working £luid
,requires some.iowitemperéture heat;,'This réquirement couldobe
‘met by - placing ébsorbing'fubesioperatingjaf low temperatures

-outside_the‘cavify in the hatched region of figure 4.2.

4.3 Absorber Effioiency

The coordinates used in- the following ‘discussion are
shown in 'figure’ 4;3."'The  energy striking the absorber is
given by:

Qp = nr ( psin U U)"?‘ Ip , : (4.1)
v "1 4+ cosU. » g ’ .
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- Figure 4.3 Coordinates used in paper.

o U is the rim angle of the paraboloid v

p is the focal parameter, equal to twice the focal
length. - . i

r is the radius in the focal plane

B is the misalignment angle '

D is the collector diameter.
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where the aperture diameteer has been expressed in terms of Y
ana P P is . the reflectivity»of the mirror surface, I the
direct solar intensity, U the angle between the mirror akis
"and a line from the rim to the focus(the rim angle), and p is
the focal parameter, which is twice the focal length. The
captureﬂ'ratio n indicates the fraction of the energy directed
towards rhe~ absorber which é¢t5311Y3 enters the cavity
aperture. o | |

The power which can be’extracred from the. absorber is.

expressed as:

= n(eff) = (TBI§§§gﬁ W w2

where n(eff) is an effective capture ratio and includes " the
capture ratio n-and the magnitude of absorber 1osses.
WelSS(1978) has studied the losses of the caV1ty sheWn
in ‘Frgure 4.4, For thls cavlty.operatlng at 973K,flosses are
20W for each»square em of cavity aperture.‘ This fiéﬁre is
‘useful as'a‘guide to the expected‘magnitudefpf eaﬁity absorber"
losses. The following calculations assume no specific cavitf
design, eniy that .eavity‘ losses are propbrtional_to_cavityA
' aperture'area,bthe constant of propertienality being éz. This

assumption is justified later in 4.8.2.
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The total losses of the cavity are given by é%' and thus

from (4.1) and (H.Z):

e,
n(eff) = n(1.0 - —) (4.3)

in

Thé evaluation - of ‘n(eff)“ié’ hindéred only by the
complexity. va the céptufe fatio.n.' This is evaluated in two
pa£t§: firstly, the radiation flux field in the focal plane
is _calcuiated as a function of thefébntour errors in the:
reflective-sﬁrface‘.in‘ section>,u.u and Secondly, the 'sun_
following »errorsVlare»incorporated by averaging the radiation
field over time for the expected distributicn_of‘sunbfoilowiﬁg '
vefrors in _sectioﬁ 4.5, ‘The'cépture ratio is expressed as 3 '

function of the cavity -aperture radius.

4.4 Radiation Field In The Absence Of FollowinguErrors.

"The galculatioh of the radiation field follows the  work
of Teplyakov and Pbluektov(1968);"and is béséd .on the
-similarity of the fiéld in two ‘generalised'-éoordinates;hvthef
“generalised radiﬁsv R, .related'nto’the radius r in'the.fbcal
plané .and the generaliséd  misalignment angle | B; | vThe 
;deﬁiﬁation' of these coordinates is cove#ed fully,by.Teplyakov
and Poluektov(1968) and will not  bé reprdduced here. The
coofdinates. afe"deriﬁed‘ in terms of r, the angle's by which .
thé paraboloid is-misaiigned, an accurécy‘péraméter h ’and the

focal paraméter, p, (see figure 4.3). - The relationshipsl
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are: (1)

The parameter h was introduced - into radiation field

- calculations as a mathematical convenience. The source of the

paraméter is“a:caloulation.of'the radiation 'distribution in
the focal plane . (see for exampledTeplyakov:and Poluektov,
1968) in which it is assumed that the beam reflected from each

part of the mirror surface has a Gaussian intensity

~distribution, namely:

I(a)= h/ Tfexp(--'hz a2) . ~ (4.5) |

‘where a is the angle from the centre of the beam and 'the

centre of the beam is assumed to pass_ through the focus.

These assumptions are’chOSen to simulate the real situation

where the 1nten51ty dlstrlbutlon across the beam corresponds
to that of the sun, though the reflectlng surface 1is not:

perfect. and thus the centre of the beam does not necessarlly

| pass through the focus. Thus. it is seen that thef.assumptions

(1): These Soviet papers appear to confuse the reader with
units, = for example h commonly has dimensions of (1/deg), and -
thus R commonly is also in (1/deg). B is wusually given in

’»unlts of radians, when radlans/degree is intended.
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of this method do not correspond with reality. - However, the
mathematicalf'cbﬁsequences of this assumption, as far as the
radiation field in the focal pléneris concerned, agree well
with experimental and other theoretical calculations.

| 'The.radiétion field in'the'focal ,plane'-is' derived by.
Zakhidov (1965) wusing the 'ab0ve'assumptions,vintegrating the
flux. from each'elemeﬁt of the paraboloid for eéch élement,'QfA 

the cavity aperture,‘,The’derived,éxpression is:
' B 2 2 2 2.2
E(r) = (180h/mw)” I p sin"U exp(-(180/m)" (1+cosU) “R™) (4.6)

‘rwhere»E(r) is the radiatién intensityvat radius r;_.'From the
eXponéntiélfterm it can be Seen that the»lérger.the'rim anéle;
vthe largef thé,widthvof the Gaussianvprofile,vﬁhile the more
:accurate “the mirfor"(larger h andvthus R) , the~nérrower:the.
Gaussian'profile.,. The leéding',constants 'ensure thatb.thé‘
integral of the'expressidnvequals-the energy inpﬁt.‘gi
| ,'In a practicallapplication a’value for h is»not k#own' and
foi .ah opefational paraboloid a value for h is ébtained bY'
_ comparinézeqtn (4.6) with anvexperimentai determihatidn of the
radiation field of the paraboloid.

The reiationship between h and a measurablevproperty"of”
the collector, the>rms'cont9ur‘errors; is given in figuré 4,5.

Zakhidovv and Vainer (1974) calquiate‘.theb radiation
'diStribﬁtion in‘bthe<.fodal planeA usiﬁg the more réalistic
_assﬁmptiqns that sldpé'errors are distributéd according to " a
Gaussiah"distribution,' reflectibn_lis  perfect at the mirfdr

surface and that the sun has finite,size'and the 1limbs of the



79
sun.are darkér than thé centre. ’

Their results are obtained by numerical integration and
cahnot be‘.expressed analytically. Because'of the<Simplicity,
of (4.6),’Zékhidov and Vainer cbmpared the formula with their.
own calculatiéns and féund it reasonabie.pIOVided élope-efrors
wére' présent.> The _rédiation distribution was _not‘ well
épproximatéd ;by (U.G),:fdrbméfidiohailradial) errors of less
. ’than.12'miﬁﬁtes, Which cbrrespondé to equal mefidionél and
sagittal(hbop)  errors of less than 8 minﬁtes,‘bqfh situationsv
cotrésponding to‘an h of,3.6}_ The relationéhiﬁ',betweén‘ the
- accuracy parémeter h and the rms sagittal and'meridional slbpe .

errors. is shown ih figute 4.5 '(Zakhidov and Vainer 1974).

_'lFurtﬁer confirmation of‘the appropriateness of (4;6)_ is
given by ‘ZakhidOV(1977) 'kwho reports that iexpetiméntal 
investigations ‘confifm that  the ' formula  (4.6) 1is a
satiéfactory4-représentaﬁibn of the ifradiance'distribution in -
the focél p;ane. ;Teplyakov(1973) reports its':aﬁpropriétenesé
for rim éngles from UO—?Odegfees. -The .férmﬁla is no£
appropriafe for larger rim aﬁgles, (Baum and AMamedniyaZOQ,
1977)._, With this -justification,_inAthe féllowiné we assume
4.6‘is a reasonable approkimafion. -

The capture ratio for a cavity of radius r is given by:

(4.7)

and thus, ffpm_eqtns 4.6 and 4.7:
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Figure 4.5 Variation of h'as a function of the rms slope

‘errors (Zakhidov and Vainer (1974)).
Unbroken line: no sagittal (hoop) errors.
Dashed line: isotropic slope errors.
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n = 1.0 - exp(-(180/r)% (1+cosv)?®) . (4.8)

4.5 Influence'Of‘Sun Following.Errors On The Radiation Fiéld.

Zakhidov and Teplyakov(1966) have inéiuded5sun folldwing
 errors by approximating the  efoct_}of ca  dynami¢‘ focal
' radiation pattern with an effective static radiation patterﬂ.
 The“ efféctive‘ patternAvis:laésumed to, be‘vGaussian 'and.is
.deécribed by the usual equation with an accuracy vparameter
'-h(B)>;ih }plaCe of\'h.%"Thé value of h(B) is calculated by
evaluating thévaveragé'maximum ihtensity at'the}focal’spot'and
comparing with_the‘inteﬂsity when no miSalignment is ‘present,

giveh‘by:‘
I(max) = (180h/r)” I p sinU : (4.9)..

The average inténsity:in'the dynamié situatiqn is given

by Zakhidovfand Teplyakov(1966) as:

o o o _ _
I(max) = Ip»bsian (180h/ﬂ)2 JeXp(é(180 B(t)/n)z)dt’(u;10)

T

There are many causes of misalignment errors, including
structural deflections due to winds and thermal effects, servo
errors and so on. The combinatién of these independent errors

will prodﬁce {sun,following_errqrs which are distributed in a
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near GéuSsian relation and so we assume here that B(t) is
drawn from a Gaussian distribution of standard deviationo .
Thus by evaluating (4.10) and comparing with (4.9):

2 ‘

. h . 2 . -1 ' :
h(s)? = — [ 189, % 12) o (4.11)
o 20 20 ' '

With this value for h}.équatioﬁ (4.8) can be ﬁsed»to estimate
the capture'ratiovinithe presence of sun following'errors.v
The influence of sun following érfors on the radiation
field ‘h&s‘ also.'beeh considered ‘by Téplyakov-and Po;uektov
:(1968), who suggest a relationship between;the; capture ratip
at zero_lmisalignment' and - thel caéture rétio at a specific
misaligpment, baéed on> both experimental’ and ‘theoretical
-calculatiéns. The .aVerage capturetratid”ﬁas'eVéluated.using
this relationship and the same vafiation of B with time as was
used tovgenerate eqtn (4.11). Agreement was to within 5%'o§ér
the range of B‘uﬁ to .05(rad/deg) and for R over theb suitable

range of .02-.03(1/deqg).

4.6 Procedures

The aim is to eﬁéluate» thé efficiency fﬁeff) “of  the
absorber_vaé a 'function’of'contour'toleranée (related to h),
sun,foilowing"grro;st B), cavity ldsses(qﬁ), ‘and cavity.
radius.  To CalcuLate'1ﬂeff), ?ia eqtn 4.3, requires that'thé'
capture ratio n be caléulaﬁed. " This is given in eqth 4.9 as a
'functibn bf,,R;.itseiﬁia function.of h and r. In‘considering
the'effects of sun}following errors, we use h(B) froﬁ. 4,11

instead of h.
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The cavity radius can be chosenf to maximise n(eff);
given values of the other variables h, OB’ and éi' A fange-qf .
cavity designs is consideredvby'taking éz'as'5, 10 and 20W for
each square cm of absQrber apeftufe; Théée IOSSes'Were used
in equatioﬁ'ﬂ.S £o‘evaluate‘ﬂ(eff); 'It should be noted that a
 ‘black body at 973K emiﬁé ehergy»aﬁ the rate:qf 5W/qm2 and this

sets a reasonable lower limit for the losses.

4.7 Results

4.7.1 Capture Ratio
The majoriﬁy-of.thevchapter is devoted 'tQV,Calculating
the capture ratio and this quantity is made'available for -

general use by expressing equation 4.8 in the form:
m=1.0 - exp(-a*/a)  (4.12)

where the concentration ratio A is the ratio of collector

aperture area to  cavity . aperture ' area. - A . 1s the
'cohcentration ratio which would produce a capture ratio of
0.63. - From equation 4.8, A* is.given by:

a* = (180/m 2 sin%u h?(B) (4.13)
With,h(B).given by (4.11) and a collector rim angle of
60 degrees, ‘the »variatibn of A*,with both cdllector surfacev
accuracy h and,sténdard deviation of sun following errors OB'

is_‘given 'in figure 4.6. This diagram and equation 4.12 can.
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Variation of the concentration ratio A% as a
function of sun following errors and collector
surface accuracy. A cavity/collector system with
a concentration ratio of A* will have a capture
ratio of 0.63. Other capture ratios can be
calculated using equation 4.12. The horizontal
line drawn indicates the limit of the ‘
approximations used. '
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give the capture ratio with little calculation for any
concentration ratio and any combination of g and h. The
limit of applicabilitylof-the equations“ used in determining‘
figure 4.6 as suggestedg by Zakhidov and - Va1ner(1974) is
indicated by'»the- horizontal 1line at A 31000 whlch is

equivalent to h(B)=3.6.

4.7.2 Maximum Possible CavitybEfficiency.’
The value of n(eff) is 'shown'las a function of the
absorberl_generalised radius: in figure 4.7 for a relatively
accurate mirror with"hé3.9 which corresponds to' isotropic.
sﬁrface errors of l.7mrad. As in all following examples, the
collector rim'angle is 60 degrees. Asvexpected; the choice of
_the absorberfradiusrfor naximum_power absorptionlbecomesrmore ’
critical as the accuracy of'sun’follOWing increases.- Althoughv
"theu approx1mately 0. 5% dlfference 'iﬁ ultimate,performance
 between a collector Wthh follows to 2mrad accuracy and one
which follows-to»1mrad accuracy may appear trinial} this 0.5%
‘will reflect directlyeinto installed capital'costs; o
The max1mum p0551ble n (eff) was calculated as a function
»of the accuracy of the mlrror surface (h), the losses of the
cav1ty (qg) and the standard dev1atlon of sun followrng errors
(08). These values_ of n(eff) are presented in flgure 4.8.
The;radius‘of the cavity aperture requlred to achleve_ these_'
- values of_ n(efﬁ) is shown‘in figure 4.9.._Also shOWnras an.
‘ordinateAin‘figure u.9'7is; the concentration ratio'aof the

collector/cavity system as defined'below in'equatiOn 4,12,
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losses which are rated per unit area of cavity
aperture. Collector rim angle 60 degrees.



88

— 2000

« 025

+J

o

o

Q

— A
— .

]

0

o)

Y4

0 -t
D - 13000 o

n . : [
¥ :
8 020 T
-8 . Z-

3 2
2 — 4000 E v

0] ‘K
T o

o —l 5000 ©

(o] .

-

+H .
%015 — 6000

=
K

2 3 4 5
B ‘(mrad)
Absorber losses
, 5W/cm2
_—— 10W/cm2
2

——- 20W/cm”

Figure 4.9 Variation of the ratio of the absorber aperture
- radius to the focal length as a function of the
absorber losses, the paraboloid surface accuracy,
and the standard deviation of the sun following
errors. Absorber losses are rated per unit area
of absorber aperture.
A is the concentration ratlo of the cavity.
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4.8 ‘Discussion.

Discussion of Results

Firstly, referring to‘figure 4.9, there 1is no obvious
‘point at which 1ncrea31ng the accuracy of theucollector'
surface will yleld no beneflt It is, however, possible that
this result is a corollary,;of thev assumption that the
- radiation,field has a Gaussian.shape, whichFWas dobSerVed‘ not:
‘toi hold‘ for very accurate concentrators.- vAcCording to
'Zakhldov and Va1ner(197u), the" data dlsplayed for collector
4surface errors of 1.74 mrad and sun.followlng.errors of’2mrad,
is at the 1imit of the-approximation used. |

Secondly, the 1nformatlon contalned in Flgures h4,8 and
4.9 .is the startlng p01nt for determlnlng the allowable sun
foilowing errors, ~ the approprlate - surface = accuracy
specification ‘ and-_‘the abSOrber deSign.v' Combining_ the
information of figures 4;8'andvﬂ,9_with'estimates'of the cost
Aof"the jcollector.struCtUre and guidancebSystemvés a function ”
'of;sunvfoilowingverror will determine the cost effectdve. Sun
following; errordspecification._lslmllarly, infOrmatron on the
.cost of the absorber, which will be a functlon of the absorber
losses,b_can be used to determlne appropriate absorber des1gn
»criteria. The‘collector snrface accuracy can ‘be similarly

‘handled.
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4;8.1 Use Of Data.

1. Cavity designers with'anbawareness of cavity. losses and
lgollector_ parameters such as h and 0y will be able to
determine the maximum_possible efficiency for their desigh N
‘fromvvfigure 4.8 and the cavity radius to 'achieve~‘tha£

efficiency from figure 4.9.

2. Cavity designers who wish to perform"their own‘-radius
choice may use the information from figure 4.6 and equation
;4,12jto’determine‘the‘capture ratio for . input to their . own

- calculations.

' 4.8.2 Generality Of Assumptions.

The main assumption quoted is that'f,losses,: are

proportional to the ﬂarea_of'the cavity apefture. There are.
threé méih losses which can be conéidered'vhe:e;‘  Fifstly
radiation loéseé tthugh the céyityvapérture;which willvmqst_
likely be proﬁértional to: Cavity ‘aperture area. Secondly,
conduction 1losses through >the‘ insﬁlation aroﬁﬁd the cavity
»whiqthiilvdepeﬁd on insulation‘design and may or may'-notv be
proportionaiv to cavity aperture area.r Finaliy,vloéses dué to
the shading §f'the paraboibid by the éévify‘also may or may
not be'proportional tovcavity’aperture area, depending on the
way”the cavity design is spaled. The results of the  chaptér,’
howevef, may be Jappiied tb, any 'function'which‘represents

losses' by expressing the loss relation as a linear function of
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area, namely,

. _ [ ] 2 -
QZ = q + qan /(FA) . (4.12)

where ﬁDz/(uA) is the ¢aﬁity-aperturevarea and é1 and»c.;2 'afe
chosen so»that at the optimum apefture afea both the magnitude
~and gradients of the true and aéproximafe‘ loss functiqns
agfeé. The’additive constant‘éT'will not affect the.ppéition'
of the miﬁimum, ahdiis easily inciuded»in the calcuiation of
n(eff) .- -With‘ the above cénditions‘andywith n’being'évéimplé
eXponential function of érea,'it can be'showﬁ that the minimum B
" calculated using the above‘approximatipn‘Willvnot differ from '

the minimum calculated with the true function.
Influénqe’of'the cavity shading the paraboloid.

.The‘effect of the sﬁading of thevcénfralAreQion ~of the
paréboloid éan‘ bé considered via  equation 'u}éjj_withtthg
resultant‘>radiatioh field in the focal pléne being the
‘difference  betweenjthe radiation field of a.parébolqid of rim
~angle U, énd a (fiétitious) paraboloid of ;im éngier',:'where~
the angieb u' delineatéé the shadow cast by the cavity on the
paraboiéid. Inépection of the_formﬁla 4.6 indicatés fhat the
reéultant »fbcal plane distribution wiil'be :éduééd only near
thé centré. Thai;is, the éhadow of the cavity will fallﬂ near
the focﬁ; and as long'as the cavity is not unusuallysma}l, the
A»ehergy enteriné the»caVity.wili‘be‘reduced by the' amount ‘of

- radiation blocked by the‘fcavity,Aadjusted for reflectivity
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losses. This loésv,can be accommodated in the above
calculation 1by_ inCreasiné"él (thé' losses>pér'uni£ area of
..cavity aperture) by an aﬁountlproportional‘top i (refiectivity
times solér. intensity). The conStant. of  proportionality
depends on‘the ratio  of the size of the cavity to the size éf
the cavity aperture. For the désign ofvfigure.4.2, iossés
would.be'increased»by 16pr'per- unit cavity ,apérture,“area; 
. This ‘adjustmen#‘to’éi wduld'énable.the,maximum efficiency andA:

optimum Cavity size to be obtained fromeigures 4.8 and 4.9,
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5'0, GUIDANCE AND CONTROL SCHEME SELECTION.
5.1 Definitions

Sun sensor: A sun sensor is a device‘Whiéhvgives information
on the position of the sun reiati&e to its own nullvaxis,. The
quality of‘information available oﬁv the reiative position“
' ﬁaries‘ with ‘the"types of sun sensora'_'For> example, the
infofhatioﬁ fromydne sensor "may be limitedv simply - tot an

" indication of whether thevnull akis isvleading qrilagging the

‘ sun,".Another senspr:may be able to provide the magnitude of
‘the .relatiQe direction of the suh;'regafdleéstf,the positioﬁ

of either thejsun‘of;the_nqll axis. Other sensors may Yiéld
- information falling' beﬁWgen these ‘two éxtremés, with, for
example; ﬁhe magnitude of thé relative direction given up'to a
certain magnitude,_but beyoﬁd that maghitude only the sign of

the direction is'indicated;

‘Tracking: Tracking is the.process of following the sun in a

closed 1oop relation’ using‘real time information from the sun

- sensor.

Pointing: Pointing is the prdéess Whereby ‘the  col1ector' is
aimed at‘ a':pdint in the sky by caiculating'aPPropriate
~actuator diSplécéhents'which.cofrespond tp the position ih'the
sky and displacing the actuatots to those positions,‘ Encoders
~are used at the actﬁator ‘axes to détermine the actuator

position.
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Guidance and contfol scheme: The wgrd scheme is used here in
contrast to system (tracking and pointing). A guidance and
COntrbl scheme is ab scheme to .contfpl the  collectors to
perforﬁb functions'.apprgpriafeb fo the solar powér plant‘
operation; These fﬁnctions include following the sun vdﬁring
energy collecﬁion"Aperiods and - stowage jduring inclement
weather. vGuidénce and éontrol séheméslmay'utilisé either or

both of the above systems.

Sun following error: The:angle between the optical axis of
the collector and the direction of the sun. .The‘sun following
error usually varies with time, in  which case the term

generally refers to an rms value.
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5.2 Introduction.

In this chépter an attempt is ‘made to deiineate the
costs Which vafy with ‘the suﬁ following error; This
information constitutes an essential part of the joptimisation
which determines  an appropriate - suﬂ ‘ folléwing érror
specification for~the'cdlle¢tor array. - The main.preo¢cupation
here is with the neceséary step of determining a guidance  and
control‘ scheme 'wﬁicﬁp can achieve a sun .following error
f specification'ét the lowest cost.

In partidular it is shown that the selection of an
économical uguidanqe .and Control:écheme'felies principaliy on
~ two considefétions:: ‘

Fi;stly the use of control loops wﬁiéh can éompensate 
fpr structural deflections; thus aliowing iess figid colledtor"
» strﬁctufés to bé specifiéd;'fesulting in a éosﬁ saving;- "This

cdmpensation.is most easily aqhievéd usihg a traéking system.

Secondly, it is shown that alignment costs for guidanée
énd iéontrol' schemes whiqh do notlhaﬁe*a_suﬁ sensor. are large
andithat, in contrést, .alignmént vof‘ coilectorsypcapablé',of
tracking can be accomplished chéaply.‘p 3 | |

vItpis shown that a guidance and pohtrol séheme ‘relying
only‘ on tra;king' wéuld not Dbe appropriate aﬁd that a
rudimentary.poinﬁihg:SYStem‘ﬁust be ‘incorporaﬁed to achieve
effective guidance and control.

First a general_diécussion‘on thevabilities.of_ pointihg

and tracking ‘systems, ‘with emphaéis_,on the causes of sun
| following érrpriin each is presehtéd. “The sources of sun

following error are considered in detail and the impliCations
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on costs of sun following error specifications are examined.
In :some cases this requires detailed”analyseslofbpéssible
methodé'and equipment. It is shown that a guidance and
control scheme relying‘ solelyi oﬁ pointing is comparitively
unecdnomic, principally due to thé'-ability of the tracking
system ' to easiiy compensate for a large proportion of
deflections due to wind guéts, - This reduces the  ;equired
rigiditquf‘the'collector, which'resulté in a large adﬁantage.;
A further advantage of a guidance and control scheme
ihéorporating tracking over ‘a:scheme incorporaéing pointing
only is in the cosfs»Abfv alignment.‘. Alignmént’ methods afer‘
'ahalYSed and fcdsts projécted for bbth‘schemes. 'An.alighment
‘method which can be used 6nly‘in'c6njunction with a sunVSensor:
is costed. | | |
The.results of this analysis for paraboloidal éollectors
»aré~vc§mpéred with £he proposed guidahcé and control schemes
fdrvthefheliostats‘uséd‘in'the Usa Centrél réceiver approach.
) The .design and implementation of ‘the guidanCe .énd
: contrél SChemé is discuésed and it is shown that the systeﬁ
could‘be eéonomicaily vdonfigured' in a -microprocessor-bésed'
‘module  at each collector. _Therekrare two locations of
"inteiligence'»in the guidance and control scheme; at the
collector ° and at the centféi control;' A section‘is devoted
‘to discussing where eéch‘guidance and contfol’function should
be pérformed. | |
| Finally the variation of costs-with5érror ‘specification
‘1s discussed and it is shbwnvthatathe primary'consiaeration is

the capital'cost of theAcolléctor structure, the gﬁidance and -
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“control costs being relatively minor in extent.

5.3 Guidance And Control Scheme Prbperties.

The‘obvious function.of a. guidance and control'schéme is
to align >thé‘optical'axis,of the collector with the Sun'when"
energy collection is desired. An equally ‘imporﬁaﬁt fuhction

is to ektend»the ﬁSeful life of thebcollector where possible.
- Conditionslwhich’ may damage :the» collector .include  st£ong
winds, in which wind 1oadingé may cause structural failure and
" wind bornefpafticles may damage the .mirror bsurface.’ .There
will 'bé a particular ofientation,‘é stow position, which will
_redﬁce dtag coefficients'and'thus alléviate' wind loads ‘and-
theie will be Soﬁevposition(s) whichvreduces abraéion. The
cost of collectofs is’ such thaﬁ'.collector damage ﬁust be
reduced to ‘idw levels - and a;vcabability  to assume a stow
' positioh seemS'eésential. | -

It is improbable that the:control aﬁ each collector kor
'loCa1‘ cdntro15),would itself have sufficient intelligence to
. anticipate’strong winds -and thus détermine when = to stow, or
even to indicate which stow positién to assume. Thué'each 
collector must be capable of receiving a-command to stow from
the central supérvisory machihevor Jcentra1 control', This
communication link, once eStablishedfvmay'be' ﬁéed' for 6ther'
pﬁréoses, such asjmaintenanée'and pefformance monitorihg;'

A guidanée(and contrpl.scheme based on a'ppinting system
alone can vperfofm _ail bfbthe réqUired guidanée-and control

functions,‘bﬁt could not be based on a tracking system aione;
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asisome pbinting system is required,-ét least for stowage. 'In
its simplest form this pointing systeﬁ could' employ limit
switches as position encbdersf |

In the,diséuésion which follows, thé}detailé»bf tracking -
and pointing.éystemé»are-examined particﬁlarly with'respedt to -
the caﬁsés of sun following errors. The discusSionv is based ,
on dﬁe dimeﬁﬁibﬁal simplifications to avoidiconfusion, with
the necessary>modifications_for extension  to ‘two' dimensions

being presented in later sections.

5.3.1 Traékihngysteﬁs.

. »The principal eiements of a one dimensional tracking
 éystem are ‘showﬁ>in figure'5.1.'»The servo takes informétion
from the sun sensor and adjusts the powér to the actuators in
an atﬁeﬁpt to,nuilbthevsénsor output. It isbcustomary for the
sun sensor td be tightly coupled} to the colleCtOr: optical
axis, as is, shown,' The“éir damping fo?cé can be iﬁ#luded
uhderb the  headingv of ldistﬁrbance torqués ~ but has'v'beén
;explicitly' lillustrated héxe' to _sh6w fthat' the collector
structure is daﬁped. DisturbanpeV torques ‘inélude the wind
loads, dead loads, thermalAlQads and,aEceiera£ion 1dads.

‘The spring shown in the diagram represents the rigidity
of the collector structure. This rigidity with the damping
determiﬁes1the,magnitude of the displacements caused by the
_ disturbaﬁce torques. | '

’Thevéauses’of sun following error ean be.lseen in  the

diagram and are discussed in-the’ensuiﬁg paragraphs.
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_Figure 5.1 Schematic of tracking system. One dlmen51onal
s1mp11flcat10n based on rotary motion.
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Error sources

The differenée in directipn between the sensor null

axis ’and thevdollector optical axis is desighated,an
alignment error.. This error is not v;andom  with
respect to ‘time, but may still vary due to drift
phenomena“in'the:sun-sensor,f caUsed"by' temperature

variation or ageing.

Servo lags may occur due to the required motion of

the null axis,‘egkvelocity lags.

The nature of the information from the sun sensor may -

introduce errors. An example of this occurs if the

sﬁn sensor has telay—like- propertieé‘ at the null

point, giving one signal above the point and another

signal bélow. ‘In such a'casevthe suh’follqwing'erfor

'will oscillate jaround’zerOFWith a certain amplitude

- this effect is illustrated in chapter 6.

The servo may be ‘unable to null the sensor output

because

Examples

b.

of - the ¢haréctéfistics"of the'diSturbanceitorques.

of this kind include:

The possibly non-linear nature of friction may: make

| it difficult to control'thé'output<shaft:at'precisely

 'theA desired  speed; as instanced{‘by the hunting -

‘experienced when motors are Qperateda'néar'stall.'
This results in'an'oscillation of the sun following

error. This is treated under the heading of

" mechanical errors.
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5. The displacements‘produced by the disturbance torques
may be' Verying with a frequency which is beyond:the
bandwidth of_the-servo. For exanple, for 1stability
reasons = the servo bandwidth nustvbe less than the
1owest naturai_frequency of the coliector structure
and' the-colleotor~mey-be dispiaced at that frequency

" by disturbance torques.'vThe only'disturbancei torque
that is important here is the torque due to the_wind
forces - this problem is treeted under “the ‘heading

~disturbance torques.

5.3.1.1 Traoking System Deficiencies.

'In'general ‘sunv sensors give no information"on the
.'relative p051t10n of - the sun when it is not shlnlng. Thus,
»after a prolonged perlod w1thout direct radlatlon, a collector
controlled by‘a tracklngbsystem is unllkely tofbe aligned with
the sun., 1A certein time will eccordingly elapse between the
beglnnlng of the sunshine burst and the resumptlon of energy
collectlon,.called the response tlme(T)

An§exact figure for the resultlng lost hours of sunshlne
‘ ~over the'year would requlre knowledge’oﬁ the strategy followed-
by the .oollector_vwhen thev sun - stops - shining. - 'Simplei
strategiesi mightA be,-to‘ oontinue 'at;the same sneedvfor'tene
‘minutes and thenhston} or perhaps stoo_ as 'soon as the sun
stops shlnlng. Calculation of losses’would,require knowledge
'of the sequence of sunshlne bursts, information_which ~is not

generally avallable.
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An estimate’can, however, be made whiéh serves_ias >a
guide to the amount of losses." Data on sunshine for
GriffithtN.S.W.) (Appendix B) was used for this purpose‘by the
‘author and it was found that for this location, 70% of the
total sunshine hours are: contained‘ in bursts immediately
Afollowihg periods without sunshine which are‘longer ﬁhanb7“
hours. After such a time it is _éertain _theA position of a
dollector.'guided by a tracking sYstem as defined"ﬁiil bear no
consistent rélative»posiﬁion'to the sun. i For =Griffith,l the
beginﬁings of the sunshine burstsvare distribﬁted evénly in
time throughoﬁt the day. If we assume that the ,colleqto?'s
poéition at :the. start of these sﬁnshine bursts ié Similarly
evén1y distributedvahd uncorrelated with the sun pdsition for
the 70% 6f hours mentioned, then thevmean-relaiive”angle that
the collector must travel to aligh itself with the sun can be
caléulated. -The'largest'angle,wili be in azimuth and the mean
anglé,-givenrthe above aséumptions, is m/3 rads. With a
méximum ‘speed‘ §f  1mrad/sec: thei response time will be some_
‘1QOOsécs.: The resulting uncdllectéd suhShine fqllowihgb 7hr
periods ~without ‘sﬁnshihe amounted to 3% of total .sunshine
: hours,'for;AGriffith '(Appendix B). iThis v répresents a
‘consideréble amount of ehergy. ‘
| "To eradicate‘thése losses a:‘poihting system can be
inCérporated in ponjunctioh Qith a tracking:system;' Lossesﬂ
due to response time,for such“aﬁ arrangement are .diSCussed

further in a later section.
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5.3.2 Pointing Systems.

| A single axis rotary pointind system is illustrated in
figure 5.2. ~In this diagram the encoders have heen placed
tightly coupled'to the actuator »shaft.rrather than to the
coliector optical 'axis"as this is vgenerallyhthe economic
solution. | | | |

The position-servo compares thefrequested position"with

the. positionvrecorded by the encoder and adjusts the power to

E the actuators in an attempt to malntaln - both requestedvfand’

recorded p031tlons equal | | | |
vThe_dlsturbance torques'are identical to thoset‘for“ the

.tracking system. | | - | |

| Sources of snn folloﬁing error in this'casevare:

1. 'The lack of correspondence between the actual encoder,
zero position and the controller s conceptlon of the
zero p051t;on.. This aspect}‘is' treated_ under- the
heading of alignment‘errors{

2. The'wdisolacements,_produced | by - the disturbance
Atorques; In Acontrast. to the"tracking"case; all
:dlsturbance torques are 1mportant here.

3. The. accuracy of the »requested p051tron .information"
delivered to: the position‘:servo ﬁhich'is‘treatedv
nnder the ‘heading of actuator _displacement
calculatlons., | |

4, The error in the 1nformatlon from the encoder, . which
1nc1udes p0331b1e llnearlty errors in the encoder and

'in the case of a digital dev;ce the error. introduced

by representing an analogue ’quantity by a digital
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Figure 5.2 Schematic‘of pointing sYstem.
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quantity. This error cause' is treated under‘ the
heading of encoder. |

5. Finally, the position servo may be unable to maintaiﬁ-‘
correspéndencé between the desired‘position comménds
‘andrthe actuator positipn-asrrecorded by the éncoder;v
This may occur ‘due to friction nonlineafities and
velocity requirements in  the"same>_mannérl,as _for

tracking systems.

Thé significant ‘difference befween ‘this  system and
tracking systemsi is théf the disturbance torques are outsideA 
the servo 'loop. TDistufbance torques Cén be included by
increasing the ‘sophiéticatioﬁ of the ser§6~lobp as shown in
figure 5.3. Invoperation, an:additional feedback‘ioop‘in the
.system inbuts disturbance torque values ahd estimates the
diéplacements ﬁhich. these 'tqrques ﬁill ‘cause: _ this :isf
achieved by empioying an empirical'or;theoreticai modél of the
colléctor. The desired position is then adjusted to
compensate‘ for these.~‘dispiacémehts. " This process of
COmpensation-can“subStantially.reduce.Athev erroré 'céused' byf
'disturbanée.torques{ | |

The frequency’withzwhich thése compensating ‘corrections
are c§1qulatea and-transmitted'to the collector determines thé
error sources férﬂ which'-coﬁpensatibn " can bej:uséd;k For
example, dead load and thefmal.load distbrtions vary on a time ,
scalelbf hdurs, andbcan be eésily- réduced~ with 'oﬁlyb a few
corrections each day. These éorrections would:be>the_same for

each collector . in the field and thus. the cost of the
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pi

_ Disturbance
Position - - torques
- servo

' Desired position
adjustment.

Desired position -

Flgure 5.3 Schematic of pointing system with sophistication-

' increased by additional loop which, given values for
the disturbance torques, compensates for the resultant
deflections. Disturbance torques can be calculated
from meteorological data, or measured on a particular
collector. : : :
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~calculation per collector would be trivial. Inncontrast,
Ideflections due to windvloads vary'bn shdrter‘timevscaleé and
compensation maywprove'moré complicated. -

The‘basic informatibn réquired for operating a pointing
éervb can be calculated either by the central control or by .
the lOéal control, or the'calculation can'be shared. In éﬁyi
' éase; informatidnv rélevantlltor‘pdinting ﬁillv need to pass
between thé two.controlérand £his infofmation ffansfer may use
the ’communication_ link alreédy in use for tﬂe issué_of'étow~

¢ommands, provided that large data rates are not required.

5.4 Sun Folléwing Erroxr Sour¢és;

In the‘following seétion we consider each of the. causes
'of. sun Vfbllowing ‘errors  in detail. . The errors caused by
alignment,‘aisturbance torques and thei'calcﬁlation of 'the~
actﬁato:.di$placementé are considered in détail;'beéause these
errors have the moét‘effect dp the‘deSign §f<the guidance and
éoﬁtrol_~scheme. The reduction yof errdrsbdue to mechanical
faults are mattérs’of component seléctibn and are"cénsidered'
~only briefly. The'section-concludés'with a-brief note on the
method which should be used to cqmbine the.'érrbr sources to

produce an overrall_pictUre of sun following errors.

' 5.4.1 Speed Requirements
The optimum choice 6f actuator maximum speed will be a
matter of —compromise: on the one hand if the speed is too

low, then sunrfollOWing errors may occur. On the other hand
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if actuator speed is too high the actuators will Dbe
unnecessarily powerful and expensive. This | sections‘ is
concerned with the range of speeds required of the actuators
on the collector. Requirements.depend upon the type of mountl
used and in this study we consider mounts whose-operation
parallels a frame of reference in whlch the fixed axis is in
the N-S plane, 1nc11ned to the equatorlal plane at an angle Bf
(the effectlve latltude) -and the secondary or’ rotatlonal axis
is orthogonal to the flxed axis. 'Such a 81tuatlon is shown 1n'
FlgUre 5.4, For an appreciation of'the motion required of the
lcollector," we consider the motion of the snn to be that ofvan
artificial sun;which,rotates'arohnd' the"earth' ‘laxis. at a
. fixed rate. The formulae which. convert from rthe solar_.
hourangle(kt) and ‘deCIination(a) ‘to the 1local coordlnatesv

(0,¢) are (Brinkworth, 1972):
‘sinp = sin(Bjsin(a) + oos(B),cos(af'oos(ktlb (5;1)
tang = sin(kt)/(sin(B)cos(kt)-tan(alcos(B))"' (5.2)

By analogy with the alt—a21muth system, the coordlnate 9‘
is called the elevatlon, and the coordinate ¢ the a21muth
~angle. TheFSPeed‘requirements for the elevat10n=actuatory are
'neverjigreater' thanvbthe_sunﬁs speed'ih houranole(k); but are
much more severe for the azimuthv actuator.A ‘The maxlmum

requirement here is given by:

o(max) =k cOs(6)/sin(B—5)”.y , o (5.3)
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Sun

Figure 5.4 Coordlnate system. ’
kt,8 - hourangle and declination of the sun.

B - inclination of the flxed ax1s to the .
equatorlal plane.
& ,¢ - actuator dlsplacement coordinates of the

 tracker. -



with the value of § determined by that of B.

For this reason azimuth and elevation speeds are plotted
in figure 5.5“inv terms offfhe parametér (B—S),.(With ¢ held
constant at 23.5 degrees), and B varying. The azimuth maximum
speed requirement (Figure 5.65 increaseé as‘(B-G) decreases and equatibnv
(5;3) indicates that for an ‘alt—aéimuth system at .1atitude
308, a maximum speed of.‘1mrad/Sec would be adequafe for
following the sun; :Simiiarly‘at latitudé 258, byrleaning,'the
principal‘_,aXis South‘:tthUgh 5 degrees and making ,£he
'effective iatifude 30S, the same maximum speed would be’

adequate.

5.4.2 Alignment‘

The collector acts as a Well» behaved operatdr or
function, tranéforming the.iﬁpﬁt Which is £he displacements of
the actuaﬁors, into an‘dutput, a pqintingvdirection, ‘The form
of this fcdlléctor‘ function’ »is determinéd by the type. of
mount used, (eg alt-az), the type of actpators used and a
series FOf ‘parameters‘called calibration conSﬁénts; »Only'the
calibration constants Vary from collector to collector. These
-calibratioﬁ. constants ‘include parameters such asAthé‘zero
points of 'tﬁe‘ actuator displacements and cpnstahts which
. specify the orientation of the fixed axis of rotation._ 
Alignment is defined as the :process  Which determines thése
constants and is equivalent to détermining the fraﬁe of

reference which'corresponds to the collector mount.



111

Figures adjacent to Curves .
‘indicate value of (B-8) in degrees,

AZIMUTH

SPEED (mrad/seC)
o
P
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=)

Figure 5.5 Vafiationkof thevazimuth and elevation speeds
‘over a day. A o
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The calibration constants include the angle between the
‘sun sensor null‘axis and the optical axis as_showﬁ in figure
'5.1. For a'tracking system, the two dimenéional equivalent‘df
this sun sensor alignment error is the only calibfation‘
constant.‘-For poinﬁing sy#tems, the number of calibration
constants is ‘larger,. as indicated'in figure.5;2; moreover
each of the errors‘ shown recur for ,eachb of the é#es of
rotation. For pointing systems, the‘calibration chStants are
all dependeht on fieidﬁinstallation and -foundation subsidence,
| whe:eas the sﬁn .senscr _alignment 'erfor; once established
.during the-construction of the colléctdr; is ’independent. of
installation. It woqld be‘most_appropriate td measure the sun
Sensbr alignment error on the assembly line,>where it can 'be
measured more cheaply than invbthe :field. “1Thé following
diséussion refers to_calibration constants othér than ﬁhev sun
sensor alignmént error. The drift of thé sun senSqr alignment
.érrOr is’ﬁot cénsidered heré.‘. . |
Alignmen£ may.be an expensivé proéess,,'particularly if
it'needs £o>be pérformedbffequently. The.frequency_with which
alignmehts mu9£ be carried out is determined'by' a number 'Ofb
factdrs, ~ including :the fype', of ifoundation“ énd-_site
charadteristics. It is probable; hoﬁevér,vthat reduCing the
frequency :of .alignments necessary will require a more
Asubsfanfial_and'thus_expensive'fbuﬁdation.' Here“ we consider

three possible methbds'bf'dete:mining the constants:

(a) Carry out adjustmentsnto7make all calibration constants

identical to a set of given values.
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(b) Measure the constants after installation.

(c) Mathematically infer the ;calibration constants by

analysing the behaviour of the collector.

It is'shown‘that the third alternative is = the cheapest.
if the  collector needsb to be aligned more than.one or two

times in its lifetime.

‘5;4.2.1»‘Methods (a)_Andv(b).

MethodS‘(a) andl(b)-_are consideredA:tertherb as both
'inVOlve»the same process, in.that a manualvprocessris required
to align the collector as often ashis.required.‘v Whether the
‘result of the measurement .is» recorded or adjustments made
"makes little dlfference to the cost of the process.;f"‘

A procedure for measurlng the polntlng dlrectlon of the'
fixed ax1s- would requlre a spe01al 1nstrument Wthh could be
attached to . the collector frame and a measurement _would'
requlre the proVision of a‘reference direction.v Due to the_
characteristics of the field of collectors, it lWOuld. not be
' feasible to set'up datum points'and magnetic compaeses_wouldi
‘not be approprlate because of the abundance of metal hin the
- vicinity. A north seeking gyroscope, a compact and portable
direction reference, accurate to 30" of arc, ‘could be used in
this napplrcatlon, - Such an 1nstrument is currently priced at
around $5000, aﬁd, its“ cost is accordlngly ‘not relatlvely

great.  To determine the alignment of the collector
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completely, a further two axis measurement of the initial

pointing direction of the collector would be.required.
Surveying equipment could align a mount to 1 minute of arc, or
0 3mrad.

For method (a), where it is desired to align‘ the
collectorbdto a Specific position, probably two or three
measurements, coupled with ‘appropriate edjustment would be
required. It should be noted that these adjustment means must
be substantial enough to take the full loadings of the
collector‘ and ‘therefore' their -presence will_‘increasevthe_
collectonvcost. Adjustment of the zero pointsvof the actuetor
encoders . wouid also be accompllshed 31multaneously. vIt is
1mprobable that such a measurement would ‘involve ~leSS'7than
half a man ‘hour labour and thus the cost of the allgnment may"

~be $15 or more.

5.4,2.2 Method (c);'inferring Calibration.Constants.

Thiszmethod of'determining alignment‘relieS'on the =fact _
. that - just uas with a knowledge of the collector function and:
"callbratlon constants one can determlne the output (a pointing
dlrectlon). from - the 1nput (the actuator dlsplacements),v
<51m11arly w1th knowledge of the output and the 1nput, one; can

determine the callbratlon constants.
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This method has been proposed foﬁ éolar coliedtors"by
Cardén(19785). For astronomical telescopes this approach has
beén‘extant‘since at least 1965 (IAU, 1965). The method can be
used only if each collector is equippéd~with'a.suh sensor.
The method involvés‘calculatiné the calibration constants, the
output being the -péinting direction of the sun sensor null
b,axis. 'This.approach cannot'determine»the_ error betwéen ‘the
sun‘seﬁSor‘null axis aﬂd,the'optical ékis»éf the collector.

"Ih 6rdér‘to generate a.séquencéldfvihput data poiﬁts andv ”
cofresponding‘ - output  data points; the central contrbl
ihterrogafes the collector for sun sensor information and
actuator diSplécement iencoder »informaﬁion;>the latter being
one df the input points. The time of iﬁterrogétibn-fenabies
the sun's position to be calcﬁlated;‘ The information from the
sun‘sensor gives the'positioﬂ‘of ’tﬁe sun sensor null axis
Tfeiativé' to the sun, which, coupled wiﬁh'thé'posifion-ofAthé
sun, gives the poéition éf‘the'éensor nﬁli_.axis. | Thushithe
output data  pdihté are ‘determined, Iﬁ principlé it is not
‘necessary for‘the collector td‘ fpllow  the sun vduring thié
process. ﬁpwever, here wewstudyvthe simpler case where thg’
sun sensérAis near ndll.ai the time 6f each intefrogation. We
assume the ‘sun ~sensér is maintainéd’néar'null by a trackiné

'system.
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Analysis.

The mathematical process uses a set’ of . input boints
(actuator .displacements)‘ and a corresponding set of'output
points (the position of the sun) and functions as follows:
| The ith set of pointing ooordinatesvere calculated using
the collector function described in~ 5.4.2. In this
Z—dimensional case it is easier to considet the function as.
 two fnnctions,‘ One for ,eaoh‘ooordinate.-‘The funotionsdate
common to 'all collectors in Acontrast to‘ the: calibtation
constant vector G Wthh is. spe01flc to each collector.

The Vector G relates the actuator dlsplacement vector X
“to ‘the correspondlng _p01nt1ng, dlrectlon (e,¢) via the two..

functions‘e.and ¢. The relationships are:
(8,6) = (8(X.,G),¢ (X;,6))  (5.4)

In addition, ‘from the known p051t10n of the sun and from‘
'theA sun sensor error data, the actual p01nt1ng coordlnates el‘»'
and 5 are determlned. ~ For »a'-sequence. of ‘n sets. of
._vcoordlnatesﬁ we may; determine the root mean Sqnene error

between the actual and calculated pointing directions as:

s2- 1 3% (6, —e(x 6)) f‘(¢i-$(xi,G))2 cos?0,

nistot o N -

and define the best estlmate avallable for G as the ~value of

G, namely G# Wthh minimises S.
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Choice of algorithm to compute G#

Algorithms for the minimisation of general functions can
of course be applied to the minimisation of sums of squarés,
though intuitive arguments(ﬁrent, 1973) show that, given a
goodvihitial approximation, an improved estimate wili be found
with»fewer calculations‘if each term in the summation i$
inspected,‘ratheﬁ thanlconsidering only the sum S. Li;1(1976)
~describes ’several  algorithms and repbrté‘ that the most
Suitable"choice lies betWeeﬁ »Géﬁss-New£On‘ algorithms' and
LeVenberg—Mafquardt,algorithms,_the,férmer‘ beihg_ fasterv but
less reliablé,“particularly if the initial estiﬁate'is’poor.fr
Further,.the former is.more sénsitive_to scalinQ difficdlties,
Which are diséusséd' in the next. séction.  .Brown_'and
Dennis (1972) surGey a plethorafofhleast }squares minimisation
routines and illustrate that the Gaués—Newtoh method is the
fastest-if it finds a minimum, while the LevenbergJMarquardt'
'algorithm -iS';the most reliable, though itsf.speéd is not
‘ éxceptional.> The‘Levenbg:g¥Mafquérdt algorithmi WAS used in
the work in this study. '  1 | |
Form of the-functiohs.g,;.'

vThevspeed of‘the‘minimisation program is 'dependent on
the form of the fﬁncfions'a andig and it is approéﬁiate to
arrahge.g,$ so-that theispeéd is'high.' The propérties‘ of 6
andlg which are important in this respe¢t7arevoutlined below.

Firstly, the_scéling of thevcélibration cbnsténté‘in‘thé
vecfor  G is important. An infuitivévidea.of'scaiing is that
>similar”changes in’éachfof thé'coﬁstants,in G“cause similar

changes in'the value of S. Kowalik and Osbourne (1965) report
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that scaling is crucial to the 5uccéss of some minimisation
methods -and is always importént as far as speed is concetned.
Secondly, the function ‘chosen ﬁust allow féasonablyv close
initial esﬁimatés énd this in turn depends upon the'¢hoice_of‘
coqrdinates;- As an illustration of this point, consider the
coordinates of a position which is nominally thé.North:Bole."
Coordinatés based on lbngitude and latitude would not aliqu a’
.gqod initial‘éstimate for'thé lbhgitﬁdé of the poSitionland;a
betfér coordinafe.systéﬁ wbuld bé-a'p01ar:6ne basedﬁdn an axis
in the equatorial plane. | ”

For -these reasons the'brientation~of'thé fixed -a#is of’
- the collector has ,beeh definedvhére in coordinates.baséd,on
'the polar akis of the eérth, rather'than in terms of.ﬁaltitude
and azimuth ,deviétibns from‘the locai_ﬁértical, which is the
nominal position of‘ the fixed axis. ‘.Thﬁs the polar
.cqordinaﬁes,,of the fixed _a#is' cOrrespondv to 1atitudé.and

longitude of the collector when the fixed axis is vertical.
Calibration constants considered. -

As wei1 as the :constants,ldescfibing~1the fixed - axis
orientation, othersj?cohsidered ~were the 'poéition 6f the
fiducial'mark(or ze;d_point) for  both acfuator‘ disélaéement.
vencoders"and the géin of the disblacement‘encodefs{, Theée
last:mentioned»calibrétion,constahts would be'necessary-if for
example a ‘belt drive were employed between the eﬁcoder shaft
énd the coilectorvaxis. Variations in the driving or . driven

pulley diameter may cause one encoder on a particular
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collector to give a reading of say 100 for a collectorr motion
of 1 rad, while on another collector an encoder may read 102'
for the same dlsplacement, Another calibration constant whlch
could have been considered (but was not considered here)
concerns a constant describing. the orthogonallty of the axes

of rotatlon.l‘
Accuracy of calibration constant determination.

The accuracy of the estlmate c¥ 15 of on1y~ inCidentaldu
interest, the -1mportant factor belng the angular dlfferencel
~ between the coordinates of a position fon» the sky and, the4
‘pointing}’direction of ‘the"collector,_fas ‘aimed using the
,estimatelG#}»eAn rms average;of; this angular' difference is
used as a .measure_ of> the‘ usefulness of»G# .—'the angular
‘difference is formulated lnv the ‘following paragraph‘ by
con51der1ng the method used for aiming the collector.

We deflne two functlons 8'1 ‘and ¢ Wthh are the )

~

inverse functlons to e and ¢-and whlch transform sun pos1tlons

into actuator dlsplacements, ie:
x, = (6750,0,6), ¢71o,0,0) (5.6

To aim the collector at a spe01f1c point (e ,¢ ) in vthe
sky the actuator dlsplacements correspondlng to thlS p051t10n
;are‘calculated using the best estimate‘G#, The point on theg
sky with | WhiChv these :calculated “actuator 'displacements,

corresponds will not in general be the same 'asi the original
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point because G 1s not necessarily equal to G#. This point

‘will be givén by:

2 _ 5] #0001 #

ei?— 6 (6 (eil¢ilG Y, ¢ (ei,¢i,G ),G) : |
(5.7)

# _ ~oa 4 A1 4 v

¢i‘—‘¢(e (eil¢i'G Y, ¢ (ei'¢i’G ) ,G)

The pointing errors introduced due to the inaccuracy of
; . : .

‘G are thus-calculated by a summation of the form:

sh? = %z(ei—eig)'z‘ + (d’i—d’j)z cosz(ei) (5.8)
This average is the ¢ontributioh to sun following errox"
Ofiavpointing system"usingvthis method of alignment. -
| The:position.ofkthe sﬁn is knoWh to high 5ccuracy' and
the estimation of G is determined'by the'accuiacy of the détév"
‘_pdihtslxi.v The ratio ‘of 'S# to the r@s errqr in »eithe#
coordinate of X, o{(X), is designated>the ‘error ratio!.' It is
assumed‘that the fms errors in bOth cooﬁdinatés of TX' are
idenfiéal. The efror‘rati¢Ais therefore defined by:
.'vs'# . ‘ : o
e T
The error g (X) Zisbwthe rms 'difference,bbe£ween the
'actuaﬁor ’displadement encodef vpositidns recorded' and 'the
fpbsiﬁibné which would have been_recorded‘in a perfeqtl system

where the encoders are tightly qoupled‘to the optical axis and
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the optical axis is perfectly aligned with the sun. Thus the
error is' the ;sum of the mechanical, servo and torque
disturbance errorsdand the encoder- errors for a tracking
system, all calculated for one axis only. The distribution of
the COmbinationrof'all these errors will tend‘to’be Gaussian,
‘:egardless of the; distribution'of the individual errors, in
accordance withbthe'Central Limitetheorem. | |
‘Thelerrcr ratio was assessed from a series_of simulation
runs,‘which‘Were;conduCted as follows. | |
A set of sun.positions was calculated,‘spaced evenly ~in
time over the sunshine hours of one day ‘cf"the,.year.‘
v‘Corresponding togthis set, auset of actuatcr displacements was
calculated using a specific set of calibration'constants G.
To - simulate errors; - random | numbers 'from ~a Gaussian
distribution with a fixed rms value of 6(X) were then added to
the actuato:.displacements to obtain the Xi..‘ Different sets
‘of random numhers were used in each simulation with rms errcts
of both:.7-and 7mrad. Using a ninimisationi routine, ot was
,'calculated by minimising S. Knowing the true G, it is then‘
p0551ble to calculate the contribution to sun follow1ng error
:idue solely to the 1naccuracy of G# asbgiven in equation 5 8.'
kThe error ratio 1s then calculated w1th equation~ 5.9. Each
simulation used a dlfferent set of random numbers though each.
set was drawn from a 31ngle distribution of known rms value.
The expected value for the error ratio is estimated by the rms
‘value of the error ratio encountered in the simulations.i The.'
maximum errorbratio whicﬂoccurredin the'simulations-was‘noted

to ine a guide to the variations to be expected. As
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expected, no variation in the error ratio was observed between
“the two different.g(X)'values”used. | o

From basic' statistics, one ' appreciates that the
difference betweeh,G‘#and‘erill‘depend’on.both'the numher’of
points used in the sum S and also on the spatial variation in
the input and output points. In particular, a set of points -
dlstrlbuted evenly in time over the summer soistice 'sunshine
hours will determlne G with more accuracy than a set of p01ntsv
drawn from the winter solstlce.dueAto,the restrlcted motlon‘of
the sun on the Wihter solstice. Further, the error ratio;
depends upontthe.dayvusedfto calculate ’S " - This effect is
particularly severe if :the‘day used‘toAgathertthe'points is‘
~ the winter solstice and st is calculated- for the summer'
solstice. |

All these effeCts have been considered in-obtaining.lthe
results from 40 simulations shown in Table 5,1. These results
are basedron sun position data for twov days;" the‘ winter
sclstice' and the summer solstice;: Using this data‘andithed -
method already described, the calculated apprOXimation to the
‘set ’of'Acalibration constants was calculated using a set of Nj_,
data points taken at equal intervals,ouerathe one day. - As G#
is an approximatiou,vthe'pcintingvdirections geherated using
G#‘differbfrom‘ithose }generated' by the vactual vcalibratiqnd
constant . set and this bdiffereﬁce; quantified as the error
ratio, dependS'upou~the day»of the year used to calCulate the
difference. -In the table, five sample days of the year have
»been used marked (1) through (5). These are,vdef;ned belcw

the table.
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TABLE 5.1 ERROR RATIO

the flxed ax1s aﬁd' two determlnlng the zero points of the
position encoders). ' :

Winter Solstice data ~ Summer Solstice data
N (1) (2) (3) (4) (5) (1) (2) (3) () (5)
10 .59 .66 .88 1.2 1.3 .60 .59 .58 .58 57
20 .42 .47 .66 .91 1.1 .38 .38 .37 .37 .38
‘40 .30 .34 ..,48 .64 .76 .27 .26 .26 . .27 .27
80 .22 .25 .33 .44 50 .20 .20 .20 .20 .20
Six_Calibration Constants (as for four calibration constants,
but also including two actuator gain constants). ’ '

Winter Solstice data E SummérASolstice_data -

N - | . ‘ | ._

N (1) (2) (3) (4) (5) (1) (2) (3) (&) «(5)
10 .73 .94 1.9 3.3 4.1 .76 .71 .67 .68 . .71
20 .52 .63 1.2 2.3 2.7 - .51 .48 .45 46 .47
40 .38 .48 1.0 1.9 2.2 L42 .40 .37 .33 .33

.28 .27 .26 .25 .24

-k

Indicates the day for which the pointing error due to the
difference between the true callbratlon constant set G and the'
calculated set G was evaluated;

(1) Winter solstice. o
(2) Winter solstice + 46 days.

(3)  Winter solstice + 91 days.

(4) Winter solstice +137 days.

(5) ‘Summer solstice. '
--All calculations for latitude 35degrees
and a near alt—az mount
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The error ratio calculated using the summer solstice day for
data collection and the samé‘day for the calculation of s# is

shown in. figure 5.7.

Cost of calib;ation.'
»Fbr the simﬁlation runs,‘progtémmihg was based»'én ~the
Brown énd Dennis(1972)»modificaﬁion of the,LevehbergéMérQuardt
lalgorithm which‘ uses derivatives; caldulated by finite
differencellmethbds;‘"Average' execution time for caiculating
" the calibrétion gonsta#ts' using‘Aa ADEC-fO KA procéssor  i$,
illustrated in ‘figure‘5.8.and‘is typically 3 seCOnds‘o:'leSS._
for a 16 point caLibfation.b On‘this_basis’and»éstimating‘ the.
cost 'ovaérocessor time for the DEC-10 at $100/hr, thev
'computation for each calibration is $,1/¢ollector~ for av:1d
- point lcalib;ation.' Processof time cost is in>general rglated
to computer speed and one'danlexpect' cost .studies"for’.bofh-
';faster and slower m&chines‘to'yield sbmewhat'simiiérvvalues.
.The‘COSt of cémpuﬁation is_notvthe ohly'exPense,‘as. thei
data for the- caliBratiQn {mu§t aiso.be gathered and,stbred.
The stofage required is small, with at most 160 bytes"being
‘required for eachtqolleCtof; Total étoraée‘requirements are
 not deﬁermingd;by.multiplying this figure: by = the: number 6£~'
.collectors;,'as. not all daﬁa néeds ﬁo be stored ét:one~time.
Costs here-willvbg‘minimal ana the computation of calibration
 constants cah be “schedﬁied so thatb the facilities of the
central machine S will nd£ be  stretched by  the storage’

requirement. Thus the central machine cost is not increased
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Figure 5.7 Ratio of the pointing error on the day of the

- summer solstice because of errors in the calculated :

- calibration constants to the rms error in the actuator
‘displacement values, (or error ratio). The values
shown are averages calculated from 40 simulation runs,
and as such have possible errors of 15%. The error
ratio depends on. the number of calibration constants
which need to be calculated, as shown.
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by this‘requirement and no cost should be ascribed to the
alignmeht method.

Data collection will require the provision of ‘a return
communication link from each collector to the central machiné
andk§OSSibly speéial déta,héndling facilities'if the:data rate
vrequirément’ié‘high., An estima£e>for'the;data rate is madé in

the following paragraph.
Data rates for alignment.

We assume that‘the»gentral controlier'_can- interrogaﬁe
each vcolleétbr with a_series of requeSts_with oﬁeirequeét for
‘sensor daté and one for encoder information.  The ‘cblleétor
returns é data word with; an 'idenﬁifyingr set - of bits to
indicatevwhich‘collector is replying. Here we assume this_,;
identifiér is 14 bits long, which is sufficient for'individualb
identification of 10 000i‘collectors. 'The“sénsor data ‘is
iassumgd .to réquire iZ,bits and the two‘piéces of information
for the fwo:encoders are'assumed ‘td ‘reqﬁire 10 bits 'eaéh,
‘which 'giﬁes an rms error ‘in each axis of néar Tmrad. We
furthef assume that the information'is ?eturned in two words;-
one for thexbseﬁsor  and'one for the 'encoders. Thus 60'bitéj
heed to be returﬁed for each interrogati¢n. ;If'it1is 'desi#ed'
to . collect infofmétionujfor >ah >aiignmentA 6f' all 10 000
¢oliectors on ohé day and intérrogatibn"occurs; at_ireQUlar
ihtervals of t secohds, thén‘infbrmationvwill réturn with a

data rate of:
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R = (60)*10 000/t (bits/sec) | (5.10)

The interrogation interval t dependskon the number of
points wused in détermining'G. For a 10 point alignment, t is
4320 seconds and thus:from (5.10j the.daté»rate. of returning
.information will”be‘oply’about 140bits/sec. Such atdata rétei
would not require any speciél daté handling facilities. 'Thﬁs 
the cost of the alignment cén'be.éstimatedvfrom thé éxecutién
,timésvin'figure 5.8, A study of the data rates of an
‘alternatiVe datég;collection‘schéme for alignméntvislgiven’by 

EdWards(1978b), reprbduced in Appendik»E.
A note on data transmission cost.

1Facilitieé'vf6r ‘data 'transmiésioﬁﬁ do not display"a
mohotonic incréase in cost'with'data”fate and in general_costs
increase.in stepé, at'partiCular data';ates. for' siﬁplev two
wire _tfansmission‘ over cébleS'equiVaient to'telephqne;lines,
costs would be invariant up to ‘data ‘rates around 3kHz, inr
outdocr 'enﬁironmenté. N ,Thus“no cbst”»iﬁcrease -£or' data
transmiésion qan'be‘expected, providéd _data rates are “kept

below this figure.

5.4.2.3 Comparison
At the beginning " of this section three methods for -

'alignment‘were suggested, viz:

(a) Carry out mechanical adjustments to make all calibration
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constants identical to a set of given values.
(b) Measure the constants aftér installation.

(c) Mathematicaily infer the calibration cbnstants by

analysing the behaviour of the colledtor(

The’baéic diffefence in cost betweeﬁ methods (a) ahdh(b)r
on the one hand énd:(c) on the other is that the former is
'characterised-by ldw,inifial costs éfithe'inStrumentsvrequiﬁed;'
for ‘méasﬁfihg :alignment,.‘but'.involve high 'cbsts for each
ali§nment,-whilé.the latter is‘characterised_by‘the,:élatively ‘
high initial"éosts for the Asun' sensor‘and data gathefing'
‘equipment, but 1ow'subSequent qosté.' ihus the fdrﬁer is mOIeV‘
;economical.iif the = total number of alignments pef éélléctor
over the collector's lifetime ié‘iow, whereas the latter is
more“econpmical if fﬁe.number.ofjalighments is high,_

| Tﬁe breakeven pbint between the two groups is the number
of"alignmenfs'vpefv coilector fof_ which~:cosfs aré the éame
regardless of thch_méthod is used. The ;brgakeven‘ Qoint isbb
probébly aé 1ow as bne or,tWo alignments pér collector, which
is not many for the ehtire life'ofAthe‘solar plant.l For any
greater“number,kmethod (¢) would be more eéonomic. v

A further advantage of ‘method (c) is th;t; due to’ the
availability of-linformatidn~ from the sun‘sensor;,alignmentsﬂ
will be performed.no mofejoften than is necessary, in contrast
" to methods -(a)-‘and (b}, Qhere'alignments must be performed_‘

‘routinely if a sun sensor is not available.
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5.4.3 Disturbance'Tprques: Wind.

Here we analyse the deflections of thé collector
~structure Vcaﬁéed 'by wind gusts which méy céuSe sun foilowing
errors. This’involﬁés the calculation of the wind forces and .
the aerodynamic»admittance'of fhe structure, bpth of which are
 functions'of fréquency.. The Spectrum of the  deflections mdy
then be ”e§aluated as a combination of the above ihformatibﬁ..

The errors may be reduced by introducing‘ feedback into the

guidance -and control system and therefore khowledge_of the

spectrum.is,important for the selection Aof an approp;iate
guidance and control scheme bandwidth. Data on this spectrum
is presented and the implications for the design of the

guidance and control scheme outlined below.

5.4.3.1 Wind.Deflegtion Charaéteristics,

Each degree.ofbfreedom of the StrUCture‘caané-déscribed
by ‘a certain:rigidity, fésonaﬁt frequency4énd damping factor.
The resultanﬁ’reépbnse of the:structﬁre_to winds will be  the
sum of the component responsés fér thé}fespective de§reés of -
freedom. On the 0£her>hand>the resultant sﬁh foliowing kerror
will depéhd _upoh the 'céllectori design as well as being a
complex functidn of such quantities ‘as the strength " and
direction of the wind”relétivel to the ddlleétor;A Here we
~ analyse é single degree'qf‘fﬁeedom of the structure té gain
insiéht into-the_size'and spéctrﬁm'of the Wind aeﬁlections;

| It should be ﬁoted that sOmé of the vériables‘upon which
calcuiations of ‘wind effects .are »baééd are not kno&h~

 accurately...Am0ng these-in ‘particular are variablesf which’
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" describe  the turbulence of the wind. Consequently the .
'follOWing calculations themselve are not precise.

In evaluatinc a soectrum of the collector displacements.
we »use fa spectral density function Svﬁf)‘of-variable‘v at

frequency f, whose importance can be seen from the. equation:

d (v9)= s (£) af (5.1
where d(v2) is the contribution to the“varianCe' of v - from
frequency components in the range £ to f+df The‘variance of

v is thus given by
v2 = J s (6) af o (5.12)
S . , o : : :

Wind,forces may~be~expressed similarly, with the mean__
wind force F being a function of the spectral denSity function

‘ (S (f)) of the Wind force, namely-

! o | 7 -V

The' relationship between the two soectral ~density

functions above can be derived 81mply (Davenport 1975) and thev.v'“

linfluence of the ratio of the size of the wind disturbance‘ tO
the >51ze Aof the collector is 1nc1uded uSLng an 'aerodynamic”
admittance function!,f XZ, which is a function ~ of the
frequency, e charecteristic dimension of the‘collector (L) and

the mean wind velocity (V) (Vickery,'1970),‘ The spectrum of

the wind force is expressed in terms of the-veiocity spectrum
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(Davenport, 1975):

2

sp(f) = L5 s (), Z(EE)’ N R )
F =2 : .
a v -
The'function‘xz-ls given graphlcally by Vlckery(1970) For

- low values‘ of fL/V, xz. approaches unlty, implying - that the
object fully'accepts'the force. At high values of fL/V, 'X2
approaches zero,iindicating the‘force has llttle affect on the
ob]ect .

We' assume that the w1nd forces produce moments ‘in ‘the
Astructure which cause angular deflections and the deflections
arehassumed to be'proportional  tO"the’cwindb force. iIt is
_possible to design structures whose‘response to a spec1f1c
wind force is not an angular dlsplacement, however, certain’
assumptlons, such as‘vunlform w1nd force over the collector,[‘
are reéuired for design;:fGradients>in the wind force,.across _
. the collector are jlikely "and‘ these will"cause angular
displacements; ‘ Further, designs. which prevent(or reduce)
.angular deflectlons w111 of nece551ty ‘be more complex and thus
more costly. |
| The deflections are calculated as the product of the
spectral densityﬂ_function of the force and the.following:
transfer functionvbetWeen‘force and displacement for a single
vibration moae " of the collector w1th resonant frequency f
-damplng coefflclent ¢ and rlgldlty k. | |

1/k? - (5.15)
[1 -(f/f0)2}2¥_4cz(f/fo)?

i |H(f) |2 =
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The deflections of this mode are related .to the force
spectrum using the mean deflection(z) of the cdllectorvunder

force F where:
X =TF/k - (5.16)
' The'stahdardAdeviation(Ux).of the deflectiqns"at frequencies‘

above the frequency of the steady wind is obtained from 5.14,

5.15 and 5.16:

2 = 4E J XZ(EE),|H(f)|2 s_(f) af  (5.17)
X =2 ) 7 v - .

. . _ N
- Strictly speaking the integration limits should be O ,

'(thUSf not including the\steady'component), and infinity. in
practice'fhe lower’frequency limit is the ffeQuehcyv of the
‘mean wind (around-,OO1Hz)” Ahd the,upper.limit.issljuStbiébove
thé resonént frequency of the structure in question. A

’  if‘ail defiections aré related to the meén}deflectionfat

“1m/s, Ei;;then:

2 _ =222 2,fL, | 2 Ve (5.18)
o2 = 4% v‘,I KD 1H(f)| s, () df "

The variationIWith frequency of the ‘various terms is -
“shown in figure 5.9. Heuristically, the result of _the

integration. is splitvinto two parts; the contribution to Oy
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- Figure 5.9 'Diagrammatic explanation of the integrétion‘in
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equation 5,18, and subsequent partitioning into two

parts, the resonant contribution, equatlon 5. 19, and
'B' effect contrlbutlon, equatlon 5.20. - :
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from the defiections near resonance '(Gx(res)) and the
contribution to o, from the non-resonant deflections (9x(B))

as shown in figure 5.9. These are calculated from:

v £L - nf_ o e 4
O-X(res) = X (——-—) S (f ) C v x. V ) )
v v
The . extra term beidg thefintegral of H(f) for,frequéncieS’near
fo(Davenport; 1975) . |
1‘The non-résonant deflections are called B (for

background ) effects and H(f) is unity for these frequenéies,

2 =2 2 fL -

2, -
ox(B) =4 x 7

(5.20)
The:deflections of"importanCe ‘afe}.th05e~ Which ~occur
'dﬁring sdlar enerqy colleﬂtlon._ To calculaté‘a mean'Wevneeé '

to know how many hours of sunshlne occur ét éach“mean wind,

speed. Data-.is sparse here, and we rely upon Vant-Hull et 
 ‘al(1975), who give the results of a correlatlon between mean,
- wind speed(V) and direct sunshine at,Inyokern,vlnvthe form of
~ the fraction df-Sunéhihé hours lost if ‘equipment is closed
- down for mean winds above a given - speed. This data is :
reproduced in 'figuréi 5.10. The,'shape of this curve is
apprbximately  exponentiai, with decay constant,'Vk,‘of near
3m/s; This suggeSts that the fraction(df) of  sunshine hours

withvwindS'in the velocity range V to V+dV is given by:
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at = 1/¥, exp(V/Y ) a¥ 0SS (5.21)

An appropriate mean for the two 3% values, averaged over B

the sunshine hours is thus given by:

- 1, £L ) mE 52 S -
0, (res) =x3 J X (=) Sy (£, )2 = exp(-V/V,) dv (5.22)
v
- S5 .= _ |
éi(B) = 4X$‘J'§ [ J 2(££) S, (f) af eXp(-Vyﬁk) av
. 0 .

- (5.23)

where Vg is the Wind'speed'abOVe which'the collectors wil;_.be
_.stowedk and vthus ‘not collectlng enérgy. " In the fellowing
calculatlons, V was 10m/s. |
Ip qalculat;ng OX(B) anqu%(resf( tﬁe Veloeity - spectrum
of the winds Sv(f)"was -approximated by (Simiu and Lozierv'
1975): o - |
CE S (£) 4.0 b7

T a3 (s
. whefe b=(1200metres)hlf/v,, Aﬁa % is. the ,7surface drag
coefficient, whieh was assumed to be:.Ou, an urban value. The
efunction X%*é—) ié ﬁaken from the graphs provided by

i.‘Vlckery(1970) Y o |
| The mean square dev1ation for the resonance deflectiOnu‘
‘((5;22) and (5.23)) is plottede~ese a function of resonant

vffequency and damping ratid~in figure-5.11;
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Flgure 5.11 Resonance structural deflectlons as a function

of resonant frequency (fo) and damplng.‘ 1 is the
- mean deflection 1n a 1m/s wind.:
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The B effectS~are functione of frequency,f tne‘ epectrum‘
being plotted in figure 5.12; _‘Practically all the B
deflectlons occur in the frequency range .001Hz to .1Hz.

"For a de51gn value ofo of 1mrad, the spe01flcatlon for
the structural Vrlgldlty of the collector, i{, 1s plotted for
‘varying resonant frequen01esv1n f;gure 5.13. The‘compensation
process has been_ described inbeseCtion 5.3.2. Briefly; it
requiree that the eerVo respond quickly enough'ito_ prevent o
deflectlons from cau31ng sun follow1ng errors. .Unless dampingt-
is very 1ow, a servo possessing this property of compensatlon
’w111 allow‘ less rigid collector structures to be spe01f1ed,
»bprov1ded that resonant frequen01es are above 0 1Hz.

If we assume‘that the mode of deflection 1llustrated 'in_:‘
figure 5.14 is dominant, we can derive an expression for the
bvreeonant frequency in'termspof,the design specification'.gi,
viz.: | | - '

‘(2“f,2>= F/k p't §1 D/2)f’ 1 ;_1 | gl(5L25)
where F is the:forcepon.thercollectoruper:séuare metre in'1m/s
~uind, | N | | |
p lis the density of the coilector material,

t is the effectiVe collector thicknees;

and_D is.thebcollector diameter.‘
, Thie resonant _frequenoy information' can ubeb combined “with
‘figure't5.11‘to.give §i
' figure J5.15. “Also  shown are - -the :vminimum ’strength

as a function of E%,vwhich is shown in

'requirements, (with the deflection mode’ of figurep5.1u), to
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Figure 5.12 Spectrum of 'B' effects. :Data'is from a
' histogram with eight logarithmic steps per decade.
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Figure 5.13 Required de31gn deflectlon in 1m/s wind, x1, as
a function of collector resonant frequency and servo
- type for resultant rms wind induced deflections of
. 1mrad. ¢ is the damping coefficient of the structure.
Compensation is the process whereby the servo -
controlling the collector can compensate for the 'B'
effect deflections, thus reducing sunfollowing errors.
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”Flgure 5.15 Design rlgldlty of collector structure expressed
as deflection in 1m/s steady wind, X1. O, is the
resultant standard deviation of deflectléns averaged
,over all sunshine hours. .

(10)=-Required rigidity to withstand steady 10m/s w1nd
when unstowed.
¢ is the structure damping ratio.
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withstand 10m/s winds while unstowed. Stow positions can be
- designed so,fthat these minimum strengths are-adequate for
.extreme (50m/s) winds. | |

Compensation has been described as the bprocess whereby -
the controlling servo -adjusts thevcollector,position'so that
defleCtions due to the disturbance'torques dovnoteprOduee “sun-
following errors. - Clearly AcOmpensation for deflections‘etVV
freqnencies.outside,the'bendwiath of thevservo is notbpossible“
and thus no compenSation‘can be nsed'for resonant deflections.
if'the resonant‘frequency is less than ’1Hz; 'then resonant

'deflections 'dominate' the total deflectlons and compensatlon

can at best have only a small effect on sun follow1ng errors.,

However,g if the resonant‘frequency is greater than,.1Hi,'tﬁenv
'the bandwidtthf:the:servo'is very ,importent' in _determining
resultant ‘sun folloﬁing;errors, _in_figﬁre 5.15 the’resonant
,frequenoies resuiting_from equation-5.25.arevbetween 0.4 -and‘
2Hz. FIn.‘this-case'servo systems ﬁith bandwidths~a§proaehing
‘the resonant frequency will be able to compensate for a .large‘
’fractlon of w1nd gust deflectlons.: Such a servo. possesses the
"operatlonal :equlvalentn of rlgldlty,‘ whose costsv “are :
negligible; wnile the 'alternatlve of 1ncrea51ng rlgldlty by
the requlred factor of 3 or so would ‘be- expen51ve. The costs
associated with increasing rlgldlty are dlscussed in'sectione

5-.'6.1.



145

5.4.4 Disturbance Torques Other Than Those Due To Winds.

Here we include stxuéturél loadings such‘ as may be
caused by the acceleration of»the collector, loads due to the
weight of the collector and loads due to thermal 'Stresses in
the collector. Only uﬁder very unusual'conditions does thé‘
‘sun‘s’ motion‘_ihclude appreciable accelerétions and  this
loadihg‘ié ignored. For pointing systehs using‘the'extrg lgdp N
in the'pointing system of figure 5.3, errors due to dead' and
therﬁallvldadings can rbe. reduced by calculating apéropriate
corrections to the desired direction téiicompensaté for the
'1oaaingéb - This prbcess.of compensatioﬁ‘for’errors,can teaﬁée,
~ these errors to near’zéro. The servd of a ~tra¢king ;system
>,would 'have ho difficu}ty'with ahy of these loédsi ﬁhidh vary

SlOWlY5 :”‘

,5;4,5"Enqoder Errors.-
| 'Thé erfér-between £he’a¢tual shaft.displééement?and 'thé |
‘informatiqn ‘recoraed byAthe>encoder'is thé enéoder error. >va’
£he_enqodér$ yiéld‘digitai’outputs‘With a ‘mihimum 'changé.:of1
(Ae),;fthis‘,is eguivaleﬁt to an rms‘error of‘(,29A;): it iéA
‘assumed that this Verrét vdoﬁinates.bother _poséible ‘enéoder
-probiemsvsuch as linéarity.5 The encoder errof'in'the tWo axiéw
situatibn COnsidered here is the resultant of the ’error$‘”fgr
each' of‘ the'lfwo‘ encoders; whiph, if idehtical, will~be”
approximated by 1.4(.29Ag). Thé_épprdximation‘is due to the
: fact that the ‘cosin eXpressioﬁ‘ in the exact equation for

combining the two errors, egtn 5.26, has been ignored.
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5.4.6 Mechanical Errors.

The effects of non-linear friction on servo perfdrmancé
have already. been commented on. Other meéhanical causes of
érror includé backlash and éxis‘wobble,ithe' latter occurring
wheﬁ_.the- axis of rdtation~does.not_eXactly coincide with the
axis of the akle‘being.rotatedg The impact of these érrors is
unknown until a hard designlis_formulated. |

In the case of a ' tracking 'system, backlasﬁ Aand axis
wobble are unlikely to éause sun following errors prpvided the
. relatively cdnétantvdiéturbance‘torques, such as dead loads,
.exceed the varying_ disturbénce torques;'such as-wind 1oads.
For a pointiﬁg System aliv ﬁe¢hanic§1 ;e;ror ‘céuses must bé
considered. : TheSe' errors are not..considered 'further ih
determining the composition bf. the,'gﬁidanceb aﬁd control

scheme.

5.4.7 'AC-T.UAT‘OR“DIASPLACEMENT CALCUQTIONS_.» .
: A ‘necessary‘ input to _the' pointing system,_ié  vthe.'
calculétion of the aétUator.displadéments'éo:respondihglto>the
:;degired pqiﬁting'di:eétion; This calculatién{dah bé'carried
:¢Ut tb'raﬁy desired icéufacy.  We néwvaﬁalyse at.length the
'method,éf calculation and present the cost,bf‘fhe calculation
in-'tefms of‘computer'time as a function oflthe'méximum érror
in tha] calculated actﬁator ‘displacemants. The impact of
different computing machinéstonrthe times'taken is considered.
Results are'presented’in a éetvqf.graphs in section 5.4.7.7:
‘in 'the.‘case'"bf' 8 bit microprocessor calculations, detailed

 programming is outlined and storage reguirements for the
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programs.given.

The calculatlons required to operate the additional loop
ofvflgure 5.3 are not con51dered here, but these would 1nclude
 the calculatlon of deflections due to dead loads ‘and  so on,»
In general,  these calculatlons Aare‘ identioal, for eeaoh
collector and would not add to the cost of the calchlationv

51gn1f1cantly prov1ded that they are performed by the cehtral

control

»5.u,7 1 General Remarks

The calculatlon of the actuator' displacements has btwo
dlstlnct parts.‘ First’the sun’s~positloh must be'calculated
- 1f the" compensatlng loop of .figure‘ 5.3 4dis used then
appropriate ‘correctlons must :be ' applied. ‘The seoond
calculationtyieldslthe‘actuator displacements correspohdiné to
vthe vsun‘s _position using the calihratiOn’constants for each
collector. Only this secohd calculation-muSt be repeated. for'—
'each- colleotor' ahd this domlnates the computatlon requlred
- 1t is the only calculatlon con51dered here.

' Regardless of whether the calculations are-performed at -
the central orl_at - the 1ocal.control} some'ihformation must
éass between the'tWO,cohtrolsL The’data'rate of the 'required.'
information:islcohsidered in section 5.4.7.9. |

 The task is considerably simplifled. ifA'the ‘adtuator
disolacements - are »_caloulatedv at }intervalS' and‘.linearly

interpolated‘for times in between.
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In this situation there are two error causes. The first
is - that caused by assuming the sun's path with time to be a
series'of straight line seéments and ‘the second is-duegte the
errors in caléulating the‘actuator,diSplacementskcprresponding
to thevsun's‘position} '

Thevfirst»cauSe’iS'a fﬁnctionfof'both‘ the ;iatitude of
‘the alt-az mount and the ‘length of the stralght line segments.
The error _decreases w1th decrea51ng' 1ength or 1ncrea31nga
jiatitude. Data on thls error is presented in a pair of
- graphs, flgures 5.16 and 5.17.

In vanalys1ng the .second ’error VsourceA we cohsider'
calculatlon. of the actuatot ‘:displacements ‘usingb-four
" calibration censtants-‘only. Using‘-the esix} calibratione"
'constants as  outlined ihl sectien 5.4;2.2' (‘Ferm of
functions..;) would make little differenee 'to.-the.'results,

adding two'multiplications only'to the effort required.

5;4.7;2' Errors In Interpolation -

The‘path of the sun was assumed to be giVenf by the
: equatiqns 1derived for a uhiformly-rotating earth; Withvthe
declinatien.ef the sun- varying sihuseidaily with time, as
R gi&en by Brinkworth(1972);_AEquatiohs_5.1’and 5.2vwere‘used to
‘calculate the sun's position. | | | -

” The Astrategy” for calculating‘  a f”path h,elosely
approximating the sun's in either coordinate is as_follows:
for the first segment, the path is 'an- uhcbnstrained' linear

least squares approx1matlon to the sun's path For_subseéuent
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segments a linear least squares approximation is used:with the
constraint ‘that the starting point must coincide with fhe
.éndpoint of the previous interval;

This error;is affected byvthe‘length of the'segment. andl
:the curvature of the sun's path. FInvestigation shows thét the
latter caﬁse is mbst severe when the suﬁ is closest  tQ being
:directly }in.‘line 'with theV,fixed(azimuth) .axis. .Usinglé
precision Sﬁfficiently high to eliminaté‘ any discretization
 errors ~in thev caléﬁiatiOn itself, errors fof pointingjﬁsing.
‘the above ‘strategy weré célculated. ' The errors in both
_coordinates‘are combined to giVe a pointing erro:v(Aei) by the

formﬁia:
(80)2=(80) 24 (cos0 20)%  (5.26)

where Ap and A8 are £he_erro#s in,azimuth(¢) and altitude(e),'
vresﬁectiﬁely.- | .
The variatioﬁ of rms error over the year with_‘variatioﬁs_ in.‘A
vboth' segment llength ‘and latitude 'isbsh0wn'in”figure 5.16.

Although the length of the segment>has moSt effect on 46,, the

éhase relatibnship:between thé~succéssion of segménts‘and the
functions describing © and ‘¢ with'.timev:is' also _impoftant.
.Thﬁs in figure 5516, A61 vs segment length is represented by a |
zoﬁe in sohe cases rather than by a specific curve, the ‘exact
position 'withih the zone béing:dependehtlon‘the‘phase: The
~ maximum rms error over a single segment is shan.‘in figure
.5.17. " This maximum'rms errdr ocburs-at thé sumﬁer SOIStice,

around midday. Clearly‘this'error Sis very small, even at
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- Figure 5.16 Errors due to approximating the sun's path as a
- series of straight line segments. Rms error
calculated over all sunshine hours, for an -
azimuth-altitude collector at latitudes 24.75, 26,
28.5, 33.5, and 43.5 degrees respectively from top to
bottom. The hatched area indicates the variation due
to the phase relationship between the succession of
straight line segments and midday. '
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Figure 5.17 Maximum rms error over a year for a single
' segment due to approximating the sun's path as a
series of straight line segments, for an .
azimuth-altitude collector considered at latitudes
- 24.75, 26, 28.5, 33.5, #43.5 degrees respectively from
- top to bottom. The hatched area indicates the
variation due to the phase relationship between the
succession of straight line segments and midday.:
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- segment lengths of 1000 seconds.

5.4.7.3 Actuator Displacement Calculations.

| The time 'ﬁo calculate the -.actgator displacements
corresponding. to 'a_vpbsition‘ in the_‘sky depends upon the
"ellowable - error between an exact - ’calcﬁlation 'rof ~the
displacements and an»approximate ealculation}  In;thisf;ection‘
We.'reletei.»this.‘ allbwable.' errorl to -the~‘ numberr of
multlpllcatlons or divides iﬁ the calculetion and assume that
" the tlme taken w1ll be proportlonal to .the total number'.of
multlpllcatlons or d1v151ons. For convenience we use the word
multlpllcatlon to represent ‘either mu1t1pllcat10n or - lelSlon
‘asvboth operatiens>are equally complex.

.ForﬂvflOating_ point calculations, = a graph Arelating_
pqintingv error to .the>numberAof‘multiplications'isvderived.
TeSts on pwo!typical macbines (?DP-11.and DEC-10) were-madebto~
determine the aﬁerage timeftaken erveach‘mﬁltip;icatioﬁ for

"thiS‘applieation.. Thus the compuﬁafibn time to derive’ thef
adtuator« displaeements ean'be ceieﬁlated as a.functidn 9f the
' accuracy of. the computatlon.  -A .separate section’ onv the
'possibility‘_of calculatlng the actuator dlsplacements u51ng a
' fiked ‘point .computatlon, ;es ~would }be ~ suitable 'for
microprecessor .calculetioh(' is ’elso given.le Specific
programming for an- 8 blt ealculaﬁion is shown 'and:'stbrage
requlrements‘ and executlon tlme are estlmated - Requirements
for 16 bit calculatlons u51ng an 8 bit ‘m;croprocessor: are

estimated by extrapolation.
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No apologies are-madevfor the}nature of the estimation
as the computation ‘time_.requi;od, will vary quite markedly
depéhding on machine_ féatures soCh -as"architecture and
particularlyt,on ‘whether the-machine'has a hardWare floating - .
point multiplication instruction. ‘Thé 'total‘ time Trequired
will oertaihly " be. proportional “to - the: »number' of
'multipiicétions ffot microorocéssors without _hardware
multiplication, whero the mﬁltiplication timé’dominates‘all.
other‘operation -times..  This will also be - the case for
maohines ‘with softWaré based ‘floating pointﬂmultiplication
‘_’routines, where;multipiication routines also take‘a relativély
“long ttime; ~ The “ésgumption thatttimeoié:proportional to‘the‘
number of multiplications istpoSSibly'less true for machioos
with hadeare floatihg'point‘muitiplication capability, where
the multiplication»time is of the ordet of the additioh,‘tihe.»’
However, 'the' aotuator ~displacement :calculation; iﬁvolves‘a
reasonabiy constantomix‘of multip;ications,:additions and  éoﬂ
on, accordingiy.the proportionality is'stilllreasohable.

| " The actuator,displaoements 6 and ¢ . are giﬁeniﬁby ‘the
usual = equations  which transform the . sun's position in-
équatorial_c00rdinateévinto nominal alt-azimutﬁ cootdinétes[
- using thé'calibratioh constants of the collector.
. Alnumber of equations can be derived;'of'whiqh'thé tmost

useful are:

sin ¢ = sinBsin§ +‘costcosﬁ coskt : :(5,27)

' cos.¢. ‘(coss coSkt sinB"—'COSBksinG)/cose - (5.28)
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sind = cos$ sinkt/cos® |  (5.29)
tan¢ = sinkt/(sinBcoskt - tané cosB) = (5.30)
cos¢ = (siné - sinBsin®)/cosBcos® - (5.31) "

The calibration constants are"included with B >b¢ing the
' 'léfitude' bf the fixéd axis_and kt‘including-the'ldngitude of
the_fixédvaXis..‘The'encher Zero.errors can be included' bj'
adjustment_ofve and ¢. ._

| Forb‘eaéh'-computaﬁion 'of‘vthe' actuator displacements
equations (5.27) and - (5.30) or '(5.31)’ requiré_'the-leaét'm
multiplicatiohs/di#isidnsf‘ Equations (5.28,5.29;5,31) éxhibit
 gréatly‘ reduced accuracyj for; $ near m/2 due to the error
propagating pfoperfiéé of divis;oh in fixed point operaﬁions,
Equation  (5.30) " is = to be preférred;'Sincé the tangent of an
'anglévdetermines th¢ angle with mbfé precision than ény other
‘trigohOmetric function. | x i | -
‘.In generél, madhineé{com?ute~functions such as Sin and
cos by -computing an;apprdximation‘to’thé funétionk'—‘such an
‘approximation cbuid be a polynomial;‘ The . aééufacy of~.the
'approkimation . increasés ‘-with'A theM.number”ofJ:tgrms' and

multiplications in the approximating function.

5.4,7.4 Appfbximating Functions.

 vIn designing apprdximating‘functionS’it‘isrcustomary to
utilise an approximation which’iS'valid over a'fénge 'smaller
than the,possibiefvalues of the argument; ‘Thév range‘_of‘ the
- argument Cis. réducedn by using 'étandard ,identiﬁies: Also,i

usually'only"the'inverSe tan function isfappfoximated~and the
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other functions calcuiated from it. Further only oné of sin:’
ahd cosin is approximated and one calculated;from the other.
Here we ‘réview “the ﬁange “reduction formdlas - used and
partiéular points about‘the approximating ;fuhctiqns ~required
to calculate 6 and . |
.-The tan func;ion is approximatéd over the range (0,T/4),

 and ‘the range is reduced to this by the relation:
tan(x) = 1/tan(m/2-x) | : - (5.32)

Thevatahv(§r arctan) function ié similarly approximated
o&er‘the feduced.rahge.(b,1)”and ranée‘reduction uses>the same
formula, resuiting in,~6nvaVerage ﬁor:eveniy spreadfxrbhalf an
extra multiplicatidn ‘for each e&aluatidn of the. atan or tan
function. | |

‘.The ésinbfﬁnction is calqulatéd‘via the- aﬁan functidh_

‘using the formula:

asin (x) = atan(x/Yi=x?2) (5.3

Thus A 7$quére‘_root;.'an- atap"calculation and two extra
"multiplications must;bé performed for an asinbéél¢ulation..

The square root functioh is‘ economically ‘calculated
- using a  linear abproximating function and iterative:
Newton—Raphsonrimprévement. Rahge ~reduction to (.25,1) is

“accomplished using the fdrmula:



- 156
v/ (22Px) = 2P ' (5.34)

Only 'binary 'shifts’ ‘are involved, which ccrresuond : to
movements‘bof the decimal pointsin.the¢decimal syetem; Thus"
the formula is eesy rovimplement_ih the binary system, The
linear apprOXimation"to_the square rooh function isjaccurate‘
to seven bits (or ’2;1 ,decimel 'digits)“and, recuires';one'.
muitiplicaﬁion honly.  Each iterative refinement requires one
multiplication also and  doubles the bnumber of significent
Fdigite'in.the result, - |
Suitable approximaticns for the above functions are
given by -Hastings(1955)‘and Har£(1968)‘for various_levelevof‘
approximatiOn. In figure 5. 58. the error with which the
functlons are represented is displayed. W1th the absc1ssa belng
the number of multlpllcatlons requlred ‘to achieve that error.“
.Errcr here is defined in the seme sense as Hart(1968); being
the maxiﬁum relative.error between the fuhctionvhapproximetion

and the function.

5 h.7. 5 Error Propagatlon And Accuracy.

| Here we - 1nvest1gate the propagatlon of computatlon errorru
through the calculation of the actuator dlsplacements and
~estimate the accuracy Of.Calculations as‘_ah:functicn' of the

number of mathematical operations.
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divides in the approximating function as the abcissa.
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5.4.7.5.1 Floatlng Point Calculations.

In calculating the Values:of é and ¢, it is assumed that
all apprcximating funCtiohs used have similar accuracies. The:f
maximum'possible'errcr in the result of a floating, point
multiplication ié simply,twice the error in the multiplicahds.
Addition dces not change the relatlue error, »buth_subtraction |
dces,'particularly if'the result is small.

va each approximatihc.function has éeak vpossible errcr

£, then " by inspectlng formula 5.27 it seems reasonable'tc

assume that © w1ll be calculated w1th a maximum possible errorv_,

of Uf. We '1gnore here the problems Wthh -arise 1f the
argument of the a51n functlon is near zero due to subtractlon,_
or near 1. the latter resultlng in error magnlflcatlon due to
~the shaéefof the asin curve. leeW1se in the calculation of
9, largeN errors may result for the denominator near zero.
This problem-will-occur over only a Small region  cfv the sky -
l(as is incidentally;fthe case for-sine‘near 1) ana shbuld'not
‘1nfluence energy collectlon greatly.a Thus’thevmv vcalCulation.
(5.30) ish assumed to 1nvolve peak errors of around Lf. also.<
The reSulting peak pointing error,vis the‘Aresultaht_‘of the
errors in 6 -and ¢;vahd islapproximated byv5.6f,nbeihg/§7(ﬂf).’j
A"range.»of possible accuracles fcr‘ o and"¢‘l was
conSidered by selecting’fsets of_approximating'functions of
_equaluaccuracies from ficurei 5.18. Thev_total number of
multlpllcatlons requlred to achieve"the error' (S'Gf)'was
'calculated. Results are presented later together w1th the

fixed point calculatlons (figure 5.21),'
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5.4.7.5.2 Fixed Point Actuator DisplacementvCalculatiOns.
VThev errors introduced in eight . bit fixed  point
calculations of the haotuator displacements were ;analysed
rigorousiyfusing - function approximations‘ sPecific for _the
task. - Preliminary estimates by the author showed that the
'microprocessor at the local control could perform all tasks in
a fraction of the time available and thus functions were
caioulated from approximate erpressions rather thantby looking
up values in stored tabies. This method would reduce storage

requ1rements at the expense of 1ncreasrng calculation times.

Storage of conStants.'

To ensure maximum pOSSlble accuracy, angles' are stored
with 377(octal), :the. maximum number poss1ble in eight bit
i'format,brepreSenting /2 rads. Numerical values other than
angles are ’stored without sign and in'this‘case'377(octal)b
representsrunity. The sign of the numbers and the quadrant of
_ the angles are caloulated by comparison operations, eg azimuth
is in»the first quadrant 1f'the numerator and denominator of

its tan are positive.
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Error propagation in fixed point.

We define the function 6§, such that §(A) is the absolute
error in the representation of A.

For fixed point calculations,

(8(aB)) %= (8% a%)g” | (5.35)
(8(a/B)) %= (1/B%a2 /8% g2
where g is’the.absolute errorjin'representing a fixed point
number (a constant for a fixed point machine).

We 'see here an important facet of fixed point division,
namely that the magnitude of the denominator determines the
error in the resuit,'with a small denominator producing = large
errors. | |

Errors- in calculating functions increase with the number
of operatiohs ‘and also with the number of coefficients which
cannot'be represented exactly in the machine. Thus funétions
requiring mihimal mathematical operétions and smail numbers of

stored coefficients are doubly efficient.

Functions: General

The solutions derivea by Hart(1968), and “"Hastings (1955) were
derived for = floating point operations. Error propagation in
fixed point calculations is ~markedly different from the
floating point - case, particula:ly' in division if the
denominator approaches zero. For this reason functions

represented as the ratio of two polynomials must be selected

with care.



161

Functions used.

cos (W2 X) = 255/256 + X2(-57/256 + 57/256 X°%) - X2

(derived from Hart(1968)
(5.36)
This approximation requires three multiplications and has

a maximum error of 2.6/256.

atan(X) = X(162/256+X 2(~47/256 + 13/256 X2)
(derived from Hastings (1955))
(5.37)
This approximatioﬁ requires U4 multiplications and has a
a makimum error of.1.U/256 over.the range 0<X<1,

The form of the funétion asin(X) over the _fuli rangé
(0,1) makes implementation of an approximation difficult in
fixed péint calculations. All the suggested approximations of
Hart (1968) do- not  yield  sufficient accurécy,, due to
.cbmputatidn errors. | Tov overcome - this ‘problem a standard
tactic is to obtain an approximation to asin(X) over a smaller

range, say (0,sinm/#), and use the transformation:
asin(X) = 7/2 - 2 asinV(1-X)/2 | (5.38)

Unfortunately this transformation involves considerable
loss of  accuracy in fixed point and the method is of little

value here. Another tactic is to use a relationship between
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the atan function 'and the asin function, but again the
transformation introduces too much error. Over -the range

(0,sinm/4), the asin function can be approximated by:

asin(X) = (163/256 X)/(1 - 50/256%%)
(derived from Hart(1968))

(5.39)

This approximation has a maximum error of 2.6/256 over‘
the range (0,sinm/4). 1In later calculations if aﬁ'asin value
was required from outside this‘range, the value was generéted
by adding a random error of 2/256 to a relatively accprate
determination of the asin Vaiue. |

There is mo doubt an approximation for the rest of the
range could be found. As a last resort, a trial and error

routine based on the cos function could be used.
Actuator displacement calculation in 8 bit fixed point.

For the system of number storage assumed, egtn 5.30 will
be unworkable if tan$ is greater than'unity. There are two
alternatives to avoid this problem. One possibility‘ is to
invert 5.30 and evaluate (m/2-¢) via the atan function.
Altérnatively,  equation 5.31 can be used. Economy of
programming suggests the former is the more appropriate and

this is followed here.
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The difference between the calculation of (0,$) by 8 bit
fixed point computation and accurate (27 bit floating point)
calculations is called the computatioh error. The computation.
error in (6, ¢) due to 8bit fixed pointAcalculations is shown
in figure 5.19. At low values of (B=§) there  is a large
computational error in the calculation of ¢ wvia equation
(5.30) as both numerator and denominator are small)compared_to
unity. | |

The calculation time is dominated by the time required
for multiplication 'ahd division, and the calculations
deecribed- here required 31 such operations. Typical
microprocessors - take .5me for  each such operation; thus a
calculation would require at most 15ms.

Interest here is in using 8 bit computations to guide a
sun 'follower into position before the sun .appears, ie a
pointing system. When the sunfdoes appear a - tracking system‘
would opefate and reduce the .sun following error to acceptable
levels. The time between the appearance of the sun and }the-
consequent reduction of sun following -error to_low levels
determines the effectiveness of the pointing system and this
response time is determined’by.the‘computational error in 6
and ¢. There will be two errors, one in 6 and one in ¢ , the :
larger of the two errors will determine the response time. An
overall picture of the expected response time ‘due to
computation errors is thus given by the mean daily value of
the maximum of the two errors. This is plotted in figure
5.20. The mean, maximum computation error over the year was

lémrad for 30 degrees latitude and 10mrad for 40 degrees
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latitude.

5.4.7.6 Results

The accuracy of calculation as a function of the number
of multiplication operations is displayed in figure 5.21 for
floating point operations. Also shown in figure 5.21 is the
expected maximum error in calculating 6 and ¢ by>fixed point
calculations. This has bcen_estimated from'figure 5.109. The
accuracy of 16 bit fixed point calculations is estimated from
the slope of the floating point line and the resuits of the 8

bit calculations.

5.4.7.7 Time Required For Calculation.

The calculation of 6 and ¢ was programmed for a DEC-10
and a PDP-11 machine, chosen'as béing representétive of two
broad classes of machines;  the former is equipped .with
hardware floating point multiplication instructions and can
_calculate a product in some 6-10us, while  the latter
calculates a product without such equipment and takes some
300us. For the evaluation of the actuator displacements, the
DEC-10 took on average some ﬂoﬁs for each multiplication,
while £he PDP-11 took 350us.

Inﬁegef. (fixed point) calculations on.an 8 bit
microprocessor are totally dominated by the mutiplication
time, which, for an 8 bit multiplication is about 500us and
for a 16 bit multiplication, some 2ms. The time to calculate

6 and ¢ as a function of accuracy and machine type is given in
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Flgure 5.21 Peak pointing error between accurate
calculations of actuator displacements 6 and ¢and
approximate calculations, as a function of the number
‘of multiplies or divides in the approx1mate
calculations. = The unbroken line is data for floatlng‘
point calculations, with the maximum accuracy of
typical machines shown. 8 and 16 are the results for
8 or 16 bit fixed point computation.
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figure 5.22.

5.4,7.8 Program Storage Requirements.

Program stofagelrequirements are trivial for the central
machine; however, they may be critical if the calculation is
to be perfofmed by a microprocéssor where memory size 1is
imbortant. To. gain an estimate of the program size for an 8
bit microprocessor,.a program to calculate & and ¢ in 8 bit
fixed point computation was coded for the Intel 8080. (The

programs were not run).

The following notes are pertinent to the program and place the

storage estimates in perspective.

1. All subroutines stored_and restored the general purpose
registers B through L of the 8080..

2 VThe program was written to minimise the time taken to
'write-the program, not storage requirements.

3. 'In generél, values were recaléulated rather than stored in
read/write memory.

4, No provision was made fofvcalculating an elevation less
than zero;

5. The evaluation of ¢ requires care to be taken at several
points. In particular, Jjuggling is required to ensure that
the subtraction in the denominator of egtn 5.30 does not
underflow, with the further problem that sin(§) may be
negative. If the numerator is larger thén the denominator,l

cot (¢) is evaluated, and ¢ determined via the atan function.
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Figure 5.22 Execution time to calculate 9 and ¢ as a
function of peak error and machine type. 8 and 16
refer to 8 and 16 bit fixed point calculations on an 8
bit microprocessor. PDP-11 used here has software
floating point operations, in contrast to the DEC-10
which has hardware multiply and divide operations.
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6. It was assumed that the argument for the asin function
always fell in the range (0.,0.707) so that eqgtn (5.39) was

used in the implementation.
The program storage requirements for each of the basic
units of the programming were as follows: (Storage

requirements are expressed in bytes.)

Read only memory (ROM) requirements (bytes):

Divide .27
Multiply | ké7
cos _ ' 37
sin S 11
asin ' 30
‘tan ' S 713
atan | | 40
8. calculation 50
¢ calculation 95

thal 330

Read or write memory (RAM) requirements:

Constants from RAM: declination, time, latitude.

Constants to RAM ¢t .0 ,¢.

————— say 9 bytes.
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The extrapolation to estimate memory requirements for 16
bit calculations uses the rule of thumb that twice the storage
will be required. Thus it is estimated that 700 bytes would

be needed.

5.4.7.9 Data Rates Over The Communication Link.

Here we analyse the ‘expected data rafes over the 1link
between the central control and the field of collectors. We
assume that all collectors are attached to alsihgle medium, so
‘that 'individual instructions must be aécompanied by some
identification, This party line structure could be a ‘single
fréquency radio 1link or a cable network. The rates are
~considered in two Sections, depending on whether the central
control carries out the . complete actuator displacement

calculation or only the sun position calculations.
Case 1. <Central control calculates sun position only.

The solar poéition can be tfansmitted as the  hourangle
and deciination of the sun in equatorial coérdinatés and the
local control with the aid of the calibration constants
calculates the corresponding actuator displaceﬁents. The
hourangle'of the sun can easily be transmitted via the power
line frequency, ‘as the difference between local mean solar
time and the sun's hourangle varies slowly, on a time scale of
. months. The local control can count the oscillations of the
power line variations in exactly the same manner as a digital

clock; a single command to each collector advising when to
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set the ‘hourangle to zero would complete the effective
transmission of the sun's hourangle. The declination of the
sun varies approximately ‘sinusoidally, SO to transmit
declination accurate to 10mrad, a command informing the local
-control of the sun's declination would need td be transmitted
every 3 daysf To transmit declination accurate to Tmrad the
interval would have to be T7hours. Clearly the data rates
would be negligible ‘and transmission‘ of ﬁhe calibration
constants to the collector would not place any. significan£

extra demands on the communication link.
Case 2. Central control performs all calculation.

In this case tﬁe obvious compromise is .between
calculating the actﬁator displacements frequently, . with
correspondingly low interpolation errors, but.high data rates,
and calculating the displaqements at relatively 1large
intervals, bdtbwith léw data rates.

© We caiculate‘the data ratés'assumihg that the method of
data transfer involves the central control giving speed
commands at regular intervals tc' called the command time
(Carden 1978a). The local control maintains the desired speed
for this time without accumulating errors. Thus a parallel
. interpretation of the command is that after tC seconds the
actuator will have displaced through tc times the requested

speed.
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The speed command is represented by (%n+1) bits, being
‘the ~magnitude and direction of the speed. The minimum speed
change is given by (Carden 1978a) as:

n , _
Mo =w /27 (5.40)

where wm is the maximum speed, assumed to be 7/3600 rads/sec.
In"guiding an actuator from position A' to pdsition B'
in aﬁ attempt to duplicate the best straight 1line
approximation of the suh's,?ath from A to B, a speéa is choéen
to miﬁimise the errors between the two paths.  Due to the
discretisation of the speed commands, (A-A') and (B—Bf). will
both come from a distribution uniformly spread over an
interval'determined by the length 6f‘the command inferval and

the minimum speed change, centred on A and B respectively.

The width of the distribution is given by:
max [A-A'| = max |B-B'| =Aw t /2 (5.41)

The rms difference between the paths AB and A'B' is

calculated from 5.41 and is given by:
Aez = .47 Aw -tc/2 | . (5.&2)

This information can be combined with figure (5.16), to .give
the portion of the rms pointing error which is caused by the
.method of calculation of the actuator. displacement and the

information transmission scheme. It 1is assumed that the
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errors in the calculations by the central control are
sufficiently small to be ignored.

The data rate of the commands is given by:

R =N (1
m c( ng

N + 2n +2)/t (5.43)

c m c ‘
where lOgZNc is the number of biﬁs'required to give a unique
~address to each of Ng collectors. Data rates for épéed
command communication assuming unique commands  to each
collectbr are given in figure 5.23 for 10 000 colléctors.
Latitude 28.5 is the lowest latitude at which a collector with
a maximum azimuthal velocity of W (defined below eqtn 5.40)
can follow the sﬁn at all times. Cleafly, even for small
pointing errors due to the transmissién technique, data rates
are sméll. The command time and the number of bits in the
speed command have' been chosen to minimise the data rate R

for a particular error contribution.

5.4.8 Servo Lags.

The size of velocity and acceleration lags depénds on a
combination  of the;design of the servo and the‘velocities and
accelerations of the object being followed.

If a collector mount co:responds to the.equatoriai frame
of reference, the actuator velocities and accelerations are
such that simple_ servo designs result in negligible lag
errors. Non—negligible lag errors arise. only if an
alt-azimuth mount is uéed and the fixed or azimutﬁ axis at

some time goes close to intersecting the sun's position. This
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Figure 5.23 Rms pointing error over a year as a function of
data rate of the speed commands. The error
indicated is the combination of errors due to
approximating the sun's path as a series of straight
line segments and using digital speed commands.

t, and np are the values of t, and n, which minimise
the error for a particular Rp.
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problem occurs for alt-az mounts at latitudes between 275 and
27N. .The pfoblem’ can be avoided by leaning the fixed axis
towards the equatorial axis. In ahy case, the region where
high velocities and accelerations are encountéred is small and

lags can be ignored.

5.4.9 Response Time.

As reported in section 5.3.1.1, guidance and control
schemes wusing tracking systems for sun foilowihg fail to
collect SOmev 3%. of the available sunlight due to the
misalignment of the collector at the beginning of the sunshine
burst. This misalignment and thus the amount of :uncollected
energy can be reduced by incorporating a pointing system to
guide the collector when the sun is not shining. The sun
following ' -errors aschiated with the pointing system and the
maximum velocity capability of the actuators determine the
response time, but each axis must be considered individually,
and tﬁe maximum of the two reéponse times thus calculated is
the ‘imporﬁant, value. A measure of the response time can be
‘approximated simply as the mean sun following error divided by
the maximum actuator velocity. |

The relationship between the amount of wuncollected
energy and the response time is determined for Griffith and is
used as a guide. For Griffith, 98% of ‘the sunshine’ hours
occur - in 1000 bursts all of which are longer than 10 minutes.
Thué a response time of T seconds will resuit in a }total of
1000 1 seconds of uncollected sunshine which can be related to

the total sunshine hours for Griffith of 2800. Table 5.2
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shows the relationship between the sun fqllowing error,
response time and collection losses for this site. The suﬁ
following error -at the start of the sunshine burst is called
the initial sun following error; in calculating this value for
a particular pointing scheme it should be noted that it should

be the arithmetic mean of the maxima of the errors in the two

axes.
TABLE 5.2
T(sec) Initial Sun Following Collection ‘ Value($/m2)(#)
Error (rad) (3) Losses (%) (33).
-0 ' 0 : .0 0
10 : .009 A 1% .05
100 .09 g 1-% QS'

() based on a maximum speed of wm(8.7x10_4rads/sec)

(232) based on 1000 sunshine periods/year and total sunshine
of 2800hrs/yr. 2

(#) based on the viable cost structure of 50$/m . -

Thus increasing collection by reducing.the response time
is a worthwhile practice. There are two obvious ways of
reducing T ; one can either increase the maximum speed
capaBility 'of the collector, or one can reduce the sun
following'error at the time the sun appears.

The former method will reduce thee smoothness of
operation under normal sun following conditions-aue to the
limited dynamic range of the actuators and more powerful and
therefore more expensive motors will be required.

Hence the preferred solution is to reduce the initial
sun  following error. An accurate pointing system is not,

however, required as a mean pointing error of 45mrad involves

collection losses of only .5%.
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It is made clear in Appendix B that, at "least for
Griffith, each éunshine ‘burst begins at positions which are
isotropically spread over the sky'and thus a pointing system
capable of anticipating the the sun's position at sunrise only

would not be very effective.

5.4.10 Combination Of Error Sources.

We detail here the -method which. should be wused to
combine the error estimates fof the previously analysed:
sources into a single figure, because the justification of the
method is not immediately obvious.

For each individqal collector, the errors which are
random in time can be combined by summing the squares and the
effect.of the errors which are not random with time,‘ such as
alignment errors for both tracking and peinting systems, can
be included by addition. Such -an approach neglects the
objective of .calculating a suitabié average sun following
error from which the amount of énergy collected by the array
of 'collect¢rs can be calculated.. The alignment error. causes,
- while not being randomly distributed around zero in time, are
randomly diéfributed around zero for the whole field, éach
collector“héﬁing a different value. An rms. value for this
error -estimafed for the whole array‘ ofvcbllectors can be
combined with the other errors to give an rms average value of.
the sun following error which_will enable a calculation of the

amount of energy collected to be made.
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There are several other errors which may not be randomly
- distributed around zero and'these are considered as follows,
1. Servo lag errors. The characteristics of the motion

of the sun are such that simple servo designs

eliminate such errors. (see chapter 6. for a servo
design.)
2. Disturbance torque errors. In the simple pointing

sYsteﬁ illustrated in figure 5.2,'disturbance torque
errors produced by thermal and dead loads may be
strictly additive., The improved system of figure 5.3
will not be capablé of reducing these errors to Zero,
as there Will be further ‘errors in the error
correction process. waever, these further errors

will be random around zero.

Thus all errors may be combined simply as an rms average which
will enable an estimate of the energy collection of the array

to be made.

~ 5.5 Summary Of Implications For The Guidance And Control Scheme.

Here we outline the principal conclusions of the above

analysis.

(A) If the sun is shining use a tracking system.
The importance of servo bandwidth is shown in figure
5.15, where the required rigidity (§1) of the collector

structure is shown as a function of rms deflection (EX) over
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the sunshiﬁe hours. | Collectors controlled by servos with
bandwidths of .1Hz allow collector structure rigidity to be
3-10 times less than collectors controlled by servos with a
bandwidth of only .001Hz.

Using the sun sensor in a feedback path local to the
collector could easily achieve such a bandwidth and would be a
simple solution. ‘However, the sun sensor is in an envifonment
which is not conducive to perfect reliability, in contrast to
the components of a pointing scheme and it is possible that
~the reliability of the sun éensor may introduce losses in
collection. However, this reliability as calculated later in
chapter 6, introduces only 0.0015% collection losses.

An‘alternative which avoids the use of a sun sensor
would be to_dperate a pointing system when the suh is shining.
For a pointing system to be competitive, the costs associated
with the pointing system must not exceed the equivalent of
.0015% of the éunshine hours. For a pointing system to
collect equivalent energy to a tracking system; there are

three alternatives, as follows.

1. Operéte the pointing system using an atray of wind sensors
to provide compensation for the ‘deflections due to.winds,
using the séfvo loop of figure 5.3. ' Corrections to the
desired position would need to be célculated at least,evéry
second and these corrections - would need to anticipate
deflections produced by ﬁhe wind in two directions. Also, the

corrections may be different for each collector. The cost of

this compensating process is constrained to be less
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than .0015% of the cost of the collectors, or roughly $2000

for a square kilometre of collectors. This constraint is

severe and appears impossible to meet.

2. Operate the pointing system at lOWQbandwidth and increase‘
the rigidity of the «collectors. A factor of three (figure
5.15), is reqﬁired,:whichﬁis'certain to cause additional  costs

greater’than .0015% of the cost of.the array.

3. Operate thelpointing‘system-at.lew bandwidth = and provideyv
. edditional collectors te,vgather“the ehergy‘lost due to the
‘ihereesed?deflection‘qf collectors. The standatd éeviatiqn‘of‘
the deflections and . thus that hof the sun.follpwing:errots
”'iﬁcreases»byvaﬁfadtoriof eboﬁt‘six and additional losses (see

’figure"u;u) amount to .5% even for efficient absorbers.:

 None_ of the above alternatives seem remotely ;viable,
'espe01ally con51der1ng that the rellablllty of the addltlonal

components of the p01nt1ng system has not been con51dered.

(B) P01nt1ng systems

CIf it is desired to reduce losses due to respdnse time
below around. 3%, a pointing system must be 1ncorporated in thev
‘guldancenand control_sqheme. The magnltude of the collectlon‘
losses due to'respense time is shown in table 5.2. Losses due
to respense time can beitedueed by utilising a pointing
system, but, jas.shOWn in the teble, a high aceuracy poihting S

system is not required.
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(C) Alignment method (c) should be used.
The dual usage of the sun sensor for both tracklng iand
allgnment makes this computatlonal method even more economic

.in comparison with the manual methodsh(a) and (b).

5.5;1' Locatlon}Of Guldance And Control Scheme Functlons.f

. The results -of these dellberatlons is a ;guldance and:
control scheme »of Vthe form shown in ffigure 5.2&;. Theh
communication link is»aVailable‘for-maintenance'and diagnostic
'procedures,:AandA is used vforp the alignment process when
necessary, | | | - :

. Ignoring‘for a moment - contingency operation> such as
stowage ’and maintenance, a. diagram of. the required sun
'follow1ng functlons is shown 1n flgure 5 25. h'Three processes
are requlred for this system, a tracklng process, an allgnment:
'process and a p01nt1ng process.

~ The tracklng process operates when the lSun is shining
withn a feedback' loop encompassing - the  sun vsensor, local‘:
‘control‘and actuators. The designpof the vtrackingp serVO ls‘
considered-in'detail'in,chapter.6. | |
| The pointing process operates ‘when_.the.vsunn is‘,not'
shining and the power to the actuators is adjusted~so that the
position'encoders,record the'requested'actuatorﬂ positions.]as_
calculated toccorrespond to the sun's position. The accuracy
of this process need not be hlgh ‘'which will make rudimentary:

- and thus cheap position encoders p0551ble.
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There are tWo'basic lqcatidns of 'intelligence" in. the
solar power‘plant: ‘at the central supérvisory machine and at
each collector. In the following paragraphs we ‘discuss
briefly each of the abee processes,‘wirh particular emphasis
on wnere eachrprocess should be based. |

The tracklng process requires that the 'ssrvo ‘taks~
| xlnformatlon ~from the sun sensor and adjusr’the powerjtorthé
actuators approprlately. A reasonable bandwidth of‘ .1Hz is
requlred but the nature of the sun' s motlon and the collector
'characterlstlcs make 81mple servordes1gns fea51ble. ,Thus it
seems reasonable to base this process at each}collectdr; The»d
diﬁplementationnof-tnefservo is detailed in chapter 6. ;‘ |

Tnentheory of‘thé:aiignment‘processrhas been dsscribed
in section 5.4.2. The program to implement the‘alignment
brocess‘On‘the DEC-10 used'sbmé 10006 36bit words and thus
- this process lsanndﬁv baz based at each.colleptor and must bévh
performed.bY-the.central maChiné; | | |

Thei pointing nroéess. inVQlVes ,sevéralv calculatiéns;‘
"inéluding' thé calculationv.dfv the. sun's poSition_ and the
calCulationusf'the astuatOr displacements.‘ The cbmplexity Qf'
the 1caICu1ations depends upon, ”the _required: accuracy.
Calculatlng the sun's p051t10n is relatively complex: 'ir is
reasonable that the central ‘machine perform this calculatlon,
‘which isvidentlcal for all collectors. ' The dec1s;on on _where
to bass the .calculation of actuator displacements is;notvas o
clear and depends uponxthe tolérabie losses due'.ro responseb=

.time.
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For example,.fixed poinf calculations at‘each> collector
Cat;ied out to 8 Dbit accuracybwould_be'capable of reducing
collection>losses to .2%‘and would leave the central machine
free to"dohcentrate» Qh other,tasks,‘ Furthermore, the same. '
calculatibns'based-"oni 16 bits would make losses due to
response time"négliéible,,théugh,réquiring'more meﬁory’atbeach 
‘collééfor; However; this memory requirement is notlstringénﬁ,
as éurrenf produétioh’oﬁe.chip microproééssors have 20#8'bytes [
. of ROMias-standaﬁd‘Whereas the 16 bit prog;amf requi?eé only
700 bytes. | | -

6n'the'bther’ hand,_'should 'theb-actuator' displacemeﬁt
calculatibns be based at thé,central;machine,_the calculations
can be carried ouf with ﬁeak érrors'Qf less thaﬁ mrad at a
rate  of 80/éecbi by é machine  with no Vflbatihg‘ pointf
multiplicatién hardware. Such errOrs,Will introduce nb‘losses
due - to  réspbnse timé; FIntervais between Calcﬁiétiqn$ of,200
_éeéonds WOulda introduce"little  additional 1error‘,and thus
10 000 ,collecths. could readily be hanaled>'by a“single.
bmachihé._ o I | | o

fA disadvantagé~of’the central'machine app£6ach. is  that
the  reliabiiity of the single - machine affectsu the whole
colléctor'array. Another diéadvantage is.tﬁé additional 1badb
on the fcommunication link, :although  this seems av.minor_w
cdﬁsideration. | |

The bindependenqe of  calculating the“: actuator
displacements at each collector is an.impbrtant asset; this
approach is_favoured and’this is‘further discussed in' section

5.6.3.
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5.5.2 Assumptions Made In Above Analysis.

Several assumptions have been made in the above analysis

~and the wvalidity of these should: be checked before final

judgement passed. These assumptions are:

, The_resbnant.frequencieS»of the collector are Sufficiently
‘high to ensure dominance - of the 'B’ induced deflections

~over resonant deflections.

The spectral den51ty functlon of the W1nd Ve1001ty in ther

collector fleld is adequately descrlbed by. equatlon 5 24,
The initial cost of the sun'sensor is not considerable.

' Frequent attention to the sun sensor(eg re-alignment) is

not necessary.

Stow p051t10ns are found that enable a collector to survive

'extreme w1nds w1thout 1ncrea51ng collector strengths ‘above

the st:ength equlvalent to the deflect;on spe01f1gatlon,

‘Point 4 is 1mportant particularly for_'the ‘central

receiver concept,"where the sun sensor w1ll be restlng on a

- foundation which may‘sub51de relatlve to the target;
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5.5.3 Comparison With Central Receiver System: Some Comments.
It is intéresting to compare the guidance ‘and control
scheme described abdve with the various schemes proposed for
thé;heliostats of the’power tower pfojects.i Sun  sensors for
the poWer towervproject, when empldyéd, are,more'exPenéiVe, as
each sensor must be aligned,wiﬁh the central_receiver'.iﬁ 'the
| fiéid‘ of the»four heliostat proposals(vént—Hu;l'1976); tw§ 
have'gUidance aﬁd control systems utilising poihting SYétems
only; while  twq are equipped with suh“sensors; ‘The1tWo_Qith
‘sun sensors are of cOnventional'deSign;-with é »singlevrbroaa
' mifror face }oﬁ  some UOmz. The two pOinting_échemes‘inélude
'1thebBoeingﬂproposal;.whéfe.thevhélioétat.is  perectedv'by7fén‘ v
,‘inflated,;plastic dome"andbthe Hdnéywell‘proposal(Fourakis ét_
al 1977), which.uSes a low profile heliostaf consisting of
sevefal segments in a Venetian;blind formation. Both;of'thesé

'cOncépts-hévé reduced vulnerability to wind gusts.

5.6, Variation Of Costs With Error Specification.

DafaAwhich felateé'the cost of-»aéhieving a specific
error . budget as a‘fﬁnction of that error budéet is essential
- to theideSign,of an,économiéal solar power plant. - Heré; we
ignore 'those budgets whiéh- reiy upon a speéific hardware
¢oﬁfiguration. 'These iénorea Eudgeﬁs include the ;sun' sSensor.
accuracy; vpdsitioh “encoder accuracy and meChanical‘etrots;
Thus only the costs'of"achieving"déflection budgets;. servd
lags, calculation df’the sun's position and alignment will be

considered.
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5.6.1° Cost As A Function Of Collector Rigidity.

Energy = losses dependent on the deflections; of the
collector can be reduced by increasing the collector rigidity,
which in turn will increase the‘cost of the colieotor.

It is pOSsible to get‘ only an order of.umagnitude
estiﬁate here;' thlS is obtalned as. follows: ~The‘§oiaf~energy
collector is composed of a serles of structural members and 'aA'
change Of' specification for a wind 1oad deflectlon requlres
that,thegstructuralvmembers be‘re31zed;

We estimate the‘variation of colleotor .oosth with wind -
deflection 'specification by considering the Variationnin'massv‘
of a_pipe With a‘deflection specifioation; This variation in;
mass is then relatedfto the collector cost; We note here that'
gravitational effects on the vmass ‘of_‘the pipe arekvof noA
relevance as only higher frequency wind deflectioneeare of
importance. | | | | |

Thebstrength_of.the structure;is‘ increased by ‘Varying
“the ﬁipe cross seotion.‘ This variation~can,bevaccomplishediind
‘a number of ways, for example the gauge ‘of the 'pipe can beh
rlncreased by holdlng the outer dlameter (or 1nner dlameter)
constant. Other'alternatlves ‘are to hold the plpe gauge
v)_conétant' and vary the plpe dlameter, or to hold the ratio of

plpe wall thlckness to pipe dlameter constant and vary the

»dlameter. In re3121ng the pipe, the factor S is the ratio of :

the original pipe deflectlon to the new plpe deflectlon ,underl
an 1dent;cal,,1oad The factor M is the ratlo of the mass of
the new pipe to the mass of the‘old pipe. For the f;rst two

alternatives, the relationship between M and S'isgcalculated'
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readily as:
M=(1 - /TSR / (1-K2 ) | (5.44)

where k_ is the ratiQ:Of the inner diameter to the fixed.outer
v‘diameter] of fhe'original-pipe{’ The equétidn is uncﬁéngédbif'
:ﬁhe resizing'is'accomplishéd byl fixing the ihner*_diameﬁer,
- providing 'ko' is redefinedas the ratiéfbf'the 6uter diameter
of the original PiPeA"th the fixedlv inner . diametér.
’ Represenfative values of ~the th}ratios‘are Shown ih figure
5.26. As ko  apprbachés unitY(a thinA wall pipé),:>'£he.
’dérivativeﬁ'of- fhesabove expreséion=with;respect-t6,S goes'to
unity(ifdr S-near 1Q For ké greatér. than 1, a. pipe ‘being
resized .by increésing the - outer diémeter} 'the_derivative
approaches Qf5.~‘Thé most-ecqnomical way to resize pipeé1is‘to
~use thin wall> pipeslﬂand' incfease, both ihner and oufef
.diémetef‘i_lf”the,wall thickness is held . constant, then -the
1'dérivativé is 1/3. 1If the ratio of the wall thickness to pipe
1._diamétér ié’héid‘conétant and’the diaméter varied,' ﬁhen the
'f.derivétive islj/z; | | |
Not all strhcﬁural_mémbers’can be thin ‘- wall vpipés and
.dUé‘ to other”constrainté, such as bearings, resizing érbbably
'cannétvbé éccomplished.in'the ~most ideal manhét;A ‘Thus it
‘séems rea$Onable to assume that the masS-of'the_colleétér:wiil
incréaseAat leést'as fast as 1/2,£he deflection decréase.
7o relate'this;‘increase"in méss .tor an,AincreaSer_in
'COllecﬁor cést, we assume that"the“collector cost ;will”

increase, but only due to the cost of the _additional metal.
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This is equivalent to assuming that the other compohents of
colléctor cost, namely,,handling, welding ahd so on, do not
increase. Carden(1978b) ‘has “shown that"cafs and bicycles,
items which have an”;equiValent téchnology‘~to paraboldid'
collecﬁors, cost abOut 3000% f6r>each tonﬁe of metal. This is
:rGUghly 8 times ‘the cost of the bulk ‘metal and thus_‘a 16%
decrease .vin | defledtidn"specificatién, accoﬁpanied by  a
COrresanding increase of approximately 8% in';ﬁéss,7IWill
vreéult’ in a 1% inéreése in'collectpr cost;  Stétedlanother
way, an dfder'of magnitudebestimate is that cost will vary as
Qne—sixtéénth-vof 'thef_deflection 'specification, whére costj

‘increases as deflections decrease.

5.6.2 Servo Errors.

| ‘Apart from,the probleﬁé encountered when tradkiﬁgﬂ'near
the  zenith, sun folloWinésis basically a‘siﬁple tésk. Séfvds
with no vé1ocity etfors ahd negligibie écceleratiqhverrqrs can
'be‘fconfigﬁred"eaéily;l As is sthnﬂin chapter 6,<£he digital
' coﬁtrolvloop infrodﬁéeé feiay-like oscillations'into‘.the sun 

following _error} 'bhowever, low oséillétion amplitudes can be
>realized easily. Higher'performance.serVosvin general,fequiré
compenSating filters and'should more performance bevrequired
the . incréméntéL cost of programming ’additional filtering

stages will be‘veryusmall.
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5.6.3 Actﬁator.Displacement'Calculations.

If relatively low accuracy is'requifed, it isalﬁeasible
that the microprocessorvsituated‘at each mitror éhouid_perform
the calculations;"This is also an econdmic method, as the
' microprocessor’ can'perform the caicﬁlations in the time it is .
idle and the'only costs iﬁVolved‘Will'be-those of .programmidg
and memory fequirements.. Eight bit fixed point calculatiens
“have been shown to involve a mean error of some 16mrad *fd:
‘30degree latltude calculatlons ‘and 10mradymean errer at 40
]degree latitude.' This is equivalent tQ res?onée time 'losses
of the order of .1-;2%; | | | N

The incremental step in accuracy to be taken wbuldtbeftd:a
use'16 bit Caiculatiohs, which would be‘ﬁltimately accurate to
perhaps 05mrad This ultimate accuracy . would be achieved.
only if the calculatlons accounted for atmospherlc refractlon‘
and the 1nfluence of dead and Mthermal loads. ThlS would’
increase- the.-complex1ty of the calculatlon substantlally and
-may force the use of the central machine if thlS accuracy is
.demanded. However, 16wb1t.calculatlons USlng the same formula
as shown  in section 5.4.7.3 “would be*;eubstahtially more
aceurate than theieight.bit‘calculatidhs.‘ The errors in the
calculations wouid be solely due to Vthe ignored effects,
which,: fOr‘-fefraction, ‘would amount to 3mrad at 5 degrees
»eleVatiOn; increasing to 9mrad at the horizon. Ignoring
refractieh corrections would-iead to response time losses.of
.002%-at|30—40 deéree latitudes. Dead loads similarly would
1te most .important ‘near the horizon, but thedeffect'can be

gauged only in the presence of a specific design.
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The cost increment between .2% and .002% losses would be
non-negligible only' if the ' extra programming, and CmemoryA
requirements forCeddthe‘use of‘a 1arger microprocessor chip.

»The'variation in costs with accuracy if the central
‘machine calculates ‘the actuator displacements has beenvshown
ih figure 5.22. A floating-pointlhardware‘multiplrcationk‘and
~division facility7 on the central machine, costing perhaps
$5000; would mean the central machine could :perfOrm vthe:
calculations for 1OVOOO cOllectors ih a»fractioh of the time _

it has available.

5.6.4. Allgnment.

Allgnment would be carrled out by method (c) of »sectioh
5 4.2, 2 and the accuracy of this process 1s the product of two
factors; the error ratio and the rms error in the actuator..
displacements- ‘This iatter error, :as explained in sectionv‘
‘5.4f2;2, is the .sum ,ofi the 'mechaniCal,c servov'ahd ‘torqﬁe_
~disturbance‘ errors' for the’ trackihg system;end.the:encoder
. error, all calculated for one'ax1s only. .‘If the: latter vis
constant, then allgnment accuracy can be 1ncreased by u51ng
more data‘bointsAin the'callbratlon process. In th;s-case,das
suggested in a section '5;ﬂ.2;2,‘ costs 3ére“priﬁcioally,
determinedvby the executiondtime..- this is - given in figcred
5.27 as a function of‘the error retio.‘ The value of this time»
is estimated at $100/hour-and thus_fu11‘SCale in the_ figure

' represehts somev.4$/alignment.‘
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Figure 5.27 Variation of the costs of alignment with
accuracy of alignment, as described by the computer
time necessary to perform the alignment. The accuracy
of the alignment is given by the product of the error
ratio and the rms error in each of the points used in
the mathematical process. This rms error will
probably be dominated by the encoder accuracy.
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5.7 Summary And Conclusions.

(a) Deflections due to wind guéts.

Assuming a standard‘urban wind spectrum, thé spectral -

| éharacteristiés ofm.wiﬁd-induced- structural deflections have
been calculated and averégéd‘ovef ﬁhe‘rangebof wind speéds' to
be encouhtered while dollecting' solar radiation. = The
relationship‘betweeh‘the~figiaity‘of oné:'¢011ector vvibratibn
. mode and the sun  following error speéification hés beeh
presénted. Providing,resonant_ frequehcies ‘are above .1ﬁz,f
sServo 1oopsv which cén compensate for def;ectiohé"atf
,‘non—resonant.frequencies’are.worthwhile. -Further, bandwidths
. of around‘A>.THz .areA cébable -of 1édmpensating fbr a‘la:ge'
. fraction of tﬁeée»deflectioné.' This savés costs by reducing~
fhe ‘required rigidity of‘the’coliector»StruCtufe as shown in
figure 5.15. .

TN

(b) Alignment Costs.

‘Three differént échemesvvfor aiignmeﬁt have | been
analysed. It hés been shQWﬁ that a cheap method,fOr alignment
is to infer calibration constants ‘mathématiéally. _ This
_mathematiCal _procesé has been analysed,fuily‘and the aspects

of operation detailed, in particular the necessary
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programming. The accuracy of the process was presented in
Table 5.1. To perform vthe process information must be
gathered - data rates haVe beeh estimated and are small._ The
cost of'this_proeess'may_be censidered to be in two parts; "a
one time initial cost which is some fraction of the cost of
the sun seneor, cemmunication link and eentral coméﬁter(a
fraction because all 1tems have multlple uses) and ‘a recurrlngt
amount of computer time which has been estlmated at 10 to 20

cents per allgnment,, The amount of computer time involved"

'depends on the required accuracy, as shown in figure 5.27.

(c) Tracking vs Pointing systems.

It has been shown that for following the sun when energy

collection is -desired, .a tracking system is more appropriate

_than a pointing system. This is because the bandwidths and'

compensation process mentioned in the previous paragraph are
easily obtainable within such . a ‘system. A Aguidance and

control scheme using tracking only has been shown to have the

‘deficiency‘that‘time is taken betweeh the emergence of the sun -

and the resumption of accurate tracking.4'This deficiency is

responsible‘for cellection losses which have been estimated at

3% of .total Asunshine. Thus a pointing-system is, however,

. still requlred for antlclpatlng the sun's p051tlon, though the

sun following error requlrements of the p01nt1ng system are

not partlcularly strlngent.-
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(d) Calculations of‘actuator'displaCements;

The costs, in terms of computer time, of calculating the
actuator displacements ~to any‘ desired accurecy- have been
evaluated, and have been indicated in figUrev 5.22. These
costs. dvery .eignificantly . with accuracy only for
unso?histicated machlhes euch'as an eight bit microprocessor.
The etrcrs' associated .~ with  calculating the actuator
bdisplacements at interVals"and “linearly interpolating have'
»been.'evaldated, and have-'been indicated in figures 5;16 and
' ‘5.17. Both fixed  point bvcelculatioﬁs, (relevadt - to o
microprocesscr kcalculations)v ahd'fleating,point calculations
. have‘beenﬁccnsidered. In the case of fixedvpoint'celculaticns'
_prcgrem' storage . has been assessed vat 350 byteS‘for 8 tit
_calculations. o |

| dIf actuator displacements are'celculated by:the central
control, ‘the rate of data outflow to the collectors lsA
’.estimatedlat 300Hz forleOOO collectors. This data rate Will

place no burden oniavailable‘facilities.
(e) Cost variaticn ﬁith sun'following‘error budget.‘

Here factcre which are not strongly'_dependeht cn thei
’ ectuatore and othe? ‘hardware have been anelysed. ,Thei
principal coet ls'the cost of achleving a specified deflecticn'
for a given lcad; _Other costs due to error sources, such ae
alignment costs; actuator displacement calculations and the
servo, change lllttle’ With error’specification. The.cost of

the other principal hardware components, the position encoders
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"and sun sensor, was not considered.
(£f) Response time.

vLosses due to response time have been related to the sun
following error”atb the time the sun appears. A typical sun
following error of 10mrad at this time will result in 0.1% of

the sunshine not being collected.
(g) Location of guidance and control scheme functions.

| It has»beén made c;ear:that #he trackingiﬁupctiqnbshould
be unaer‘lécal.control; ﬁhile the élighment proceés should be
'héhdled‘by the central control. ' The location of the Apointing 
'pfocess is;determined by the'épecifiedblossésfdue to reSpqnsel
" time. If these losses>are allowed to be O.Z%for greater, then
.fthe vloca1 control is certainly capablé of pointihg tasks. If
 lower‘lossés,are dééired'(and,~thgs higher:’accuracies),- the .
cénttél control may be' required to perform thé calculations.

~ .

(h) Speed requirements of collector actuators.

The speed requirements of the cOllector‘ actuators have
,'been discussed and it has been shown that a maximum speed of
1miad/$ec is adeqguate for an altitude azimuth mount at

latitudes outside the tropics.
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5.8 Recommendations For Further Work.

Further Wind Tunnel Analysis.

Neither underdesigned nor overdesigned sdia? éﬁer§y v
bplant 'will collect 'energy for the lowest'pOSSible cost., It
1'has_beéﬁ shownythatvstrucfural;rigidity is an important cost
cémpbnent of the collectdfs and that wiha gusts are the most .
important caﬁée of structural»deflectiohs. blt.is clea:‘that é

comprehénsive.,wind tunnel .ahalysis,is‘required to determine
the defleqtiohs of the collectors With the upstream presence
of other chllectoré;' a situation not cénSide;ed in ekisting»

radar and radio telescope dish studies.
Actuator Design.

- There afeva,number‘of‘omissions,in the above studies,
principaliy; caused by the lack of aISPécific actuator desigh.
This has a large bearing 6n 'éncbder‘ selectioﬁ,‘ anétherA
ekpensive éomponent. “For; as_an-example, if permghéht magnetv
DC motors were'ﬁSed, back-eﬁf measuremenﬁs could_be integrated
to "gi§e  positibn informatién} a Such an ‘approaéh, if

sufficiently accurate, would seem to be be very cheap.
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6.0 DESIGN AND IMPLEMENTATION OF LOCAL CONTROL.

6.1 Introduction

In this chapter the ‘design and implementatioh_ of the
control iocal fo :eachA éollecﬁof,v.(or local cbntrol), ére
. discussed. The cﬁapter is ih fhrée sectionsj ' fhe"first‘
- concentrating bh~ the hardware configufation bf the local
» control*andvreliability and maintenénce éosﬁs;vthe'fsecopd is
concerned with_‘the -design 'of"the‘tracking function at the
local controi_ and  the third jsection'v-éonsiders»‘,the.

communication link design.

6.2 Local'Controi,Reliability And~MaintenanCe.

 We explore here-the influence of reliability'-on. the
',_configurationvof the local qontrél,véqncluding with a notional
hardware éllbtment for the local control and calculating

‘reliability and maintenance costs for that allotment. -

6.2.1 Reliability And Costs.

The environment in which local control components

'operate determines | their reliability and conversely, .

"reliability-conSiderétidné’determine where components should
belecated..  ‘ | |
Reiiability'Célculations_involve,the consideration of a
basic failure rate, generélly_calculated at a temperature of
' 25-35C, which is thenvmultiplied_by a factor to 'obtain the

- failure ‘'rate at the operatinq_temperatdre.'*Thé dependence of
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failure rate on temperature is:'shown in fiéure 6.1 for
transistors, thyristors and bipdlar and MOS integrated
circuits. It is obvious fhat fbr Linear’ahd power devices in
pérticular, -reliability ‘is a strong function‘of'temperatufe.
Simiiarly,_~temperature~'cycling héS' a strong effedt ‘-on,
reliability(Dérf' et al(1976)). Repair andbmaintenance_costsi
aré directly propbrtionalb_to_ failure rate so that it’ is,
' essentiél ‘_£hat' components  be placed in as benign an.
environment as possible. In'the‘case of the sun sensor, there
is 1little choice ana>’theb device muét be éxposed. - Thus -
'temperaturésAfor this*devicé will be similar tq.those-found on “
_parked“cars" and' may be‘BOC(Derr‘etkal(1975))..:However, the
power amplifiefs and1local cqntrol'may be flaced inside the
concréte 'pedestal(if 6ne is used),:or even a short distance
 _undérground in.' the foundation. This would restrict
témperatures and‘mipimise'teﬁperature_cycling,,

Wé-hote also the'importande of using already esﬁablished _
Ic'.components.- _The us militany'standardiéation handbook on ‘
reliability predicﬁion, 'Mli;HDBK5217—B(US' Dept of Defence,
1974), nréCOmmends the multiplication of failure #atés_by a
factor-of.ten'if ‘an unestablisﬁed‘ electronic compbnent‘,ié
used. Thisb 'indicatés the Value’,ofb the experience . of
.prdduction éndfconstitutes a Warning,against the use of custom
made IC'é. o |

'A'strategy’to,reduce the cOSts involved with'failures_is
to configuré low réliability items separéte from high
, feliability items, using plug-in modules. Such av practice

saves unhécessary handliﬁg of intact components. It is shown
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10 [~

. Failure rate (relative only)

L —

20 40 . 60 80 100 120

, Junction temperature (C)

Flgure 6.1 The relative rellablllty of semlconductor
components is plotted here as a function of the Junctlon
o _ temperature.
| Curve 1, Discrete tran51stors(Peatt1e et al, 1974)
| -~ 2. Bipolar digital IC's(Peattie et al, 1974)
3 : 3. MOS digital IC's (Derr et al, 1975) '
The data in curve 1. approximates thyrlstor
reliability data given by GE(1972).
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‘later, however, that the cost of répairs‘is éffected by 'the
“cost of components to second order only and the cost ofﬂﬁhe
-connectoré for the above approach seems unjustified.

Bésic failure"rates for microprbcessoresize_digital IC's
and sméll" (around‘30_transistdr) linear IC's are of the same
" magnitude, around Tij/hr(MiL-HDBK-217B), The mic:oprocessor;
however, poSsesses'many ad&antages including Versétility and a
history bf prOductibn. and'.usage. The _versaﬁility of the'
deviqe alidws high'voiume prOddCtidn which reduces cosfsvand
inéféases reliébility. Uée‘of this device as3£he basis QfAthe-,'

local control seems mandatory.

6.2;2 .ConfigurationVOf Local Contfol.
A notional hardware allotment for the control at each
mirror is shown in figure 6.2. i£ is,suggested‘that the
cheapestv form of A—D.‘convefsidn is ‘achieVed with 'the
‘mic?dprocessor éont:olling a successive approximation sbheme,~
Aﬁ altérnative would be an analog to time inferval‘ ctherter,
with'_the .miéropfocessor calculating timéé_Via timihg loops;‘
The'qnly cost variable; once such a system haévbeen decidéd»oﬁ.
vis thev.progfamming (and thuSvmeﬁory) fequirements Which for
éCbnomy muét lie within the'iimits»of‘ commercially évailable
units, | | v B
| It is assumed in 'latér calculations ,that-ithe 'power

amplifying element is a thyristor.
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‘ o | " v |
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! \',-] '
- - . : o
"Pulse feedback _J]| — MPX|— - Sensor
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from motors (if used)

Flgure 6.2 Notional conflguratlon of the local control

. DAC Digital to analog converter
MPX Multiplexer

- RCVR Receiver:
XMTR Transmitter
uP  Microprocessor
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6.2.3 Cost Of Repairs.

| The reliabilities of the four modular componenﬁs of thé
local control"are.shown in Table 6.1. Actuator and actuatbr
feedback device failures are not considered. The repair
. policy bincludes producing all spa£e> parts at the time of
¢ohstfuction  and'.shbsequent stofage of these spares ana'
vprecludes',salvage of replacéa'pafts. A plant 1ifetimé of 20

years is assumed.

 TABLE 6.1

Item : Failure rate Cost Required number
’ (per million hrs) ($) of spares
- Sensor 4 phototran51stors(a) Ny 5. 700
2 thyristors (p/a) (b) 3. 1 5300
local control (d) .5 4 900
Voltage regulator(c) 1 1. 180
XMTR/RCVR (c) LT 1 180
DAC/MPX(c) . 1 180

(a) based on- tW1ce the failure rate of commercial
- transistors (Peattie et al, 1974), at 80C amblent
(b) Lucas et al(1975).
- (c) Based on reliability of single linear IC.
(Lauf fenburger, 1976). .
v(d) Derr et al(1975)

The failures due tob thesé.p¢omponents amdunt _to  some
.QB?'failures/Year/uhit. - The cost of the repairs is made up
of 5 components, viz:

1. The cost of the new part less the salvage value of the
replaced part (salvage value asSumed zero above).
2. The value of the time,of-the repair technician.
3. The value of‘the energy not collected due to the
downtime.'

4. The value of the test equipment.

5. The cost of holding supplies of the replacemént.parts.
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It is not the intention of the author to engage in
complex ‘economic calculations which could not be justified in

this instance and the following calculations use standard

“methods (eg"Grant and Ireson, 1960) to calculate the cost of

repairs to the local control. The calculations are Dbased ' on

‘reducing all costs, regardléss' of ‘the time of payment, to

equivalent'bcosts at the time of construction.' This is
sometimes referred to as present worth calculations. An . .
example of this method is the time of construction worth of a

repair, scheduled for one year from construction, costing

$110. - The present worth of this repair would be $100  if ‘the

interest rate was 10%p.a. Fdrmula for other-circumstanéeé.can
be derived simply and‘areigivén by Grant and Ireson(1960).

The five components of repair costs for the local

control are itemised as follows.

1. As per Tablé_6.1."The avefage cost per fepai: is $1.7.
2. The present worth of eéch repair is calculatedv on' ﬁhe
basisAﬁof.continuOus cash Outflow; amounting_ﬁo a total of
$25.oﬁ£flow in 2oyéaré'for~each repair. ihe present_y¢rth_
of such an oﬁﬁflow at 12%p.a. is around $9;uo, |
3. Two »itéms are invol&ed Ahere,V :firstly ~ the _ fdelay
maintenance ‘time', due to the‘non recognition of failure,
and sécondly the 'active mainteﬁahce’time', whichibis”'the :
time between the recognition of the féilufe ‘and the
completion of the repair. A field‘§f 10 000 units would

be expériéncing of the order of one failure per day (at the
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above failure rates) and it isvprobablekthat repairslwould
be scheduled' for a specific time. We assume Ehat the
total downtime is 12hrs of;suhshine'for each te?ai;.,  FQf
»a 20m 2 aperture collectorvthe value of this sunshine is
'arouﬁd $.13. : ) |
4, Test equipment’for such'a simple unit would invblvé‘ nol
more than $600, or’$;1/répair;' | |
5. The number Qf spares‘requifed over the sérvicelvlife_ of .
'the> solar_'poWer plant is itemisedv in Table 6.1. The
vdiﬁme oécﬁpied,by these items is largely dependent on the.
bulkineés: oflthe sensor assembly and it is estimated that
all,iteﬁs_‘could, easily be,vcontained,.witﬁip ,ZnE;.. We
estimate the value of this space by assuming it is patt of
a 1arger builaing, and 1c§nstruction‘ costs 1er a small
‘building. are -estimafed'at 60$nr3.jiThus the‘value of.the.
storage Space is only .02$ for ~each ' repair and
inaccurécieé. in the  above ‘calcuiatioﬁ'Willvhéve little

effect on the total repair costs.

TABLE 6.2 Summary of present worth costs of repairs.

Repair costs(a) 1. 1.
g 2, ‘5.6 '
3. .02 'Active'
.05 'Delay'
u, .06 o
5. .02 ‘

‘Total Present Worth V$v6.75

(?) On average each unit requires .6 of a repair.
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This is the cost of repairs for the local control of oné
collector over 20 years, For a 20 collector; this is an
effective addition to capital cost amounting to ab§u£,.3$/m2.

| We noté that the cost of cdmpénentsvéffects the cost of
frepairs only to secoﬁd'order and that the value of the énergy
»not.collected due(to.downtime is trivial. vThis ‘lattef"point.
~ indicates that scheduling fepairs.for'one déy eaChbweekVWOuld :
not be unreasdnablé. o o

The crucial dompbnent for maintehéndeAcdsts.is the powér
amplifyingh.thyristo:;‘v indreasing"the ,reliability_‘of the
thyristoré by using more ékpensive items would.be .wbrthwhilé.
Increasing 'thé reliability of other componénts wouldgdécrease 

maintenance costs only to second order.

6.3 Tracking Servo Design.

In £his,sectiOn-we,doncentrategon'the désign of fhe' sun
tracking servo  1§op“and' it is 'shqwn .that adequate servo
,”perfdrméncé is : achievedf_ readily.  In  particular "the;
" relationship between the_siZe'df;thé oécillatiOns in the sﬁn
following errors due to the $ervo, ‘the level widﬁh ‘of the
-;digitised‘ sun sensor,information‘and the servo bandWidth‘are

discussed.
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6.3.1 Servo design: General Remarks.a

Here we consider the design of the vservo: loop
éonfrolling: the aétuator Velociﬁy from ihformétion on the sun ;
fqllowing error. N

There‘afe'twq fundamental design“ requireménts for £he
sﬁnfoilower, ser#o;_ firstly it‘muét héve a ldw'responsg time,
as thevinterva1 between the sun'ébappeafahcé andehen.aécuréfér
_tfaékinglis,achieved‘representévwésﬁed energy and sépOndly the
servo must maintain low;sun'following efror, v?referably with
the suh féllowing error'oscillatihﬁvarbund zero. .

These_requirements’are met here by'operating the servo

“loop'vin two phases, as follows: . If the'éun fo1l6wing error

data is saturated, that is does‘not' vary with  changing ‘sun

followingbverroéf, . then ‘the calculated velbcity is a maximum,

"~ The gain is a slight function of the number of levels in the .

‘digital representation of the sun following error, due to the

fact that lack of saturation. is obvidus to the controller ohly

when the sun following error is in the second cutermost ievel;

2 Most calculations involVing a - speed ' use the rotational

‘ velocity of the earth (7.3E-05rads/sec) as a reference, and

the symbol 'k' is used to denote this speed. Other terms used

‘include the 'unity gain frequency', which is the frequency at

unity gain for the open loop transfer function. The ‘'gain

- margin' is the gain required to produce unity gain at the

frequency where the phase angle is precisely'-180‘degrees.

-

footnote on next page
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If the sun following'error data is not saturated, then  the
calculated = velocity includes both proportional and integral

control. The servo bloop’ will 'be perated by the

*microprocessor located at each collector and this 1ntroduces-ﬂ

‘problems due to quantisation of the 1nformatlon and .sampllng.
These _problems are considered ‘seml quantltatlvely in the
following-sectlonsr " Next, - Bode dlagrams(Thaler and 'Brown;_
1960)¢‘of ~the proposed serVO' loops are plotted ‘to 1ndlcate‘
permiesible gaihvcohstants,v The reSponse of the servo 100p is
- simulated by ‘computer calCulations to. show the expected
performance. Flnally, the tlme requlred of the mlcroprocessor
to perform‘.servo calculatlons is. estlmated and the stablllty
of the'proposed servo loop to . other,_modes_ of- V1brat;on is

considered.

6.3.2 System Under Study.

The system under etudy ‘is. shown ih figure 6.3, In'
~operation, the 5sun_following error iS'sampled to an accuracy
of n_ bits and a speed of accuracy nﬁ bits is calculated to

maintain low sun following errors, The,type of actuator used
is not specified. Here we merely assume that the response of
# The saturation of ° the sun  following error -information
depends upon the design of the sun sensor. Here we consider
the design of Carden (1978a), where the sun sensor saturates

at plus or minus half the sun's diameter and in between the
cutput signal is proportional to the sun following error.
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the collector to a velocity command is described by a transfet
function of the form:
2

22
oj(s

CR(s) = f +2f s + £5)71 - (6.1)
o o° . "o - _
where fo is a natural frequency of ua ~mode of the

structure, and f is the damping coefficient..

6.3.3 Sampling:_Qualitative Remarks .

bThe'effeetssof-sampliné ceh be cohsidered’by: usiug .thes
approximate - transfer . functionA in fiéure‘ 6.4 (Thaler xend
 Brown (1960)). If the sampling ‘freQuency is .ten"tiﬁes the
| unity,‘géin,frequency of the servo‘used,‘sampling will produce
an additional phase.lag.of a maximum of twenty degrees, the
max_mum occurring at the unlty galn frequency. :This fteéuency'
must necessarlly be less than the lowest natural frequency of
‘the collector structure and in the follow1ng examples, 1t is
assumed'that.the lowest naturalvfrequency'ls 0.1 Hz and 'the
“interval " between sampling is quordingly‘ 1 second. The
resultantfbandwidth can'ebmpensate'fOr aflarje'portientef the

deflections caused by the winds, as outlined in chapter 5.
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0° 0dB SunE ~ Magnitude
o -30°  _gdB b—o \\
o N '
S o .\\ T Phase
-60° -12dB — |
-90° -18dB L— — ;
' D & B .1 .

Flgure 6 4 Approx1mate ‘transfer function for a sample and hold
circuit (Thaler and Brown, 1960).

Wo is the sampling frequency in radé/sec.
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" 6.3.4 Quantisation: Qualitative Remarks.

Both the output Velocity inStruction and the‘ input eun
following error'data will be‘quantised, that is, the detalwill
be represented by one of a_reletively'small - set ofr'numbers;
The level width is theomaximum change ih thebactual data which
oah oCcur;without the quantised ihformation changing.

The accﬁracy of'the output Velooity'will.be”:limited to
. elght ‘bits :end there will'be no difficulty in realizing‘thisl
accuracy, Analog to dlgltal conversion, however, is ane
intrineically more difficult operation and there is merit in
providing high accuracy-tracking'withvsunvfollowing~error.datav.,
vwhich,has large.éuentisation errors. |

Quantisation can be effected in two ways.‘ If en_ odd
number of levels is contemplated, then a'iohe will exist in
which no sun folloWing‘error will' be recorded, though éun‘
following error exists. With such e"system it would be
Vimpossible to redhée the ”megnitude of sun 'followihg error
oscillationslbelow the width of each leﬁel.

v An»eﬁen number of levels does not suffer fromzvsuch a
problem and prov1ded that the amplltude of sun follow1ng error
0501llatlons remains smaller than the w1dth of ‘a level,  the
transfer.',functlon | of the quantlsatlon process will be
identical to that of a relay. For a level w1dth of Ae, the

transfervfunction'is(Thaler and Brown, 1960):

Q(s) = 2 (ae) /(x )  (6.2)
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- where A is the amplitude of the input sinusoid. Oscillations
occur when thelvgain‘margin of the servo has been reduced to
iaentically zero: this éccurrence is‘a'funCtion of the ’gain ‘
‘mafgin of the unquantised'5ystem'and the size of each leVel.
In thé basic systems consiaered'the:gain méfgin ,increases as
thé5uni£y gain freQuéncy.decreases. Thus for a fixed A és the
level_width increases the respohse‘time ~increases. Specific
célcﬁlations én this are presented iatér. 

| vauéntisation does not, howévérj'affeét gainvonlytfor>sﬁn
following errors in'the.lgwest;lévéls,'<In the éécond lowest
level gain variés from .5.‘£o' 1.5. The rénge” of géin
 encourntered in each _1éve1‘décreaées as the magnitude of the
sun]following.error'incfeases. Thus to avoid sun fdllbwing o
error oscillatidné  into; the seéénd'lével;Ait,isvpreferable

that the gain margin be at least 1.5, or 3.65dB.

6.3.5 Saturation: Qualitative‘Remarks{~

fVSaturation iedﬁceslﬁhe<overél; gain and may create phase e
- margin problems. ‘The proportional coﬁtrdl‘systemvis'stable_to
all'gaihlreduétions. The :intéQral_ énd proportional bscheme
- suggested, hoWeVer,‘is more vulnerable and it is prbposéd that
the integrél ~and ,proportiqnal scheme bé"uséd oniy‘j’for»
unsaturated_.vaiues-of.thgbsun following error..'Saturation-of
velocity ié~ﬁbt a prleem_as in Qeneral fhé sun's velocity is
‘always less‘,thén the satﬁration valué.‘ In the calculétions;
,saturation:occurredeor sun following error at .005rads (the

sun's semidiameter in round figureé), and at .001 rads/sec for
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the output velocity command.

6.3.6 Servo Stability.
In this section we calculate the cdnditions _necessary

for the stability of the two operating modes of the servo.

6.3.6.1 Proportional Control only.

The magnitude‘and‘érgumenf'of.the transfer function
G(s) = KO/s K(s) 0 (6.3)

is shown'in figure 6.5. 1In this'figure, §> has vbeen_;éet at
.1H2 and accordingiy'the démping ratio for such a’léw resonant
 frequency is faiply'higﬁ and here is set at 0.3 (seéf‘Appendix 
G for the .relation' béﬁweeh resénant fréQuendy~and damping
.ratio)."Thé gain KO0 is unity in-the,fiéure,'but needs ‘to “be
leéS’ than” .3 to maintain a 50 .degrée phase maigin and this
ﬁaximum feasible géin involves a vélocity error of .2mrad _at

’an output velocity of k.

} 6.3;6.2> Integral And Proportional Control.
The velocity error mentioned above can be avoided by the
use of integral control. The transfer function is in this

case:

Gls) =K1 (s/(K1/K0) + 1)/s K(s)  (6.4)
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-where K1 is tﬁe integration 'gain, and KO0 the proportienal
gain. The frequency (K1/K0),must_be‘smaller than the natural
‘frequency.ofAthe ‘collector to produce‘ a reaéonable .phaee 
margin. Here we choose K1/K0=.05. The gain and'phaSe plots
for £his system are shown in figure 6.6. The effects jof
sampling'at 1 second‘intervaie'heﬁe'been included. |

| If Ki/kobis maintaiﬁed constant,.‘(and thus _theilphase
diagram remains. unchanged);.vthen' fhe 'magnitude’Of'the sun
'folLQWing-errOr oscillations A, the‘levei widﬁh (A€) -ahdv'the

'integration-constant K1 can be related by the expression:
A =136 (Ae) K1  (6.5)

Hence fer» an = eight ;evel sYetem, with oscillationsu
around ‘>.1(Ae), the required K1 is.;0025, and thus KO is .05.
The‘reSponsev of fhis‘ system to a'fstep, error input_’wee
simulated digitally and iSIShown’in figure 6.7. A 32 level
syStem;.with'the eame oscillation amplitudeeof_.13mrad, allows
K1 to-be2;01,'and K0=.2; The reéponse of this:syefem is also
shown'in‘figure_6.7.b The transfer fﬁnctidn of this latter
system has elready beeniplottedfinAfigﬁre 6.6. | | |

| .As exbected, the serVo possesses‘relay like oscillations
~and the magnitude ofsthe,oscilletion is cohtrolled.by the gain
constantsbahd the leﬁel width. Thefvgain constants“also"
determine  the ‘ Bandwidth and tcl maintain low ampiitﬁde’
oscillatidns with large level widths, the.‘pandwldth ‘must be
feduCedw This is contrary-to the design specifications; which

require that the bandwidth be maintaihed as high as possible.
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For the .1Hz resonant»frequency considered here, KO can be no
greater than 0.2 and with this flgure set and K1/K0 :set, the
oscillation amplltude 1s proportlonal to level w1dth For the
case studled 1n‘f1gure 6.7, the 32 level system‘ls, very near
~ the bandwidth 1limit, while the 8 level system shoWn‘has
redﬁced bandWidth, thoﬁghi it attains the same osciilatiqn
fmaghituder ‘Thus vthe level width shouid be fas_ small as
| possible, but thls should be compromlsed with the costs of A-D’
conver51on which increase as the level width decreases. Thus'
de51gn would hold the level. Wldth as large as  is reasonable.
For the 'case' above where the Ims servo error is .08mrad, 32
level‘sun sensor~1nformatlon‘ls‘approprlate;‘.Other cases ‘are-
leasilyv_found-as they are Striqtly proportional. For example,
if the design'servo error - was .TGmrad,¢the'number of _leVels

corresponding'to this error at the above bandwidth is 16.

| 6.3.7 Calculatidns.Required TO‘Operate'Servo.

A microPrdeesspr jbaSed‘ controller ‘Sitﬁated, atd each.
collector Wouldvbe required to control tWo of_the.aheve servo
loops simultaneously.. The flowehartvof'operations‘is shown in

figﬁre 6;8. | Analog to dlgltal cohversien would be.most.,'
cheaply achleved with a successive. approx1matlon method, with
the microprocessor controlling each approximation and.specifie
prdgramming for the 8080 showe that arouhd:.15ms is lrequired.
- for a four bit convereion. The‘computatien requiredlfor each
axis as shown in figure-6.8, wouldbrequire-about 0.3ms and the

initial computation about ,Zﬁs, Thus perhaps 1ms is required
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to‘perform'the servo operations each:second and this will " be

no substantial burden on the microprocessor.

6.3.8 Stability For Other Vibration Modes.

The stability of tne servo control in conjunction ‘with
’othet' modes of vibration is considered qualitatively as
‘follows: There is no need to alter the bandwidtnviOf }the
system, ae‘a.1Hz is,sufficient to compensate for the majority
of windg gnst‘,deflections. .The' wind gust  deflection
calculationSj ahow tnat'a natural freqnency below‘this‘fignre
would not ' be de51rable. .Modes“ of wvibration with higher.
'natnral freguen01es> will have correspondlngly lower damplng
ratlos and wnlle this Wlll not decrease’ the phase margin, it
is p0351ble that the gain margln w1ll be changed. ‘However, it
can be shown (see Appendlx G) that the" contrlbutlon to ‘the
damping ratio “.due to aerodynamic damping; is 'inVetseiy
‘proportional to the'tesonant freqnency. _ Aetodynamic‘_damping '
will iconstitnte'-a.large fraction~of the'dampingafor a welded
steel-structnre and.this-relationsnip enSnres that'tne gainjis
never greatet than -4dB at all fregUencies above. the unity

gain frequency and this will ensnreﬂstability;

6.4 COMMUNICATION SYSTEMS.

As stated prev1ously, Sit is 'essential that each
collector _have a stowage capablllty for protection from w1nd

damage. = There is no possibility that each collector' would



225
itself have sufficient 'intelligence' to anticipate~strongi
winds and thus determine when to stow. Hence each collector
- must _be capable of receiving a stow_command from the central
-controller. Further uses for a communication link would be to
transmit iuformation on the sun' s pOSition to each collector_>
to allow the’}collector to ‘antic1pate the sun»sckp051t10n.
- Also, a communication link whichtallows transmission from each
collector to the central station_wouid be required‘to operate
the ‘economical alighment'scheme»detailed in chapter 5. There:
are.twovaSSibie cOmmunication systems which .could be used,"
either ‘a radio system or a cable system;;‘tThese two
.pOSSlbllltleS are conSidered 1n the ‘foilowing sections.‘ A
' radlo/cable _combination_ system is ‘not considered, as costs
‘would not- be ﬁedﬁced below _thatdjof a cable system. A
vcomparison- betweehb_the ‘two schemes does not require costing
estimates for theAequipment at the centraljstation;~as'this'is
distributed over a large number . of collectors and the cost of
©  the rcentrai equibment? per :collector ‘will ‘be small‘ “in
.compariSonuto the cost of the equipment at each collector;
| Of particular interest is théi p0851b111ty of 4av radio
- link, as this would‘obviate the need to lay cables and connect,
them'to.each mirror. A crucial consideration here 1s' whether
a radio system'cah communicate with sufficientrreliability in
stormy conditions when stow commands must be received. ’_The
oonsequences ‘of -collectors not stow1ng when required to do so
could be disastrous. The reliability of transmission will be
a function of the radiated power> which is limited by

legislation. This security of transmission is examined.
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6.4.7 Information To Be Transferred.

Firstly, if déta to Venable ;pointing was transmitted,
data rates would be low. These data rates depend_upon the
required pointing accuracy and in the  first ihstance;
t;ansmitting pointing data_which aééumed all'collectors,Were
| truly:alt—azimﬁth, with accurate fiducial marks, would fequire
only 20-30 bits of data in 700secs (Edwards 1978b). Individual
| attention forveéch. cbllebtor inc:eéses this vdata rate ‘by '
rOughly thélnumbe; of_céliectors ih thé array,  ” J

 Data rates for other useé of the-communication'link have
‘ been_,caléulaﬁed' elsewhere (see appendix E, sectiéns 5.&.2,2;1
_ 554.7.9‘),fahd ére .nqt more 'than 500‘bi£s/sec4'forj 10'000;-

 col1ecths.‘

| j6‘.-Uf.2‘ RADIO COMMUNICATION.

| ‘Sevérai rédio‘baﬁds are available in Australia“ for the
 'remote‘ COntrdlb of radio deﬁicés' (as it is expressed by the
Australian télecommunication authoritiés)fj These'aré ‘centred’.
around the féllowing _frequencieé; 27MHz, 41MH2,‘2;4GHz’and
5.8GHz. We consider the 27MHz“bahd as .mést 1éppropriaté 'forv
’colieétbr cOmmunications and nqise levels andloﬁher quantities,
are réferenced. to this 'frequeﬁcy. "'Australian,~législation

forbids emitted power exceeding.one‘watt,’
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' 6.4.2.1 Link Path CharacteriStice.

Transmission distances would be less than one kilometre,

over a 'plain’' of metal collectdrs,. Line of sight

transmission could netvbe guaranteed and the'collectors. woﬁld
preduce' scattering and multipath transmissioh. ;Noiee levels
could be expected to be suburban (a poWer stetion_ is nearby).
and thus of the order of -130dBW(ITT 1973) for a 10kHz

bandwidth. Noise levels during'e thunderstorm are mueh- more

~severe and amount to some —100dBW for a>10kHszahdwidth,'when
vthe storm = is 10km distant(detzel and "Pierce,1969);

’ Thunderstorm noise Qis, “however, fortunately distributed inh
 bursts with a mean length of about ~.5sec and a Umeeh time

v“between‘bursts of 2~5$ecs(Jayant 1967).

"Receiver/Transmitter characteristics.

- Aé.usual the requirement here is for low cost.’-'The

vtransmitter cost will be ofvlittle.consequence, however the

recelver 31mp11c1ty is vital for low cost 'IC technology will .
have no diff;culty in prOV1d1ng the required .gain and
demodulation, however a number'of off-chip cemponents will be

required to. provide 'selectivity.- The number of off-chi?

- components w1ll probably determlne the cost. The eutput -of:

the receiver w1ll be sampled by the local or central control

- and thus some logic will be ava;lable.for error detection and

correction.
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Modulation and Detection.

" The method chosen hére is"FSK(frequency"shift ‘keyihgj
with non-coherent detection. This is the'best'method which
can be employed without'phése sensitivé detection,, a method
which could not be implemented due to the possiblé‘multiple'

signal,péths; The full benefits of~the"low data rates can be.

‘exploited only by a highly Seléctive receiver, a situation

~ which is not compatible with receiver costs. -The error rate

for a non-coherent FSK system is around 1 ih 107millionﬁfor a

15dB signal .to noise ratio. Because of the selectivity  -

- problem, in  later calculations we assume the receiver

' bandWidth is '10kHz,b regardless"of ‘the actual data -rate.

Synchrbnisation of the received waveform would most easily be

achieved with reference to the:AC power line.

6.4.2.2 .Error Performance Of Radic Communication.

CalculationS»show'that a 1mW transmitter could provide a

- 30dB  S/N ratioj.ét':a receiver = 1km away- under suburban

interference conditions. The noise induced errors at this
margin are’ négligible; Communication errors will ~become
appreciable'only‘when.a.thunderstofm is within “10km of the

receiver. Errors under these conditions will reach one in a

‘thousand bits transferred.i'It'is'possible.that a stow command

may need to bé transferréd‘under_these conditions. If the

- receiver is'équipped with an error detection capability, ‘'such

a command may be received correctly if the command is

retransmitted until the transmission does,not‘coiﬁcide with a
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burst of noise from the thunderstorm. A 'slave' receiver, the
output of which is available to the central*transmittér, cduld '

determine when a noise free transmission has occurred.

" 6.4.3 CABLE SYSTEMS.

| The .produétiont‘bf fibre optic .cableé is ve2pandiﬁg
rapidly and costs _areialready ardund $;5/m,_with promise of
$.1-.2/m,withular§erv_production 'funs(Electroniés,Nov 1977) .
,This is of the _éame':oxder as ConVentiohal Cables used_for
télephone signai trénsmissipn,‘howéQer, the’¢os£ of»,a _fibre-
: optic | system  'ﬁill“ be 'kcheapér‘ éS‘ ho eléctrohagnétié
interfeience supbression'will bé neededband‘repeaters will .be
unneceésary. ,Elecﬁromagnetic ‘ intefferencé wduid - be
partidﬁlafly severe.for'_metallic éables with an effective
‘ kilometre of aérial  and delicate semiconductor‘_equipﬁént‘
attached (seé for example Bennisoh,et al(1973)),': |

Theulayout ofjgbllectors‘wiil be determined,by'the pipe
network, which is thé; most ekpeﬁsive‘of the links between
cqllecforé;. The"layout'_pxéblem- has been éonside:éd; (in
~ chapter 3) ‘and ‘the colledtors are‘Acértéin-to be arrahged'
‘relaiiVely close togethér"in " North-South rows, with ‘the
- Eést;Weé£  ' sepération betwéeh-'.rows 'lrelatively: - large.
.Commﬁnicatioﬁ linksv_are vroutinely”‘configured‘.With ‘either
'starf’ connectors, or a seriéé of 'f'.dr 'accesé' cOnnectoré,'
‘_Although some fibfevoptic connéctprs are alréady qualified,fof
military _gse in ‘the.USA,'cbnnector technology:ié ihvgeneral

embryonic. Star connector based systems offer the lowest
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signal losses, but ‘the ‘configuratidh_does not combine well
with the layout of the collectors. Low  loss 'T' 'connectors
’ are‘»being developéd rapidly(eg Auracher 1977,'Muské 1975):,
the first author describes a cheap»‘system' where SOmeb 20-30
connectors can bé,.USed on a singié line with a consequent
maximum power ioss_bf only 50dB betWeenvthe'-source ahd each
détector.>.'Such a poWer'loss AliOWvaitve;ro: rates.of better

than'ohe in one hundred million (Kao' 1976) at 100kHz bandwidth. -

6;4.4 _Compériéon Of.The,Two'Communication Systéms. :

o Only very rough estimates cah\be made‘ as to costf—énd
féelinés ‘of the author are that instailatoﬁ_dpsﬁs will be
‘coﬁparable. It has been shown that lackfo£ meésége integrity
of radié" trahsmission’bis not a factbr.' The relative
| complexity of the.parts.required‘for ‘radio tfansmission’ and
reception4 baiance>7against'the’ihétallation and gonneétion 6f
.thé'cables in_the'field;'though‘simple'equipmént..is'“required
fofl cable”_trahSmission and‘reception; The advantages bf thé

cable system are as follows.

1, _wa"error rate due'té both_high bandwidth
capability and‘imﬁunity-to‘electromagnetic
interference. Thisiié partiéular;y.important‘
- considering the possible‘glimates when. |

' stowage commands are issued.

2. Immunity to electromagnetic induced damage.
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3. Equipment simplicity ieads to high reliability.

y. Two way communication easily implemented;

5.. The prospect of 10 000 radio transmitters in

a small area is daunting, should two way

‘communication be required.

6.5 Summary.

In the design and implementation of the

the follbwing-aspects_have been considered.

6.5.1 Reliability And Maintenance.

The reliability and maintéhance costs

local control

of the :local

control at each collector have been examined. On average each -

©unit will'require .6 of a repaifvto the eléctronid'~component

over its.'20year'v1ife;~ This is"an_ efféctive addition to

capital costs of .3$/m? for a 20m? collector.

6.5.2 Tracking Sérvd}

' The design of the tracking servo has been detailéd. The

program is small and occupies léss‘than one thousandth of the

. microprocessor time. ~Theqservo reduces. velocity lags to zero.
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6.5.3v Conmunication Systems.

The possible disadvantage =~ of radio communication
systems, namely lack of transmitted infbrmation.integrity
under thunderstorm conditions has been eXamined; - Given
current'vlegisiation on emittedvpower, this is-th-aiprleem;’
The arguments presented favour the use of a 7fibfe optic

communication system.
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7.0 SUMMARY AND CONCLUSIONS - RECOMMENDATIONS FOR FURTHER WORK.
-~ 7.1 Summary And Conclusions,

In,this sfudy'of aspects of‘paréboloidal‘arrays emphasis
vhas been placed on minimising costs."Factbfs which have been
identified‘as‘imporfant in cost reductions have beeh discussed
in the conclﬁdiﬁg éections of eadh'Chaptef‘ahd afeAfufther

summarised in the following sections.

7.1.1 Shéding And Spaéing In Paraboloidal.Collector'ArﬁaYS.

A pfogram‘to:calculate fhé amount of shading experienced
by. a"coileCtér‘in‘an‘arfay’Of'COlléctors has been aéscribéd.ﬂ
The amount of shading_for éqpare'afrays.and North-South rows
of colleqtors ‘has beén:presented.graphically invfigures 3;5
and - 3.11 (ppv$7,604). - The cost. of"lihks_ between  the
collectors 'hasjvbeen evaluéted .andvdolleétor éépératiohs to
minimiseﬁcosts ha&é been presented‘fo::bpth‘squaré.atrays and
' fows"of ‘éollectors.“ A method for calculating‘ ﬁhe cost
veffective'sépﬁrations with little éalcuié£i6n~has béen deti§ed ‘
and justifiéd; and graphs have been provided for this-pﬁrpose,
'(figuréS-3.9'énd,3.12,vpp‘54,61 y. - )

| Costs of iinkingvcbilectors‘to>the central:station have
been shown to be doﬁinated'by the tétal length}of;the.links.1
It has been shown that the total link length  qan be reduced -
: while‘.'maintaihing:  low 'shading‘  lossés by jutilising “a
rectangular,arraylwith large - East-West, distances vand' small-
liﬁk  distahces in fheA North—South direction.  The cbst

‘advantage of'suchvan;array‘has been demonstrated-for a small
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collector array producing 27MWt‘(figuré 3.14, p63).

The cost optimum spacihgs have.been calculated in terms
of the ground cqverratio.'.Typiéalvcost opfimum valuesvafe
0.2 for square arrays and 0.1 for reqtangﬁlar arﬁays.‘ |

V"There ié no'doubt that the fectangular array ‘has the
potential for lowerbcosts:than~a-3quare‘arraY5 An all up_cost’v
for links -6f‘ $20/m‘ will maintain link costs at j2$/m2

(apertu:e),lwhich,is.a reasonable target. A squaré array with

‘the same lihk costs per metre will have total ‘link costs of

16%/m°.

7.1.2 Cavity Absorbers.

" The variation of the maximum ‘possible efficiency of

cavity absorbers has been' given as a function of cavity

- losses, the contour tolerance of the paraboloid and sun

follOwingwA errors in vfigure 4.8 (p 87). Information is

presented in two':gfaphs, with.‘the’ caVity ~aperture “area
- necessary to' achieve maximum efficiency given in figure 4.9

(p 88). This contribution includes a simpié ‘presentation of

data (figure 4.6 p 84) to behable easy calculation of the

 capture'ratio,'(the-fraction of the enefgyi-directed at the

_ caVity,whichfactually_entérs the cavity aperture).‘

Cbnéidéring the simplicity = of cavity Habsorbers;
absorp£ion efficiencies afé reasdnable.' If the éavity isf
designed so that its losses are dominatéd-by radiatioh th?ough;
the cavity . aperture, efficiencies in excess. of A96% are

assured. If sun‘fol1owing errors are less than U4mrad, the

- figure will increase.
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7.1.3 Guidance and Control Schemes-.

Causes of sun following efrors'vother ~ than  those
dependent on actual hardware'choices‘haVe'been éxamined._ The -
principai conclusions which have eme?ged in this study relate
to the properties of ~the guidance and control scheﬁefwhich

will minimise'plant costs. These are summarised as follows: -

7.1.3.1 A;ignmentfcésts.‘

| Three”différent methods for alignment have been snélysed
“and it has been shown that"a_vcheap méthod for alignment:
results from matnematioally‘ infétring . the ’calibration:
constants;‘ Thé cos£ of,£nis'prooess,may be considéred in-tWof’l
parts;..a'one tine initial cost’whichiisssomeﬂfraction_of fhé'
ncost of nthen snn' sensor, .communication 1ink,, and’central
computer (a‘fracfion becanse'all inéms havé:multiple uses)’and'
‘an amount of computer time which has been estimated to cost 10
to 20 cents‘for each alignmenﬁ.i Thisncomputation timeAdepends
on _the = specified accuracy as " shown in Figure 5.27 (p195).
Costs are certain to,be lower with‘thisvméthod>than fofvmanual

‘methods of alignment.

7{1.3.2 Effect Of_Wind On_Trécking Performance Of Collectors.
fThe spectral dispributionvofvdefieotions of-a_.oollecto;
~has  been calculated ‘assumingvasstandard Windjspéctruﬁ. Thev '
procéss of'compensation, whsre ann fintelligént' servo loop
positions nhe collector;so thaf the wind induced defleétions--

actually return the collector to near the desired position,
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" has been described. It hés beéﬁ shown that if the collector
has no resonant'.frequencies below 0.1Hz, compensétion,,for
deflections which occur at other than‘resbnant fréquéncies is
worthwhile. 'Further,‘bandwidths of.around'O.1Hz are«»capableli
of'.compensating fbr the majority of wind induged deflectiOnse‘
Compensation thus ailows cost éavings-ﬁ? reducing'the requiréd‘

rigidity of the collector structure (fig 5;15>p143).

7;1.3.3 Tracking Vs Pointing Schemes.

'It>ﬁés.been'shown'that er foliowing the sﬁh whenjenergy 
collectidn Qisvdesired, a traéking system is more apprdpriéte;
because"the bandwidths and compensation érdcessi mentiéned
érevioﬁsly_vare easily obtainablé Within;bsuch.a’system. A
pointing system is;”however, still required for  anticipating'

the sun's position, though - the  sun .following' error

réquirements.for'the pointing -system afe~ not particularly .

~ stringent (10 or 20mrad) (Table 5.2, p177).

,"7;1.3.4 Calculatiéns:Of‘ActuatofbDisplacements.

The costs;'ih ﬁerms of_computer’time,‘of calculatingvthe
acﬁuétor-'displacéménts;cérresponding'to a pdsiﬁion on the sky
to any desired accurécy have been evaluated, as ;ShOWn in
 figure 5;21.’(p167). | Thesé costs vary jsigﬁificantly with

accuracyfoniy for unsophisticated machines such as én"eight

‘bit microprocessor. The errors associated with calculating
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the actuator displacements at intervals and linearly
interpolating at other times have been evaluated and are shown

in figures 5.16 and 5.17 (pp150,151).

v7;5.3.5 Cost Variation With Sun Following Error Budget.

| 'hFactorshwhich_are not strongly dependent on thettYpe of
‘ actuatorsbhave been analysed. The.major cost‘variatiOn is due
to the cost -of achieving a specified .rigidity;~ Other"costs
'due» to- error‘-sources, snch’ as alignment costs, actuator
dlsplacement calculatlons and the programmlnq for the tracklng
‘servo, ‘change llttle w1th error spe01flcat10n. The cost of
" the other principal hardware components, the position encoders:f

and sun sensor, has not been considered.

7.1.4 Design.And Implementati0n~df:The Local Controik

.The 1nfluence of rellablllty on the conflguratlon of the-k
local control has' been con51dered and the rellabrl;ty and
maintenance costs for a'notional‘hardwarejaiiotment»have been
calculated These COStS have.been shownfto add:only 0.3$/m2
to the capltal costs of the solar power plant.

A.deSIgn ‘of the suntracklng sServo loop ‘was completed,
- and it has been shown that adequate servo . performance can be
: ea51ly achieved and that " a ‘mlcroprocessor based controller
would need to dedicate.‘only one-thousandth of its time to

servo calculations for a single two axis collector.
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- The possible disadvantage'ef radio communication, namely
lack of. trensmitted infOrmationAintegrity under thunderstorm
conditions has been examined. Given‘.current legislation ‘oh‘
emitted_ radio ‘power; thie disadvantage has been shown not to
prevent the wuse  of fadio coﬁmunication. 'HeweVer, the
~arguments that have been 'presented fevour'the use ofefibre
optic'based communication systems,'prineipelly'because of ,fhet.'

immuhityvto'lightning.

7.2 Recommehdations For Further Work.

Further ' development of cost effective paraboloidal

arrays would benefit from the following studies.

" 7.2;1 Sheding‘And Spacing. -
| The costs involved wifhzshﬁtoff Vaives and-othe;v safety
‘features"of 'thef_link_'network must be evaiuated..‘Also, fhe
optimumblayeuteef trﬁnk'bpipes within = the  energy transfer
‘»network must be eValuated,:,although fhiS»layout cannot be
‘  determined until morevaccurate formulatione.of‘;the inséalled

-‘cost'ofepipee are obtained.

- 7.2.2 -CavityeAbsorbers.

Cost sfudies of’caﬁity deSigns es a function ef eaviﬁy
losses WOuld,. when combined with'the'data of chapter'ﬂ;‘giVe
the cosﬁ—effective value of collector losses as a function. of

contour surface tolerance and sun following errors. Such a



239

procedure would resolve a variable in the solar power plant

design.

7.2.3 ‘Guidance{And.Control.
Future work in' guidance- aﬁa control should 'involve.
principally»-wind tunnel tésting.tb détgrmine-the Validity_of
derived theory. Tests should evaluate the spectrum 7fofv
deflections"atﬂ othervthan,resonantvfreéuencies and determihe-
'the'.effeCtiveneés ,of: stowage positions in breducing fwind
forces."Fupfher; theybuffeting‘05vthe-céliector structure due
"to upstream coliectors.oﬁght to be considered. This' last.
:probiem is particuiérlybimportéﬁt forvstowage_positions:which 
.re1y on'thé.c6llector actiﬁg like a wind ’vanel to miﬁimise'
forées. Buffetihg:presents sﬁddén wind ;hifts-which»may:pccur
£6o‘quickly for the colléctqr to move in£o aiignment with’ the
wind.‘ | | | , | | |
A study should be initiated to determine the .collecto£'~
~ support strucﬁure_and aCtuator;detéils._ OncelthiS'information
‘ is'éVailabie, a ébmpieﬁe list of sffuéture-?ibration ﬁodes Can‘
be -aséembléd. vResonant' frequencies .andbdamping-rétioé for
each modevcéh then be “evaluated. VEvéntually, iﬁformation
relating'coliéctor cdst;to thé accuracy of‘suh fdllowing‘error
will be:obtained‘aﬁdathis_information may then be combinedk
with the inférﬁation inﬁchépter Q;to evaluate cost éffective

‘values of the variables;
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8.0 . SYMBOLS

General

The subscript o is used ‘to denote an optimum ' value,
usually optlmum with respect ‘to cost.

The subscrlpt m ‘is used to denote a max1mum value, _but'

may mean 'materlal';

A dot above a value denotes.differentiatiOn with respect
to time.

Small letters in general denOte'>intensiVe' quantities,

‘for example q represents energy per square metre of aperture.

The subscrlpt k refers to the kth segment in an. array.

The section where further 1nformat10n on the. symbol may

'be found is given in brackets.

Particularj'b

a '~angle from the centre of a beam'_in’ the Gaussian

reflected beam approx1mat10n (u ).

A amplitude of sinusoidal input variation (6.3).

‘A  concentration ratio (4;6);

B angle between fixed‘axis and equatorial plane, measured
in  N-S plane;' vCorresponds‘ with latitude for a true

alt-az mount.
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B1,B2.parameters in pipe cost formulation (3.5).

B "generalised sun following error, B=h6k(3,ﬂ);
B R effec#s..baékgyoundQind_deflectiohs»(5.“?3).»
c ; Cqs#»(3.3)f‘

'_cm .vAcqstpéf ﬁpit léngthqu pipes‘(3.55;

Cop Cost of energy transfef network (3.5).

Cy Cost of the‘links, not counting-pumping’poWer.(3.5).,

cc  _éollector_cost, $/m2.

CD V Drag cdefficient,

a ;_pipe inte;nai_diameter..

D : Coiieétor apg%iuge.diameter.-

'E(r) Irradiance in the focal plane of paraboloid; as function

of radius r (4.4).

f(g) . Illumination function, the ratié of energy collected by
paraboloid in array of spacing g to isolated paraboloid

(3.1,
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Vector of calibration’constants (5.4.2.2).
Open loop transfer,function (6.3).

Ground cover ratio, ratio of aperture area to land area

. occupied (3.4).

. KO

K1

'K(S):

1(Nc)

Precision parameter . defining -accuracy of paraboloid

surfacé'(u;u).

‘Investment cost of electricity, $/W (3.31;-

InVestment cost'of’pumping'equipment, $/W (3.3).
DC gain constant in servo loop. (6.3).
Integral gain constant in servo loop (6.3)4

Transfer‘functiOn of collector structure'(6.3),b

. Earth’s‘rotationalfvelocity.

Distance between collectors;(3.u).

DimenéionleSSAPipe nétwdrk variable, the ratio of the

_aVerage_distance between collectors to the length of the

smallest diameter pipe in the arréy (3.6).
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RélatiVe air mass (3.4).
Mass flow rate (3.5).

Total number of collectors.

~ Number of bits in sunlfdllowing error information for

one axis.

Number of bits in magnitude of speed command for one

axis.

APr(NC).Dimensionless‘variable rélating the presSﬁre drop as

in

seen by the circulating pump to the pressure drop across

the pipe segment with the smallest diameter (3.6).

Parabola focal length parameter, equal to twice the

vfdcal léngﬁhv(4;3).

Transférifunctiqn of relay (6.3).

Energy collected by an aperture (4.3).

Power input.to_cavity absorber (4.3).

Power losses from cavity absorber.

Ehergy‘coliected by an aperture per square metre of

aperture (4.3).
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Energy available to be collected by‘ an aperture, per

square metre (3.4).

Energyiavailable_aticentral‘station (3.4).

‘Power input to cavity, proportional to instantaneous

product of illumination‘function and solar flux (4.3).

Error ratio,'>ratio of difference .between pointing

'directionSj*generated by trﬁe‘éalibratiOn constant. set

and directions generated by calculated sef, " to the
possible rms error in each of the origiﬁal points

(5.4.2.2).

Parameter in theica;culatidn of'direct,;radiation_ using

 Allen's clear airﬁmodel.(3.4),“

Data rate (5;4.2.2).3

Data rate due to motor speed commands (App H).

Data rate due to_sun'sensor information (App H).

Generalised radius, equal to hr/p (3.4).
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,Pump.éapacity factor (3.3)f

Traverse time.
Time in years.

’_Commahd intérval,"time between speed adjustments.
" Parabola rim angle (4.3).
Wind VeiocityQ_

Wind velocity at which collector will be stowed.

Decay constant in describing curve which correlates

‘winds with sunshine data.

Dimensionless pipe volume Variable, ‘ratio of .average

pipe “inner volume to pipe inner volume of sma1lest

‘diameter pipe (3.6).
Power, usually referred to work forms.

 Electrical power output of station (3.3).

Pumping power requirement (3.3).
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X Variable in function representation of fixed point -
functions.
X Vector of actuator displacements_(s.u{Z.Z).
- GREEK
B Sun following error (4.4).

“A(A) Absolute error in representation of A.
§ Solar declination.

Ae Level width in representing analogue information in

digital form (6.3.1).
T ~ Damping coefficient.

n 'QEffiCienCy'b in converting ‘radiation energy to

"thermOChEmiCal-energy.

n. Efficiencyvih.converting radiation enérgy,”to thermal

energy at the central boiler (3.4).

n(eff) Efficiency of cavity receiver at absorbing radiation

(4.3). -
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'Capture‘ratio of cavity, ratio of energy which enters

cavity to energy dirécted towards it (4.3).

Altitude or elevation.

Error in altitude.

Error in angle of one sort or another.

 Error in estimation of,position‘of sun for fast fix (App

m .

- Error in estimation of position of sun for slow fix,

also’ pOSSible,error‘in,digitised sun sensor information

(App H).

Functions relating actuator displacements tO“,eQuatorial

coordinates (5.4.2.2).
'~ Azimuth angle.

Error in azimuth.

Solar flux.
Reflectivity of a surface.

Standard deviation of a quantity.
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Response .time.

Angular speed.

Smallest speed change possible due to digitisation .of

speed commands.
:Maximum'speedlpossible, usually taken as .87mréd/sec,

" Solar diameter, around 9.3mrad.
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APPENDIX A

' PROGRAM FOR CALCULATING SHADING

A.1 INTRODUCTION

In this . appendix we vdescribe the opératioﬁ of 5the_:f
program which éalcuiétes thé>amoun£ 6f shading éxberienced by
a paréboloid 'mirror' in;*an‘;arraYi' as'_requiredf fOr*:vthe'
éalculations in chapter 3.‘jWe'begin,by demonstratingihow the
’ipresence‘ of bother' collectors ih the array. vis | héndied_:
mafhematicallyiiand then describe how the hidden line plotting_.
prngémAﬁIDE(Williamson, }972)'is"uéed to evalﬁate‘the contour
‘surféunding, ﬁhe' illumihated part . (or parts) of]thé'shaded‘
mirror.- Two'Simp1e’¢qé§s aré.uéed to illustra£e ﬁhe' prdblems

that arise.

A.2 SHADING CALCULATIONS

'To‘calCulaté'thé.fréction of the'aperture:of the shaded 
mirror which is illuﬁinated,‘.ﬁhe fOiloWing'lpr0cedufe is
pursued. The mirror fieid‘ is Qonstructedl as 'anhwarrayv of
points ‘in‘ the XY plane. ’These points are the positions of
each mirror pedestal,;and‘represéﬁt the layout of the mifrofs

on the ground.
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The array.of points is projected onto an inclined plane
normal to the ’sun's rays, and the coordinates of this
projected array are feexpressed in cOordlnates referred toh
this inclined plane, the x—ax1S'being‘the intersection of the.
inclined "plane“and the horizontal, and the 'y-coordinate
v increasing 'With 'height’kab0ve‘ the bground fThis'lastbfact
ensures that all the mirrors Wthh are closer tofthe‘sunh'than
‘the shaded mlrror are eaSLly determlned, as they will have y
values which are smaller than the y value of the  shaded
mltror. |

' As all mlrrors track the sun, the shape of'the aperture
is _unchanged on the inclined plane, .and the aperture is_l
assumed to be’circulaf. 'Thus all the mirrors which ﬁight
shade the shaded mirror are those mirrors with centres'within"
one mirror diameter.‘of the- shaded mirror's vCentre.' The
mirfors which satisfy these two reqﬁirements,'viz being closer
to the sun than 'the' shaded mirror, and ’being within one
diameter -of> the centre of the shaded mirror, are called the'
shading'mirrors. The procedure to _evaluate, the amount of.-
'shading at an instant is as follows.., Startlng w1th the
shadlng mirror closest to the sun(the lowest y value‘ of the-
shading mlrrors), the upper boundary of the shadow cast by the -
;mlrror is evaluated.v This boundary is called» theﬂ vlsual
maximum ~contour. 'The'contournrepresenting_the lower boundary,
of the shadow, or visual minimum“contour, is ‘also evaluated.
Then the shading 'mirror with the next lowest y value is
considered, and a new visual maximum and visual miniﬁum

contour evaluated which respectively represent the upper and
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1o&er bqundary of the combined shadowl for the tWo‘vmiﬁrors.
This procedure is repeated until all the éhading mirrors have
been considered, and the final vvisﬁal maximum ‘and visﬁal’
minimum contours re?resent the upper and lower boundaries of
the total,shadoﬁ‘cast;by all the shading mirfors.- "~ Once this
procedure has'been chpieted, the contour which is the oﬁtline'
~of'the unshaded part 6f the shaded mifrdr  can,.be  evaluated.
The areagihsidé,the ¢ontoﬁr“i3'evalu§£éd using Green's théorém:

in the plane.

'A.3 - IMPLEMENTATION.

;The program‘ ‘HIDE was  designed to . produce | a
two—dimensiohal‘ ’representatiOn‘ of ‘a.‘surface by: plotting -
segmenisgof a.succession 6f curves, each curve being plotted
where it is not ‘hidden by any of the curves previpﬁsly
plotﬁed._ This‘charaCteristic is”used<to évaluate the”‘upper
and io&er boundaries of the shadows cast by ail.the shading

mirrors.

'A.3.1 Details.

Firstly HIDE requires.that.eachvcurve to be plotted has
X ‘increasing through the set of points which define the curve.
Hence a circle can only be plotted by plotting two

semicircles, (being the upper and lower halves of the circle)
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(a).

(b)

A.(C)V",

(d)

Flgure Al. o

(a) Full circles: Shading mirrors

Dashed circle: Shaded mirror

(b) Visual maximum contour(or upper shadow
boundary)after con51der1ng mirror 1.

(c) Visual maximum contour after
considering mirrors 1 and 2.

(d) Dashed line is the contour surroundlng
one illuminated area of mirror 3.
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(a)

(b)

(o)

@

-Flgure A2
(a) .Full circles: Shadlng mlrrors.
Dashed circle: Shaded mirror. :
(b),(c) Contours equlvalent to the dashed contour
in figure A1(d)
(d) Resultant contour outllnlng the illuminated
portion of the shaded mirror in figure A2(a).
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between: points which'afe larger than usual. -These occur for
example betWeen points A and B in figure A2(§). By deteétinév.
these points, the tw0’cqntoursvih figures A2(b) and A2(¢) are
joined to form a contour as in'fiéure’Az(d),v. |

The area enclosed by the contour is evaluated using

’ Green's‘theorem'in’the plane, viz:

~Ik‘dx dy = o;s.j¢'<x dy - yidx):' @

'A.4 AFTERTHOUGHT.

A paper by Kratky (1978) on the area of”interseCtions_ of

equal diameter circular discs may be of interestAif>féster

Vcalculations are desired.
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ANALYSIS OF CAMPBELL-STOKES SUNSHINE RECORDS FOR GRIFFITH (1975).

'B.1 INTRODUCTION

At present - the only available statistics on beam
radiation are daily totals of sunshine, 'as measdred on the
Campbell~-Stokes sunshine recorder. Statistics which offer

higher time resolution are not availablé,'and:suéh statistics

would bé' useful for the design of solar ‘power'.plénts,-

partiéularly those which involve tracking or high temperatﬁre

operation.

B.2 THE RECORDS

Campbeli—stdkeébrecords of beam radiation afé;vavailable
for a 1large ,humberj.of years; and a:substan£ial number‘pf"
lodalitiés.‘ To‘obtain‘SOme resultsbinvtﬁe' shortest possible 
time records for 1975 were borrowed from the>CSIRO station at
Griffith. The‘year 1975'was~cﬁdsen.for two reasons,. ﬁifstly
the rainfall -for  1975 3wasb within 6%‘ of the average, and
seCondiy 2800-h6urs of‘sﬁnshine were recorded, which'is within
10% of thé average. be is.hoéed thét with t?ese,aﬁerage‘gross>‘

statistics, the higher resolution statistics obtained in ‘this
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study will also be representative.

B.3 THE INSTRUMENT.

The Campbell-Stokes recorder- consists of a -sphérical

glaSS ball;' which ’focusses the sun's radiation onto a

.cardboard“recordksheet moﬁhted on a spherical'surfacé a few cﬁ

from- the ba11.>  When the suh is}shining a t:ack'isvbﬁrht in

the.cafdboardQ ‘The>thréshhold“ of  thé inStruﬁent"has_‘beenv
extensively  s£udied: byiBiaer(1958),kthough-unfortuﬁatelyfthék
paper_is_in.german).. This threshhold_ vériés‘ tﬁréuéhbutv the

tYearrf.and'.aléO'_depends _On.fWhethéi.fthe ~sun is rising or

setting. The thréShhold of the inéﬁfument depends also upon‘
' the: interpretation of the tecords; thej threshhold for a-
coﬁpletély burned through.traék(denoted B in ‘laterf‘figures)

vbeing‘higher than‘thelthreshhold for a mérebsinge mark(denqted'
C-St) . | | | | | |

A

;~TABLE:B¢T;.:Threshholdiof the Instrﬁmen£ (Wm_2) (Bider 1958).
a vWinter‘v.spriné/Autumn  Sumher‘ Year | bAverage N
c-st 220/206« 260/210 1907180 2207200 210
B © 320/270 290/260 - 290/250  300/260 280

-Where the first figure is the threshhold for sunrise, and

the second figure for sunset.

‘Bider also tabulates the elevation of the sun at the
time when the recorder indicates sunrise and sunset(for

cloudless sunrises/sets). This also varies with the season,



Page B-3

the average elevation for ‘'sunrise' being recorded as 4.7
- degrees, and the average elevation for 'sunset' being 4,2
degrees. »For‘ the completely burnt through tracks  the

elevations are 7.8 and 7.3 degrees respectlvely.

" B.4 METHOD OF DATA REDUCTION.

The records werelattached to the bed of.the' engineering
‘thSiCS strlng dlgltlser using a thln sheet of Mylar and two
or three bar magnets. The Mylar protected the recordsA from
damage;l and the bar. magnets were a flex1ble attachment scheme |
whlch held the variable shape(and often warped) records secure
and flat |

The hour marks'on'thelreCOrds.and the:starts and lstops‘v

of the sunshine periods were digitised.' The times of the

starts andgstops'Were linearly interpolated between‘ adjacent

hour marks; At Grlfflth the record cards are changed durlng;
‘the.day and the tlme. of thls‘ change‘iwas alsoQirecorded.p.:;
~ Because 'of this changeover,veach record card is”an;incompleteb
record of tﬁo’days and a programlcombined_thelrecords to~give
a.complete account of the sunshine forveachgday.- | o

_substantial.interpretatlonrwas required to eValuate'athe
records  as vthere‘is a:gradation in record bnrns from a thin
' sCorch to.a complete burn. through'.tne 'record.l' The person
-digitising' attempted totadhere to a uniform strategy of using
only bnrnt throughrmarks.' Thus.the‘threshhold ofbthe 1derived
records isvaround‘280Wm-2, but this threshhold has both yearly

and hysteresal variations. The shortest burst of sunshine
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detectable was considered to be around 1 minute.

B.5 RESULTS.

. 1737 sunshine bursts were recorded from the .36uvvdays
analysed. Oftythese bursts 1187 were shorter:than half an
hour - and 900 were less than 12 minutes.

- The amount of energy>contained‘in a speoific‘ sunshine
burst length domain is shown in flgure B.1, in histogram form
w1th a step size of half an hour. From thlS flgure it is seenv
thatl 51gn1flcant energy 'is dcontalned 1n short bursts. Thev
"data in flgure B.1 has been 1ntegrated and in 4figure,,B;2'jis
shown vthe amount of'energy contained in bursts,longer than a-
certain'length, and‘in fignrehB,3 for bursts vshorter‘ than a
certain llength.d Another point of interest is the~symmetryiof.
cloud oover over the day as Cloud coyer is-often assumed’ to
bejboonstant; | The“number of tlmes the sun was. shlnlng at a

specific time of' the day is plotted 1n flgure B.4. In-flgures"

: B 5 and B. 6 data is presented whlch has dlrect bearing on the B

'guldance and control system de51gn. Flrstly 1t.1s known thatv
some form ‘of antlclpatlon by the guldance and control scheme7
is requlred to roughly locate the solar collector so it is in
a p051t10n to.absorb energy. It 1s.shown in figure B.5 that

an anticipation,of thevsunrs position,at:only one point, egl
sunrise, would not be very effectiVe,'as the sun.appears at

times which are spread fairly evenly over the day. | Secondly,
if one designs a guidance and control soheme which nses the

.sun's radiation:to determine the sun's direotion,.'then a
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procedure must be followed when . the sun_disappears.,v¢hise
procedure'depends upon the time till the likelyi reappearance

of the sun. It is shown in figure BQG that the reappearance

is likely after some‘10-15'minutesf-andb failing that, after

- around 12‘hou;s.

B.6 USES OF THE DATA.

B.6.1 TheFValue'Qf_LQW‘Response Time.

‘The~e1apsed time from the»appeerance_ of  the sun till

~accuracy is called the fespOnse time,,'SophiSEicated computer

based systems will be capable of reducing this time to

nothing, by predicting the sun's position and positioning the

collector . in readiness, and the benefit of suchAa‘System _

(which determines the allowableAcesﬁlof. the system) can be.

calculated ‘fiom the . product of this response time and thee' 

number of.Sunshine_bursts. From the above data, the.number_qf

bursts is a function of ‘the lehgth_of'the'burst, and for

,bursts longer than'10 minutes, there are approkimately',1000

‘bursts each year.

B.6.2 Focal Receiver Performance.

The sequence of sunshine bursts can be combined with '

suitable time constants to determine -loeses‘in the focal

.~ receiver subsystem.
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Figure B 4 The. number of occasions - on Wthh sunshine was
recorded at a specific time of day. The dashed line
is the reflection through mldday of the unbroken
line. The  unbroken 1line is the data which
corresponds to the abcissa. ’ : :
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1. INTRODUCTION

The cost of a solar energy collector is determined primarily by its
aperture, while the cost of the energy collected depends on both

‘the collector cost and the amount of energy passing through the-

aperture. One way to decrease the cost of solar energy is to -

decrease the amount of shading the aperture experiences, and if
one increases the amount of energy collected by 1 per cent, then,

all else remaining equal, the energy collected will be 1 per cent

cheaper.. This paper evaluates the variations in losses due to
shading as a function of spacing for square arrays. It is not
realistic to increase the spacing between collectors sufficiently to

completely eliminate shading caused by adjacent collectors, as -
several costs. increase with increased spacing. These costs are

dependent upon the links between the mirrors and the central

control/power. plant which in turn depend upon the system used

to control the mirrors, and the system used to collect the energy

. from the mirrors. In this paper the work of Williams[1] on energy

transfer “costs is used .in conjunction with the shading cal-
culations to evaluate the optimum spacing for collector arrays. In
addition the minot costs of the links for both communication and

-supplying power to the collectors for movement are considered.

Williams has noted that some change in technology is needed

to reduce the installation costs for pipe networks. The effect of

such a change is considered in this paper by varying parameter

" values in the pipe cost formulation used by Wilhams, and study-

ing the effects of such variations.

2. SYSTEM UNDER STUDY
‘The system studied is. an array. of collectors with -circular

. : 3.}SHADING CALCULATIONS
3.1 General :

The shading of one mirror deep inside the array is represen-
tative of the shading of the whole array due to the symmetry of
the array and thus a calculation of the amount of shading
experienced by a single mirror is all that is necessary. This is
accomplished by determining the boundary of the illuminated
part (or parts) of the mirror for many occasions during the year,
and then evaluating the average amount of shading. The mirror
chosen as being representative of the field is called the shaded
mirror. The pseudo 3-dimensional plotting program HIDE[3] has -
been modified to calculate the set of points which define this
contoiir. In calculating the shading, it is assumed that the shadow
cast by each of the collectors which shade the shaded mirror is
identical to the shadow cast by the aperture, i.e. the effect of the
pedestal and support structure is not included.

“The array studied is as shown in Fig. 1. A square array with 49 .
collectors was used in the calculations, with the shaded collector
being the furthest from the sun in one corner of the array. This -
array was big enough to include all collectors which might shade
the collector in the corner of the array. The spacing in the array
is described by the ground cover ratio g, which is the ratio of the
total aperture area to the area of ground occupied by the collec-
tors.

The fraction of the aperture illuminated is calculated at 40
pomts over each day, and for 20 equispaced days over the year.-
The fraction is then combined with the intensity of direct radia-
tion to give the energy collected over a year. This is then divided
by the aperture of the collector to give E,(g)(Whr/(m?yr)), the

~energy collected by the collector over a year, for each square

apertures, each collector being mounted on a fixed pedestal. The -

" pedestals are laid out in a rectangular grid of square section.

- The energy transfer scheme used in- this paper is the NH;

‘scheme.of Carden[2]. System pressure is 300 atm, and the mass

fraction of dissociation occurring at the collectors is 0.6, As in
the study of Williams[1] it is assumed that the thermal energy -

contained by the gases.coming out of the heat exchanger at
slightly above ambient cannot be récovered. Thus the variation in

- energy collection with spacing is limited to the extra pumping

power and the effects of shading. An advantage of this ther-

* mochemical transfer scheme is its fast response to radiation

input. Alternative schemes, such as the transfer of sensible heat,
require a period to warm up the network of pipes. Also the

thermochemical scheme, because of the high pressures involved,’
has. only a small receiver mass operating at high temperature, and .

thus energy is received at the central plant within a short period
of the mirrors being illuminated. Hence early morning radiation
is in fact useable energy, and does not simply make up heat leaks
for this transfer scheme. It is assumed that storage is provided
for the thermochemical reactants at the central plant, and the
total plant produces a constant power output.

The collector array further. involves links for the distribution - -

of power to the actuators on the collectors and communication
links for control, in addition to the pipes required for energy
transfer. The costs of the three types of links in the array, viz.

single formulation representing the cost of the network.

metre of aperture. When g is zero, the separation is infinite and
the collected energy is a maximum and the. illumination luncuon
f(g) describes the ratio:.

£(8)= Ex(@)/EA(0). : -

Values for f(g) have been calculated for the square array of
Fig. 1, and the orientation of the array, as determined by the
direction of the array reference with respect to North, has been. -
varied to defermine the best orientation.

Only a fraction of the energy which passes th:ough_the collec-
tor is available for conversion from thermal energy to electrical
energy at the central plant. A collection efficiency factor, 7.,
quantifies this. fraction, and includes the efficiency of the ther-
mochemical energy transfer process, the quality of the alignment
and optics, the reflectivity of the collector and so on. This factor
does not include pumping losses, and is not a function of spacing.
The energy available at the central station (Er) is therefore:

Ep = nf()EA(Q) W hrl(m’ yr). - v
No energy collection is considered below degrees elevation

for two reasons. Firstly, direct radiation at these elevations is
variable, and not conducive to simple modelling, and secondly,

. the direct radiation from the sun decreases near the horizon, and
power, energy transfer and communication, are combined into a -

435

this reduces the relative importance of shading. The values are
calculated for two latitudes, 25 S and 35 S. '
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Fig. 1. Layout of the rectangular array, mdlcatmg the collector
under consideration (or shaded collector), black dot; the shading

collectors, circles; and the array reference direction (applicable -

to the Southern Hemlsphere)

3.2 Direct radiation model

Vant-Hull{4] studies several tabulations of the direct clear sky
radiation intensity as a function of solar elevation. He considers -
only the model of Allen (1964) to be appropriate for calculations -

concerning. solar power stations. The following calculations
assume Allen’s model with an atmospheric water content of
14.4 mm, and a pressure of 760 mm Hg. The sun’s position was

calculated using standard equatnons as-given by Brmkworth[ﬁ] ‘

with a smusondal vanauon in declmauon

-3.3 Cloud effects .

The values derived for f(g) will only hold in the presence of -
cloud cover if the variation in cloud cover has no regular daily or_

seasonal variation. Data from specific sites will need to be
examined before more exact calculations can be made, and thus
the following calculations strictly apply only to areas where
cloud cover is relatively constant throughout the year.

N
‘Direction of )
reference /-——"
Lot )
QS/rods s 097
- 096
- 25§ -
sy N = “Lvoss
Va -
/ X355 T
{ .7 077
1 ’
i e PEIa Sulaiad
! ‘2 '
\ ,/ id 075
A 258
g=0. ,/ )
s ' 0.73
355
g=07 /4 o7t
’ L
A\ S
A\ "

Fig. 2. The function f(g) as a function of the orientation of the
direction. of the array pattern. The function is the ratio of the

annual energy entering an aperture for ground cover ratio g to .

the annual energy entering an aperture when g is zero. The
orientation is expressed by the angle between North and the
direction of the array reference indicated in Fig. 1.
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3.4 Results :
The effect of changing ‘the orientation of the array on the

_illumination function f(g) is shown on polar scales in Fig. 2 for

rectangular arrays at latitudes 25S and 35 S. ‘Shading is mini-
mised with the direction of the array reference 0.8rad from
North.

Figure 3 gives further information for this direction of the
array reference. Note that at small ground cover. ratlos, ‘the effect
of shading is pronounced near the equinox, which is when the -
sun rises in line with the collector A in Fig. 1. The function f(g) .
is plotted for a rectangular array in Fig. 4, for the same array-
reference dlrectlon as Fig. 3. .

2,

Energy available (kWhr/day m3)

S /- —=— g=005
Ay —-orge02
8-/ —— .g=04
L 7
—d
Mid-winter Mid-summer
Time (linear)

Fig. 3. Energy entering a m* of aperture per day as a function of

the time of year. The array reference direction is 0.8 radians

West of Notth. The curves are for four different ground cover
ratios, as indicated. Latitude 35 S.

09 I Lat=25

‘ Lof.- 35
o8 |

07

06

Fraction of total energy available (f(g))
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0.2 04 06 - 08 10
Ground cover ratio (g)

Fig. 4. The reduction in energy collection due to mutual shadmg_

{f(g)) is shown here as a function of ground cover ratio. The

array reference direction is 0.8 rad West of North.

4. COSTS INVOLVED IN SPACING
4.1 Cost of energy tran.sfer

The cost of installed pipe per unit Iength (Cn)is assumed to be
given by an expression of the form[1]):

Cn=B\+Byd* ($m™) v 3

where By-and B, are cost parameters, and d is the internal’

" diameter of the pipe. The cost of energy transfer is given by the
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sum of the cost of the pipe links (C,), derived from eqn (3), and
the cost of the equipment and energy required to circulate the
energy transfer fluid. The cost of pumping equipment is deter-
mined by the peak pumping power requirement (w;) (W), and the
. capital .cost of pumping equipment per installed watt (I,, $/W).
" The cost of the energy required for pumping can be determined

either by the peak power demand, or by the energy consumed, or
- by a combination of the two, depending upon the utility’s char-

ging policy. In this study it is assumed that the cost is determined

by the energy consumed, and the cost of the energy transfer.

network (C,) may be expressed in terms of the capacity factor of
the pump (S) and the effective capital cost of solar electricity
generating plant (1), which includes both the installed capital
cost and an amount which when invested at standard interest

_rates will provide for running costs. Thus the cost of the energy -

transfer network may be eéxpressed:-

Co=Cot Sl 4wy, (§). L@

4.2 Cost of the communication and power links

Dubberley (6] has provided tables of costs for the installation "
of telephone line equipment. These tables indicate that the cost -

of a communication network is related only to the total length of
line, and is directly proportional to the total length. We can
expect a similar result for power cables, and the cost of both
these items can be included in (3), simply by adjusting B,.

4.3 Cost of enérgy collectors

The cost of the solar energy collectors is assumed to be, for a
given diameter, proportronal to the area ot' the aperture, and is
- costed at C, ($Imz) :

5. TRADEOFF BETWEEN ENERGY COLLFL'T]ON AND SPACING

"The energy collected by each m? of aperture has already been
given (2), and the total cost related to that m? is the sum of the’
costs. of collector, pipe links, power and communication links.
The cost.of storage, and the other elements of the central power
plant do notaffect the calculations since they are invariant with
g. The variation of pipe diameter in the pipe links is not a factor
in either the collection of energy or the cost of collectors, and so
the selection of the pipe diameters can be accomplished in-

dependently of these considerations. This is accomplished in -

Section 5.1. The optimum spacing is. then determined as a
function of the variables in Section 52,

5.1 Mrmmum pipe network costs
The minimum. cost is derived in an .identical manner to
Williams {1}, with two minor differences. Firstly, the installed
capital cost of electricity I,, is in fact the sum of two
components, the cost of the pipe links (C,), and the cost of other
items (Cy), which are not-affected by the plpe diameters. The
value of I, is then given by:-

" where Wy is the electrical output of the power station. Secondly,
we consider variable power input to each collector. We assume
that the flow rate is controlied so that the amount of dissociation
in the focal receiver-is held constant. This ensures that the
compositions in the feed and return pipes are constant. That is,
the mass flow rate is proportional to the product. (P(f)) of the
instantaneous illumination function and the mstantaneous solar
flux. Thus S, in eqn (10), is determined by:

s= j Pt dHiP? ®)

where P is the peak value of P(t). § is evaluated at the same

time as f(g) is calculated, and is likewise a function of spacing.
Typically, S is in the range 0.15-0.2.

To first order, these equations yield the same expression for
minimum cost given-by Williams, with the minor change that the
installed capital cost of electricity in his equation is replaced by
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1=(C +C/)lWo W) . HON

the expreesion
' I,+SCIW, (§IW). o

‘In subsequent calculations it is assumed that the efficiency of
the collector in converting the incident radiation into ther-
mochemical energy is 0.8. Variations in this value, however, have
little effect on all the subsequent evaluations.

5.2 Spacing.

The objective of solar power plant design is to minimise the
cost of energy. The average thermal power produced by the
array is glven by EH8760 (W m~?), and thus. the capital cost of
the power lS grven by:

C=@I0E)NC.+C) BW) (@)

where C, is the minimum cost of the network for each m? of

aperture. In the following figures, an array of collectors with a
total aperture area of approximately 150,000 m? is coupled to a
storage facility, and the combination supplies the central boiler
with some 425 MWt on a continuous basis. The value of 7, was

_taken as 0.65, and thus the available thermal energy from this

array is 27 MWt. The collector diameter used was Sm, and so
approximately 7500 collectors are involved. The cost of the
network and the collectors is given as a function of ground cover
ratio in Fig.-5. The worth of evaluating optimum spacing (go) is
demonstrated in the figure. The effect of the variable B, and
collector cost on both cost of the network and collectors and gols
shown in Figs. 6 and 7. Increasing collector cost is coupled with

" lower ground cover ratios and greater utilisation of the collector

area (higher f(g)). Increasmg B, leads to higher ground cover ratios
as the costs of connecting mirrors increases. Note that a reduction
in By from 32 $/m to 10 $/m involvesa correspondmg increase of §
per cent in f(g), and the consequent reduction in the necessary
collector area will lower plant costs. -
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Fig. 5. Variation of costs and spacing, Capital costs due to the

“collectors and the network linking the array The optimum spac-
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6. OTHER NETWORK COSI’ FORMULATIONS
If we consider that the network is constructed of links whose

" cost is not a function of capacity, or only a very weak function

of capacity, then we may take the cost. of the collectors and

. network to be given by:

C = (8760 EFX(C, +2.25B,/ Dg"*) )

from which it is clear that the value of g which minimises this
cost (go) is solely a function of ‘the dimensionless variable



438 ~ Technical Note

os - o - q10
f :
& 0.9,.,'
. S
04 08 ¥
do7
E~]
oz}
3
&
8ozt
ol b
1 — L J N
o 20 30 40

B,(4/m)

‘Fig. 6. Variation of costs with B,. Capital costs of both the
network links and the collectors. B,=10.663x 10* Sm". C.=

50$m %, D=5m.
os ' 0.
flgo) - . |ov
/"""—-____ 09 _
N d (=]
(Y
o4 | 08w
: o' . o?
% )
s
~
.2
-2
Sozf
. ol
3 A 1 L J

20 40 €0 80 00 -
Collector Cost (C,),$m™2

Fig. 7. Variation of costs with C.. Capital costs due to both the
network costs ~and collector costs. B,=10$m™;
0.663% 10*$Sm™>; D=5m.

B\(DC.), for a given f(g). The values of g, are given as a
function of B,/(DC.) in Fig. 8. We note that as B, approximates
the cost per unit length of pipe, and two pipcs'a.re required in a
thermochemical energy transfer link, eqn (9) gives the costs for a
network whose pipe cost is 2B, SIm

7. CONCLUSION

This paper has demonstrated the importance of the cost per
unit lcngth (By) of the links between collectors in an array, be

they pipes, cables or both. This value determines the optimum -
spacing, and the network costs can contribute significantly to the

total cost of electricity. As stated by Williams{1], a different
‘installation technique is required to overcome the high ‘cost of
pipe installation as estimated by Black and Veatch{7]. This cost
was presumably determined by the number of footings and pipe
joints, as telephone cable installed in trenches- costs only
"1$/m[6], while installed 0.5 in. pipe costs 32 $/m{7). There is an
advantage in being able to reel out the pipes in unlimited lengths,
with minimal attention to footing, as is done for cables, and this
would be possible if tubes up to 6 mmOD were employed.
.Carden[2] has shown that such tubes are appropriate for ther-
mochemical systems employing high pressure gases and liquids.
‘Using the same trench, or footing, for both pipes and cables
would also save money

By=
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Fig. 8. Ground cover ratio (go) required to minimise installed
costs for the alternative network cost formula of Section 6.

The possibility of manufacturing and installing pipes in such a
way as to reduce B, has not been considered. For pipes rated at

300 atm, the value of B, of 6630$m™ corresponds to a cost of

370 $/ton for the steel involved. For thts reason it seems unlikely

‘B, could be reduced.

This optlmlsatnon has application to any dlstnbuted system
where energy is to be transferred to a central point, and negligi-

" ble energy is lost in transit. For example, Caputo[8] suggests a

scheme where a Brayton engine and generator is located at each
collector and energy is transferred in the form of electricity to

. the central plant by aluminium cables. He estimates that these
" cables cost 32 $/m (1974 $US) to buy and install, of which 90 per

cent is installation cost. The optimum ground cover ratio for this
situation can be determined from Fig. 8 with B, at 16 $/m.

The question arises as to whether there is a collector layout
which’ collects - energy more efficiently than the above layouts.

‘Williams studies a pipe layout for a rectangular (square) array

and considers it ‘reasonable’ because the cost of piping per

" collector is very nearly proportional to the spacing of collectors.

It is probable that for most arrays the cost of the pipe/com-

- munication network is nearly proportional to the minimum length
- between.collectors, the trunk lines having a minimal effect. To
. collect energy- as efficiently as possible, we must therefore:

minimise the minimum length between collectors and also mini-

“mise the shading. The latter réquires long distances between

collectors which shade each other. These two apparently conflic-
ting requirements are compatible, as the distance which prin-
cipally determines shading is the East-West distance, and the
minimum distance between collectors can be the North-South
distance. Thus an array with- North-South rows of collectors
close together, with the rows relatively far apart in the East-
West direction may satisfy both requirements. Analysis of such a
layout will require the formulation .of cost estimates for piping

for such an array. It is unfortunate that neither Williams(1} nor- ~

Caputo[8] considered piping costs in the light of shading. The

" following estimates show the possible savings of such a scheme.

For a square array at latitude 35, a ground cover ratio of 0.13
would give an illumination factor of 0.98. The pipe and com-
munication costs for this layout would be approximately propor--
tional to the pipe length per collector (L), which for g of 0.13 is
2.46D m. A rectangular layout was constructed with the North-
South distance between mirrors (the minimum distance between
mirrors) being 1.48D. To attain the same illumination factor of
0.98, the East-West distance was set at 4.44D. The pipe length
per collector for this layout is only 1.48D. Thus a simple layout
change has reduced the costs due to B, by 40 per cent. Whether
the costs due to B, have increased enough to nullify this ad-



vantage depends upon the values of B, and B,. Certainly at »
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current values the costs due to B, are dominant. This area needs
further study, but this is not warranted until more work is done
on realistic pipe cost formulations. .

Blv BZ
.G
Cnm
G

NOMENCLATURE
parameters in the pipe cost formulation (3)
collector cost ($/m)
cost of installed pipe
cost of installed pipe network
cost of energy transfer
pipe internal diameter
collector aperture diameter
annual energy collected
illumination function, defined in (1)
ground cover ratio
capital cost of electricity

'capltal cost of installed pumping equipment -
‘minimum distance between collectors :
product of instantaneous solar flux and lllumlnanon )

function :
pump capacity fac!or
pumping power -

~N

. H. Williamson,

W power station electrical output
7. collection efﬁciency
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APPENDIX D

CALIBRATION CONSTANT DETERMINATION :

D.1 GENERAL

' This appendix describes the determinéﬁion' of = the

calibration constants of the sun tracker mounted on the:solar .

energy,platform.‘.This sun_tracker mimics the  actions of  a
collector in 'followingi the  sun. 'The. method used is
identically the method (c) described in section 5.4.2.2 of the

thésis.':Typical results of the procedure are given.

D.2 DESCRIPTION OF THE SUN TRACKER.

The sun:tracker is baséd onA.a ~nominally alt-azimuth
mount. 'Thé‘tWo'actuators used are’béth'prinfed circﬁit motoré'
driving  the “sun “tracker through a geafbox freduction 'df:
400 000; v ACtuator displacéments are determinéd from._an ’
ehcéder discfmounted' on the output IShéft"bf‘,the  printed'
circuit mbtdr. - This disc has ten ﬁoles evenly“spaced around:
the-perimetéi and these holes:are' detéc£ed. by a 'lamp, and
phototransistor combination.‘ The .resolution is ' thus some
1.5microradians. The displacemehts -are ?ecorded by _two‘

up/down  counters which count the pulses from the lamp
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phototransistor cohbination. An 'analogue sérvo’ amplifier
controls the motbrs usiﬁg a sun sensof and pqsitions fhe suh
tracker so that the sun sensor is near null ét all times. The
precise details of the sensor . and servo‘aré not’of,interéstl
here, it is sufficiént‘to say__that aétuatdr noﬁlinearities_'
cause considerable deviations - from the: sénsorlnull. Thié_

topibvwill'be raised again later.

'D.3 OPERATION OF CALIBRATION PROCEDURE.

The‘counters‘and servo wereibswitchéd ,on. :_A crystal
 contrQ1l§d,>leck__was gSYnéhronised withf the telephone time
service. _BOth' the :time vandv the counters were»A sampled .
simultaneously, the time béing reqﬁired to calculéte_the éun's
position in the sky and the counters .giving:.the actuator
displacements.! Data Wasltakén at inﬁerVals 0vervthé’sunshine _
hours. |
V‘IThe‘déta;-COnSistihg"éthhé time’éhdnbéoﬁhtef»bxeadihgs;
‘was inéut to a program which évéluated thé: célibrétion
constants. ‘The best estimate for the Caiibration _éonstants
was calculated using_the‘ﬁrGCédureAOutlinedjin‘chaptéris, and
using theusame‘Lévenbefg?Marqﬁardt»algorithm as used for  the
simuiations. The position of the sun wés calculated using
polynomial approximations brovided by the US Naval Observatory
Circular number 155, (Kaplan(1976)). Refraction cérrections

)

were made using the data and method of Greenbaum(1954).
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The calibration constants calculated were the actuator
displacement ' zero points and two angies_which-describe the
orientation efﬁtﬁe azimuth axis. The coordinates wused for
this measurement are directly analogous to latitude and

longitude.

D.4 TYPICAL RESULTS.

A determination'ef the calibratien _censtents was made
usiug date teken _on.'10 Aug 77;“ Thevderived constantsfof
‘interest are those describing the _fixedv_axis orientatiou?
whlch“wasi nomlnally vertical ‘ The.ealculeted 'longitude’' of
the fixed axis relative to Canberrafsilengitude was .002rad,
and the calculated fiatitudeffﬂof[the axis was -.619rad (cf‘
Canberra 5;616rad).i Thus‘the fixed'axis was within:a few mrad
: efb.the' vertical bosition. The resulting_differences.between"
the actuater displacements as recerdedvby the counterS7‘“and_;
the displacements 'calculated usingb the deriVed?calibrationdb
constants and the knewn sun.pesitioniare'shown in figure ‘D.1.
-These.‘differences can be attributed to the ability of the
servo/sun sensor combinatlon to maintain a sensor null. 'The"
lower speeds of the elevation actuator resulted in more seuere
hunting due to actuator friction, and this could be the reason
for thevlarger differences_encountered for the elevation axls.I
These mechenical'soureesfof follewing_error,ciearly'contribute
an rms error of some ;3mrad. it is possible therevis 2 treud
in the azimuth ‘exrror differences, howeVer,' littie Vcenu‘be

’inferred from D.1.
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‘AbstraCt

This paper is a de51gn study of a computer based 'system
which controls ' a large number of parab0101dal ‘collectors for
sunfollowing operation. The.system operates with the computer
‘changlng the speeds of each of the collector actuators ‘in the
field at regular intervals ouer the day It is assumed that‘
each collector  requires ';nd;v1dual .attentlon_ iin the
' calculatioh‘of aP?IOpriate speeds. vSources of following error-
jwithin‘ the system'are,evaluated;.ahd‘for specific data rates
over'the COmmunication'link_betWeen thefCehtral controller_and
the fleld of collectors, theevariables within the'system are
chosen - to minimise the follow1ng error. Accurate Sunfollowing
is shown to require a data output from-the central controller:

' of»only SbObit/sec for 10 000-collectors.
| Further_a computer based learning procedure'-which is
'functionally; equivalent tovah alignment process“is.detailed.
This procedure is implemented by-‘collectingv_data }from :each
:collector in the ‘field‘d_ Accurate 'alignment' of a 10[600-
collector field is shown to requlre ‘data collection. by the
central controller at a rate of only 500 blt/sec for a 51nglel
"day.d‘No new technology;;s required to accommodate - the data

rates mentioned.
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1.0 INTRODUCTION"

Considérable intereéﬁ has been déyeloped rrécently ‘ih
solar thermal power géneration, with'mdst}attentidn béing paid
td,the 'central reéeiVer'(or‘power tower) concept[1,3], and to
the disffibﬁted system[z,ul- ‘Each approach réquifes the sun's
path'to berfqllowed across the bsky  by 5 lafge’ number of
' heliostats for the fOrmer, or co11é¢tdré, for'thé;laﬁtef..
Current deéigﬁs~fo; sola# enérgy-power plants[31 employ-'angie
encodefsk'on.'tﬁe collector'actuétqrs_andvmisalighmehtAsensors‘
. for feédback and.thﬁs fol1owing‘aCCuracy; In this  paper the
followiné situation,‘as proposed bY‘Carden[S];‘is considered.
A'5ystem¢for.following'a  spécific"path"acfossbvfhe sky  is
’cbnsﬁructed with a éentral controller issuing speed commands
' tol the collector' actuatofs at'"regular »intérvals.’ : The
dollectorigctuatofs maintain this ;coﬁmand‘speed' precisely ih
between‘cémmands."fhe path 6fithe sun is'thus approXimatéd by:
the‘=collec£orﬁs_mdtion as a‘serieé'pf straight line éegments.v
By C§mmunicating speedi cOmmapds’ more vfreqﬁently. to ~ each
' éolleétbr,‘ tréckingv error can be reduged, butloﬁly at the
expénse .6fv aﬁ' increased ‘data fate fbetweén' the"‘cent:al
contfdller >and' the field of éollectérs; I£ is,assumed.that.
all.collédtors fequire uniqué speed comﬁands, and’ with_ thié
assumption the cdmmunication requirements of the data link
/connecting the field of mirrors'to the central controller aré
considered in terms of ‘the fracking error allOwéblé for a
direct sun trééking systém.}‘Both error and data rate are
functions of variables 'withih thé control'SYStem,.énd these

variables are evaluated for each data rate. It is shown that
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for accurate continnous sun following to within 2mrad the
output data rate from the central controllert is . only
500bit/sec for 10ﬂ060_ mirrors, Thiszpresents»ho barrier to
the‘implementation of this syetem." |

| A.further feature of the Carden ’system isbfthat' an
~adaptive controller w1ll be able to learn certaln.parameters
which govern the behav1our of the tracker, in partlcular ‘such
a':controller 'may,_deduce the p01nt1ng dlrectlon of the.fixed
axis, and'alsolthe‘relatiye direction of'the other axis, the
_<r0tational 'axis.'~ This constitutes a»measurement ofjnow the
mirror 1s allgned ‘An alignment procedure bwill -thus be“no

longer necessary and thlS w1ll reduce the 1nstallatlon cost of

' the tracker. Wlthythls sklll a central controller will Dbe

able;'to train itself to point each collector in an.array in
the sameldirection, even though initially all the‘ collectors
in theiarray were not'identically‘oriented. The accuracy with
- which tne,parameters are learnt‘,dependea on the‘ variables,
vwithin thefsystem,}and-in-particular'on'the'datattransfertOVer
the cOmmunication link. The variablesfin.‘a 'possible system
are -calculated to mlnlmlse the - data rate requlred to perform
. ‘the procedure.l The amount of,lnformatlon 'requlred forv this
'allgnment'd process for a system of 10 000 collectors can be
gathered in one. day at a contlnuous data rate of 500b1t/sec by

thls,method.
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2.0 GENERAL DESCRIPTION OF SYSTEM UNDER STUDY.

In this paper we confine discussion to a distributed
systen consisting‘ of a - large number of.,paraboloidal
collectors (1n this study 10 000) each w1th _its ~own : focus.

All the collectors are aligned but the'.errors» in the
alignment‘are larger than the allowable\fdlloning error.“Thus
‘each collector'requires-individual attention.’ An’actuator on
each axis of the collector enables each collectorito track the
sun vdirectly,b Thevlclass_of,collectors with.orthogonal axes
'will be considered, Which'includes both the altitude—azimuth N
: and'equatorial systems.- The paper assumes that the flxed ax1s
of the collector;is'in'the vertlcalrplane. Each collector can:'
communicate‘inAeither direction with.the.central controller.

Eachlcollector has a - sun sensor which gives signals
related to the.tracking error. Invthis case thevtypevstudied
is aspin}IS], where photosensitive elements are"located in the

penumbra, cast by an' allgnment bar. These dev1ces. have
pnotosenSLtlve elements which are small compared to the width_
.ofv~tne.penumbra, and.thls ensures a,steep slope in the output
iagainst tracking error.curve. This factor reduces the'effects‘
of gain:drift in the photosensitive elements;' |

The collector actuators are des1gned so thatn a short
time ‘after tne receipt of a speed command they behave as 1f
they had changed to the correct speed 1nstantaneously, and nos
‘errors  are accumulated. These characteristics enable a
central controller to determine the angular position " of the
two actuators and thus the‘pointing direction of the collector

by using knowledge of. previous speed commands, and the initial
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~position of the collector. The,central,contro;ler‘Can direct
the éollector to'foliow.any'path in the sky by giving the
actuators new speed commands at intervals. In this sYstem the
 interval betweén s§eed commands is maintained constant, and is
'qalied the-qomménd time(tc);

The .method - of ‘determining alignment' utilises the
tracking éxror ‘infofmation(deriQed 'f:bm the sunvsensdr) to
ascertain the initial position and aligﬂment of the collector.

,Basicélly this is doné by ‘thév following method. The'v
coilector  acté"as a well behaved function;_transforming the.
inputv which. is;,the; éngulér position of“the. actuatofs,
géherqted» by thé speed.comméndsvfrom the central coﬁtroller,,
into an;éutput,"aAApointing,_direction. .'This well behaved_:
function is determined as a fuhction of collector pafameters'
such”as;the élignment:of axes. Conversely with  knowledge of
thé outpﬁt{ thé'pOinting direction, and input} oné‘may compute
ithe'valuesvof thesé collector'parametérs{ To gain ,khoWledge
éf 'the;Ioutput;* the sun sensor iéiinterrogatéd; and when the.
;colléctor cfosses”the sun, the C611ectbr,pointing'direction_is
: . . - :
known,  as it_.is’Mthe"difectibn of the sun. The time and
‘position whehieach‘crossing occurs are’called-the fig posifion
4and fik time reépéctivély, and there*will»be a’setjdf“fix>'
times and .positiohs for each ¢oordihate.  These - 'fixes'
cénstitute thé output data; The-ﬁathematical process followed
is to use a trial set of pafameters:to'generate a,trial_Set of
'outpuﬁ data frém‘the knqwniinput data.  This trial éutput set
is compared‘with‘thé true output set, vizi the corresponding

known position of the sun. The trial parameters are then
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varied until a satisfactory correlation is obtained between

the trial output set, and the true output set. This is called
the correlation pfodess. We will consider a method for

gathering the required data in section 5.5.
3.0 IMPLICATIONS OF THE SYSTEM WITH REGARD TO COST.

The use of more complex control generates - the
possibility of a cost reduction.: The .simplest physicalr

arrapgement for anticipating the sun's position woﬁld-'be- to

'align all the mirror’cqllectbrs identically.;,Thisvalignment

méasurement would need to be of thébbrder of-miiliradiansi_and 
would need to be'checked'fegulérly, an éxpénsive!procéés, del
overcome vthié' expense, the present éystem‘b enables  the
cqllectofs to Be inétalled'with little,attention to.alignment,J

and their actual alignment determined accurately after

installation.  This alignmént may be repeated at regular

intervals, and thus one can allow for foundation subsidence.

~ The number of parameters which determine the collector's

. behaviour, previously confined to parametersbrrelated to

alignment, may be increased. For example, it may prove -

" cheaper to employ nonpositive drives such as belts, friction

drives or winches, and in this case drive ratios may vary from -

collector ‘to collector énd.may'even vary gradually with time.

There may also be other parameters which vary as a result of
using some cheaper manufaCturing method. Provided that one

can still express the pointing direction of the mirror as a

well behaved function of the set of collector parameters and
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the actuator displacements, then functional complexity and
intelligence in the.controller could permit such cost saving
"possibilities without'saérificing the ability-of the vtracking

scheme.

 ”.0 DIGITISATION .

'The éxtra’inte11igence and sophisticated cOmmunicétion -
Iiﬁk'in the propbsed 5ystem‘will‘certainlyvreduce maintenance}
and.wili'allow rahdomlyvorientated fi#ed axes. The economies
‘of this.flexibie system depend uéon the costs;-one‘of which‘is
the comﬁunication_link.  Thg flow of‘inforﬁatioﬁyovervthe,link;
is'léétimated to help determine the feaSibilify of ﬁhe-schemé@, 
‘This fléw'éf. informatidn demands digitisation,>0f data to
A'preservg‘ accuracy and_minimisé'costé;‘and'ﬁhis cadses'certainv
‘diséietisationrerrors. | - |

‘The sun sensor descriﬁed’iﬁ’section 2 haé‘photosensitiVe
eiements 'substaﬁtially  sma11er_ than';he sunfs'pénumbta,‘andr
‘providing’that the  error  is smallerf than *~ half the angle
subtended by the sun,'givés anaiog signais.var§ing very nearly
lihearly with- the point;ng'grror. i These ‘error  si§nals"are
';digitiséd  in#o é binary numbeg of 'nS' bits, and the full
intehsity’df the éun‘givés.a  sample of 2ns<1 .;A Thus. ' the-
- maXimum errof of the ' device at shall}tracking errofs(ﬁnder
Smrad) is: | B -

- b0 ;;vg/(2(2n5-1)), >"_ ,'_(1)
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“where Q'is;the solar diameter.

It is consideréd neceséary to collect three pieces‘»qf
information from the.-sun' sénsor,' the .third,piece beiné.a
fépreSéntation of the intensity'of thg sun, which deﬁermines'
the'validiﬁy of'the.twb‘éffor signals. -

fhe command speeds to the édtuators‘are‘ also digitiéeé‘
and ohly- oné'of'abéet,df disérete‘speeds.is possible. There
.are.(nm+1) bitgbin'the Speed-CQmmahd,_fhe extra bit being ﬁne;-
directién' 6f the séeed, and the minimum speed.chahge is givenv
'_by[5]':.,A o ‘» |

bo=m/(r2™ ()

Where T is thé~traverée time; the time‘to traveréein rads.
-'The data rate Qvef the commuhication link 'betwéen the'
. central ‘gbntroller éndAﬁhe field of collectors cén be dividedw
into two parﬁs, the,mbfor speed‘Commands léaving fthe }central
controller, .éhd vthe,feedback'information”returning"fromveach»
":collector’-to ‘the‘jcentral‘1controlierg»- As ’each ‘collect§r 
réqUifes uniqﬁe attéhtibn; each}meséagé.to a'collector neéds :
an'identifier, which in thiS‘case_is a binary ndmberf ~ For

10_600 'céllécﬁors,'»1u bits are requirédvfor’thié»iaentifier,
and theée 14 biﬁs,are attached to each message. |

Thus the data rate for the speed commands is:

R = 10000 (14+2(n +1))/t (bits/sec)  (3)
m T Tm c
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5.0 DETERMINATION OF POINTING_ACCURACY.

The sources of error during sun following are:

1. The segmented,stréight line.approximatién to the
‘ sun's péth. | o |
2. The discretization of métor speeds.
. 3. The aécuracy of'determinatioﬁ 6f'the collector’
parametefs'referred to’in sectioﬁ‘3. ‘
The.determination of’fhe paraméters_is carried dut"by 
the ,cbrrelation-' routine described .in ‘section'v3.._AThe

inaccuracy due to this correlation routine determination is

considered in:detail in section 5.5.

f5.1‘.Errors Due To Segmented Line Fit.

The-path of the sun was ' assumed to " be given by the

equations derived for a uniformly rotatingfearth,_with the

'declination'of‘the'sun Varying sinusoidally with ' time, as

giVenvbvarinkarthIGIQ

The tracking errors in this section come from two

'sourcés, firstly, the _efrors produced.by approximating the
~sun's curVéd.path asAa series of straight line segments, and

’Secondly because of the colleétbr faliing behind the sun due

to the sun's high azimuthal velocity near zenith.  This high

velocity1has,é'maximum of [6]:

 p(max) =k cos(d)/sin(B-d) (&)
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where Ad and A8 are the'errors in aiimuth and altitude
respectively,,and 6 is the altitude angle.
The variation of maximum error over the day,with variations in
both ‘t  and thefvparameter (B-d) is shown in figure 2.
Although the length t of the command time has most effect on
A91, “the phase relatlonshlp between the succession ‘of command
1ntervals and the functlons descrlblng 6 and ¢ w1th time 1is
also lmportant Thus in flgure 2 Ae1 Vs’ t is represented by:_‘
a zone in some cases rather than a spe01f1c curve, the exact
p051t10n w1th1n the ‘zone belng dependent on the phase. |

For subsequent studles_ln thlS‘ paper the latltude is
flxed at -33 degrees, with nomlnal alt—a21muth collectors. . In

thlsvcase the minimum value of the parameter (B-d) is 10

degrees, and the appropriate curve from F;gure‘z.gives the

“maximum error due to the curvature ~of the sun's path.This
situation is identical to many other situations} for example
" the consideration of a site at latitude -23 degrees, where the

- fixed ;ifaxis’dof the nominal'alt;aZimuthecollectorlhas’been‘

tiltedeouthithrough 10 degrees. The minimum value ofrt(B-d)

is vital in the calculations of maximum error. The latitude

‘ofvthe collector.is;not independently important.

5.2 Motor Speed Discretization Error

The discretization of motor speed commands causes a
second degradation in accuracy.  In general it is impossible -

to arrive at a specific position after. a certain period of

.‘motion,‘ because one. is forced to choose a speed which is
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slightly in error with respect to the desired speed. The

positioning error at the end of a time tc is called the

discretizatien error and is given by [5]:
A92-=_Aw(tc/2) : . - (6)

In subsequent studles one hour is selected as a sultable_

traverse tlme(T), for use in the above equatlon.

5.3 Error Due To The Correlation Process.

1In order to‘pimplement sunp,following ;tne - computer
requires knowledge‘ef‘the sunfs:position, and’knowledgelof'the
‘response ef the collector to speed 1commands in terms of
p01nt1ng dlrectlon.. This knowledge involves the eoilector
parameters, €eGa, the p01nt1ng dlrectlon of the fixed axis,_
the;'lnrtlal pointing dlrectlon, and SO on. vTe‘shew the
‘flexibilityj.of_:the’isYStem;:ﬁandf the 'pOSSibilityjiof‘~eest’
reduCtions, seven parameters invall4were;considered, includingp
- two angles to descrlbe the lean of the fixed axis, two angles
to descrlbe the initial p051t10n of the collector,‘two numberse
to. descrlbe the two gearbox ‘ratlos,‘ and flnal- parameter
descrlblng the angle between the two axes of rotatlon. These
'parameters ‘relate .the alignment andv constructlon of the
- tracker to tneilocai‘true alt-az frame.

Thefaccuracy of‘sunfollowing depends upon'kthe"aceuracy
of determination of the tracker parameters, which intturn'

 depends upon‘bbth the'aecuracy'of the fixes collected and 'the
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number of fixes. The ratio of the pointing error due to
imperfect knowledge of the collector parameters to the fix

error is important, and is termed the 'error ratio'. It was

found to be independent of fix errdr,-whiqh,is to'be-expected,

and its value was derived for several circumstances using a

series of simulation runs. From a statistical point of view

one realizes that the correlation process must be carried out

over'theAfUIl range of the input and output variables,. 1i.e.

over a minimum length of one day. With a'typiCal‘sét of

parameters, an artificial set of fix positions for one day was
created with a ‘specific fix error. _A_minimisation routine
v 1£hén-evaluated a‘trackerj-parameter..vector ~which correlated -

best 'with this artificial set of fixes. Knowing‘the original

set of parémeters used to generate' the artificial ‘set of

fixes, one can then calculate the pbiﬁtinq error due solely to:"

the inaccuracies infthe,detefmination'of the estimated set of

parameters.  The  eerr ratio is then calculated. The error

ratio decreases as the number of fixes increases, and ~ this

variation is shown in Figure 3, where the error ratio has been

‘plotted against the number of fixes in- each set of fixes. The

dashed line in thisifigure indicates the variation ‘encountered

~in the error ratio. These variations are getting large when

20 fixes are used»:in the calculation. The contribution to

pointing error is‘giVen by the product of.theverrbr ratio ‘Kr)f

as given in figure 3;‘and the fix errof(Aef);wviz:

A8, =r(A6f) , ' | (7)
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The fix error depends upon the system used tpn collect
the fixes, and will be evaluated in a section 5.5 for a

possible system.e

5.4 Combination Of Error Causes (1) And (2).

ThlS comblnatlon Wlll represent the total poxntlng error -
if  the p01nt1ng error due to cause (3) 1s relatlvely small
»The _total error»'is obtalned by arlthmetlc addltlon _for

simplicity. ThlS error is glven by

‘AB

28, + AD B )

where A61* is.given»iuffigure 2fuwith ‘B—d)=1di degrees,
and -.Aez‘isagiveﬁ in equation (6). ‘This equatiou'ignores’the
”effectsief outputiehaft‘backiash, whieh canvbe.included simply
when 'a.,suitable}‘value is known. 'The data rate uecessary to
.achleve thlS p01nt1ng error 1s glven ln equatlon (3) tBothdAGA

andv %n are functlons of nm and tc, and for a partlcular Rm, .

there is a comblnatlon of n_ and t ‘which 'mlnlmlses A8y .

;Equatidns (3) and (8) are. comblned in figure 4 to show these
varlables as functlons of data rate.: The values of tc and np
required for thls~m1n1mum are also shown.' Clearly w1th qulte

low data rates, p01nt1ng error due to these two causes: can be

made small for the s;tuatlon con51dered.
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5.5 Determination Of The Error (3).

The error Aeu is the follow1ng error of the computer

- controlled follower, provided that the controller knows the

tracker parameters‘preCLSely; By monltorlng the sun sensor

data ‘the controller can evaluate A63,'which is the'folloWing”

error due to imperfections in the knowledge of the collector -
parameters. If-the contrOller'finds A63 has increased over a

period, then the correlation process described in section '3

can beeused to reestablish the controller's accurate knowledge'

of the parameters. The minimum value of'A63 which can 'be

’ obtalned as a result of monltorlng the sun sensor 1nformatlon_
'hover a 51ngle cloudfree day is evaluated in thlS sectlon as a

function of the data rate of sun sensor lnformatlon.»

vKuatidn'(7) relates the error A93 to the product of the
error' ratio -and 7the fix ‘error. The fixes are obtained hy

monltorlng the sun sensor 1nformat10n at the start and end of

h each command tlme, ;and 1nterpolat1ng from thlS 1nformatlon

;when and where the collector and the sun were allgned,. Thuszv

the number of fixes accumulated is-equivalent to the number of

command tlmes durlng dayllght, whlch determlnes r, ‘and the

minimum error of this 1nterpolatlon is limited by the sensor

discretization error, equation (1), and the size of the output

drive backlash(B), and hence:‘

-Aef ='Aes_+,B-_, o I '(9)
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The data rates during this process consists of the motor

speédf commands from the central controller to the collectors,
és given in equation 3, and the sun sensor information (in the."

opposite direction),  the data rate for the latter being_givenA

“by:‘
Rs',:= 10‘000(14""3113)/1:0‘ I ,(10').'

In minimising'Aef algebraically, it is ’found"that the
optimum value for n., is a function only of B, and is not
influenéed by the_vélue‘of’the data rate(Rg). - The value of

thisloptimum value is given implicitly_in equatian(11).

=3 o o} -
3.2x10 © (14+3ng)/2 ° = B, (11)
For a backlash of 1.6mrad'thé'optimum,valuerf ns-is ‘6, -
- while decreasing the ‘value of backlash to .14mrad increases

the optimum value of ng to 10. In figure 5, B is taken as

.5mrad for which-the~optimumjvalue ofjnS'is‘8., In’this'fi§uré o

,the minimum value of'Ae3 obtéined forﬁa'sbeéific.dataTrateA igl
 plotted against R;. The value of té necessarj“to obtaiﬁ the
miﬁimum "A63-is also‘ shqwn. bThe.'éffect of .employing:-a‘
ﬁon-optiﬁuﬁi value of.ns(of A)'incieasésv#hé minimum error by
some 36%.'fConsidering £hat1ha1ving hs ‘céusés _a  substéntiali
~ change .ih: Aes,  using optimum _Valﬁeé ¢annot‘beicohsidered .
crucial. | | | |
During the fix coliection process 'thé  foliowing_'error
’muSt be acCéptably(egb1m:ad), and thus tc is‘limited‘to'éround

750secs, ffom'figure'u,' Thus‘Ré.is-determined with a decision
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‘on the value of ng. Selecting ng to minimise 2403 does not

seem iviable,' as this implies a sun sensor accuracy of,‘
10;5rads, which would be difficult to achiéve,’ Reducinc ﬁs to
4 maintains Ae3 sUbStantially smaller than_Aeu ,‘.hOWever. the
accuracy required of‘the snnvsenSOr is.now only..3mrad,ra-m0re
realistic figure.-’The data'rate(R ) wit’h”tc at 750 secondsbis .
only 350bits/sec.l' One could decrease ns fnrther;vhowever it ’
seems reasonable to malntaln A%, small compared . to Ag, as
'thlS“HWlll enable;vchangesv in -the,»tracker parameters to be
easily ‘detected,  as Weil‘ asi ‘permitting more._:accurate

following.

' It is however, not necessary to use all the fixes

~collected to ‘determine .tne' collectcr parameters; In'factv"
computation time for the. correlation process"is‘ directly
proportional to the,‘number of fixes, and a saving can'bev 
accompllshed by u51ng a small number of fixes. for the number
of ccllector parameters considered here,iaroundFZScfixes_are,
Jneeded'tov eVaanteb'the collectcrrnparameters Without iwidef’
variations in r,i ‘and - thus A93 . Atfew'values fcr A63vwith
varying n .'aref given i  Table 1, contrasting the ASmall'
increases in A93 with the large reductlon in computatlon tlme

~between using 25 and 58 fixes (some 50%).

6.0 DISCUSSION.

The possibility ofiimplementing the above scheme depends
on two factors, the ability of the communication network to

handle the necessary .data rates, 'and the ability of the
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~central controller to perform the required computation. The
data rates calculated in this paper show that the former is no
barrier, tw15ted.- palrs “as used 'in standard telephone
installations being eaSily capable‘of the figures ‘mentioned.
- The vcomputation can be divided into'two major~items.' The -

flrst item 1s the nece551ty to calculate speeds,for every lone>

of the collectors each_command‘tlme, and thuS’each'calculation
must only ‘take t »seconds divided‘by the number of collectors.t
l For t =750 secs, the central controller has 75ms to calculate‘:

uthe'command speeds for each~collector. The calculatlon itself

is not a demandlng one, “and the fact that the calculatlon w1ll -

:he carr;ed out_some,SOOOOO times a day should encourage‘,work
on»‘developing a fast implementation of the calculatlon and
Athus meet the 75ms.:constra1nt. vThe’ second item is the
computatlon required for _the correlation process; for.whlch
.veVery nightiisAaVailable, Using"the‘bnon—specialised ‘program_
to ‘develop’fiéure 3 700 such correlations could be performed
each night, and there is ‘no doubt that this numberibcould’ bed:'
‘»aincreased.b Thus’gcnef could ~perform_a correlation for every
’collector once every fortnlght. - |
d»‘ The above dlscu551on on the ease ‘of :implementation of .
ther scheme .does ‘not consider the cost and the beneflts._;The"
'cost" 1ncludes a ;central controller/computer, "and' ‘a
communlcatlon: network To offset this cost we have a systen
‘-Wthh w1ll 1mprove the collector s collectlng eff1c1ency,i;due
to the capablllty of ant1c1pat1ng the sun's po51t10n. Mlnimalu
foundations are required for the 'collectors,, and ‘no _field"

adjustments or alignment is required. - Further, the central
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controllefAcan‘minimise weather damage by suitable pointing of
tﬁe collector in adverse conditions. Finally, méintenance>and :
downtime costs will be reduced, boﬁh byvfhe’capability Of ‘£he
system  to 'recoghise.v bréékddwns more 'quickly;~ and byv
anticipating breakdowﬁs. Test réutihes applied Via -the
cbmmunicapion_hetwork will.also”réduce,répair}times,
’Ah‘experimental-system.utilising the cérrelatioﬁ prOdeéé
to determine the tracker"-parametéfs iS"cufrentlj ‘uﬁder
construction and shdﬁld be>operéting shqrtly.k Field tests of

this system will be published at a later date.
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7.0 NOMENCLATURE

T - traverse time required of the actuators, or time

ito complete 180 degrees(seconds). .

t - the interval between speed commands, of'command .

~time(seconds).
‘n_. - the'numbef of bits in each sun sensor sampie.

n_ - the number of bits in the magnitude of the
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actuator speed command.

‘the data rate to be éxpected‘over the
communication link between the field of
trackers and the central controller

(bits/sec) .
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TABLE 1

"expected Ae3(mrad)

25 fixes 58 fixes|
.58 TS
.23 .18
15 a1
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.Abétract

The-deéign and operation of feedback - devices used ' in
servo loops for aiming equipment at the sun is disCussed;: In
particular the‘Stability.df the devices with respect to gain

Changes “in the photosensitive‘elementsvusedfin the devices is

. analysed.' The construction of a simple feedback. déVice, “and

the  conStruction of an experimentalvrig Whichvcan‘test'dévice:“‘
vstability to'bettef'than'.1mrad, is deSCribed.i The stability
of the-'simpléxvfeedbackfdevice isléhowﬁ to be no beﬁter than
;Sm:ad. A “bibliography ~of extant designs for = feedback

~devices is given.
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20.0 ‘DEVICES FOR FEEDBACK IN SUN’ TRACKING‘ SYSTEMS.
20.1 Introduction

In this report we conSider sensors whose outputvlsignal

is related to the angle betWeen the axis of the sensor and a-

beam Qf'radiation. We are partieularlye interested “in 'Sune
sensors‘ 'where‘ the.beam ¢f radiatioﬁ comes ffom>the eun,‘and,
the’senSOIS'afe used as_a'feedback device in avvserve , loop -
whose _pﬁfpoee is to alignvequipment with theesuniias Showh ini

figure 20.1.

. _ FEEDBACK DEVICE
: /
SERVO S
| HOTORS =

| ‘Figure‘20;1 The sun sensor - can be used as a feedbeck
device where motors are .controlled by a  servo loop
enclesing'the sun- sensor.. . ' : ' e
The terms ‘feedbaek‘fdevice" ana 'sun sensor' are used
interehahgeablyv-here,':lIn the »case ef the sun the beam of
radiation is distributed oVef ‘some 9mrad, and the aligned
position 1is .a repeatable battitpde with respect to this
distribution. The degree‘of'misalignment is celled the sun
following'error. - o |
Each suneseﬁeor gives an output signal'toi indieéte,‘the
sun follewing ‘error in each axis. Thevsun‘senSOr may also
give a sigﬁal to indicate the validity*ef the efror data, a
situetion which, fof'eXample, may be reqﬁired'to indicate the

sun is not shining.
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The;sensor must‘ be coﬁstructed so> that{ the alighed
position, correspondioglto”a target'point on the éun,’does:not'
‘vary. important variables which affect stability are
temperature, which may reach.BOC,'and the varYing intensity of
- the Sun; | »

| The~output-signa1‘fot a typicalvsﬁn sepsorvis shown in

figure 20,2;'

|+~— acquisition range—————
1 . .

Signal

misalignment

function zone

Figure 20.2 Typical outpﬁt signal of a sun sensor as a
function of misalignment. Over.the acquisition range 7
‘information on misalignment can be obtained from the output
'signal, and over the function zone, the mlsallgnment is a
true function of the output 51gnal

- In this figure we,illuStrate‘the acquisitionprange of the sun:
sensor, over Which;‘meaningful érror information can . be
obtained from the sun sensor'signals} and the function 'zone,'
where the sun follow1ng “error can be expressed as a true

functlon of the sun sensor 51gna1
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20.2 Historical

Extantldesigns (see biblioéraphy) for sun senséfs aré in
~general cumbefsome dﬁevtb the only recent development of small
photosensitive élements; in éoméarison'to the'bulky.phdtotubes
‘and resiétors.. Regardless of the1 type"of photosensitive
elements used, however, most rely op'sensing the pdsitidn bf a
shadow, aﬁa'the_operatiOn of these de§i¢es is diécuésed in the
" next section. | | o

| A_sunjéensor désign ‘nbﬁ'.usihg  this' priﬁciple. whichf
caught the .auﬁhbr{é.beye_was that 6f:MooreVand‘Amand,(1957);
where é-Single_th£qultaic cell. was ﬁsed most elegantiy.' The 
operatioh,_,of * the device . is'.showﬁfvinf figure; 20f3Q' -A
_sémicircular shutter-is rotated.at 60reﬁs/sec by é synéﬁronbus
motor, andbthe sigﬁal from the phétovpltaic ce1l examined: for

a éomponent whose frequency is 60Hz.

Field Lens -
— Detector

Image of Sun
 Field Stop -

- Objective Image of Ob‘jectiv./e

Figure 20.3 Schematic of Moore design.

If the image of the sun is off centre in'any direction, -this
component is non-zero, and the magnitude:of the component is

related tokthe sun following error, and the phaSe of the
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component gives the direction of the sun‘following error. AC
servo motors are coupled to the signal to drive the >equipment
to null the 60Hz component. While the solution is elegant,

the author feels cheaper‘designs are possible.

20.3 Theory Oof Operation..

Most known feedback dev1ces sense the edge of a shadow

formed by some member, and  this 1s usually achleved by pla01ngt

photosensitive elements in posltlons such that at alignment

these belementS'-will.'be» centred on the sun's penumbra.

‘Misalignment of the device will cause varlatlons in. the

:outputs hof‘thé‘photosensitive elements.- In the 51mplest form-'

one would have, in each coordinate_directlon, a bar formlng a

Ashadow.f where  the bar ‘extends at rightﬁ'angles.'to the

~ misalignment to be detected.rvThe‘following analysis of the

response of such a device gives insightvinto its.capability.

Flgure 20. U(a) plots the relatlve intensity of the sun s‘c

_radiatlon at a wavelength of 800nm agalnst radlal dlstance

from the centre of the sun(Roblnson 1966) :The» radlal

distance 1s measured in solar dlameters, and the wavelength of
800nm has been chosen as 1t coincides w1th the peak response
of a l typical Ph°t°sen$1tlve - element, - a-
phototransistor(BPxﬁ70). The bar producing the Shadow,'vshown
schematically ‘belowh Figure ’20”u(a){‘ then integrates . this
radiation to produce behind the bar an intensity proflle as in

Flgure 20. ﬂ(b)



. H
o]
(a) o )
g Pege‘S
H‘ —— N
ct
<
SHADOW FORMING BAR ©
b ]
(b) 5
ot
o
=}
-0
e
% N
(c)

4 . )
~0.5 - o 0,5

’ Relative position (solar'diameters)

Figure 20,4 Response of sensors in shadow sensor. All
ordinates are relative. Abcissae the same in all cases.
(a) Intensity of the sun. :

(b) Intensity gradation across penumbra.
. (c) Resultant current through point size BPX 70.
- (d) Resultant current as a function of the w1dth of the
' photosen51t1ve element 1n the penumbra. .

 Width of photosensitive
-region (solar diameters) -
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Only the response in thevpenumbrakis showh, as there 1is no
variation outside the penumbra. The phototransistor has a
response to lightb intensity such = that, = at constant
collector-emitter voltage,:. collector‘ current varies as
iutensity to the powerj1.3(Phillips,1974). Thus‘a point size
phototran51stor, 'placed at different 'positions across the

penumbra, would produce a collector current as shoWn ~in Fig
20. u(c) - Note that when the sensor 1ndlcates it is polntlng
at the centre of the sun, the p051tlon generally used ‘as theg
allgned -p051tlon,' the output current is 0.4 the maximum.

However for some feedback dev1ces the phototran51stor‘ is not.

ufflclently 'small to be cons1dered a p01nt. Figure»
20.4(d) shows the effect of using phototran31stors of finite

~dimensions, whose response then depends on the integral of the.

intensity over the‘width of the photosens1t1ve region.  The
width of the sen31t1ve area: is expressed in terms of the- w1dth-
of the solar penumbra.' |

Curves 51m11ar to 20 u(d) w111 be obtained'vfor almost:
any‘ photosensltlve-element. The maln point to be observed is
the~decreasing slope of the.curve withfincreasing widthﬂof the
element, B ‘ |

By placingha small~ aperture mabove ‘the 'photOSensitive

element the photosensitive width can be reduced; howeVer'this

~will reduce the acquisition range.

hThe photosensitive elements used -in these devices to
sense " the intensity behind the shadow forming bar divide into
two groups on the basis of size. If the distance between the

shadow bar and the photosensitive element is around 30 cm,
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| then while phototransistors‘and photodiodes are ' smaller than
the width of the penumbra, photoconductive cells;
photovoltalcs and phototubes are substantlally larger. |
Feedback devices in general employ_one.element on eitherf-
Side of the anticipated image or shadon of the>3un‘as shown in
figure 20 5; and alignment is defined as occﬂrring when_ the
51gnals from the; two :elements are equal This approach
balances the effects of drlft in the photosen51t1ve 'elements
~and thus reduces the movement - of the target p01nt on the sun-
with which the aligned position corresponds. ~ To cause any
variations in the aiming p01nt the gains of the photosen51t1ve.

‘elementS'must drift dlfferently.

‘[SUN

‘Z\f’

Figure 20. 5 Slmple ‘shadow sen31ng feedback dev1ce.
A Shadow forming bar.
B Photosensitive elements.
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We analyse this by assuming that initially the gains are
identical, ‘and that the output signal is lihear‘qver'a rahge

w(the funqtion zbne). The ratio of-gaihs, Y, 1is related .to

-the movement of the aiming poiht B by: |

_ tan(y/2+8) -
YT Ean($/2-8) o een

Representative values of these quantities are given below.

Y | ’ “ .‘5 | ‘8 09 . 1.1 1.2 1.5
8/ .17 .055 026  .023 045 1
V=0, 8 (nrad)1.6 .5 .24 21 .2 .93

where § is the sun's diameter.

Thus it is clearithat devices 1with small ¢ aré less
sensiﬁiﬁeuto:gain changes. o | N

A.'éomparisoﬁ‘ between feedback', dévices'; empléying
urelativélyf large -photosénsitiye eiements and those émpioying
photofransistqrs must‘také account  of .the ,»use:.of .these
devices;' 'As mentioned before; this is for a serﬁo system
where the devicefis to.be continualiyva1igneavas accurately as
possiblé'with'a repéatable position on_thefsun.r While devices
>With lérge photoSenSitive elements haVe a larger function zone -
where the>‘err0r signal ihcréasésuwitﬁ sun following error,
this is not.a great .advantage} for ‘if the 'system is not
pbinting  near the sun, only the direction of the error is of

- importance. A factor that is important is the stability of "
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the aligned position. | 1£  is in.ﬁhé.alignedaébéition that
devices withvsmall photosensitive eiements»exhibit a steepef
slope in the error signal against ﬁisalignment curve,-ahd this
steeper slope will ﬁeduce fhe~ effects of Vdifferential 'gainl

drift in the photosensitive elements. ~ In this respect,

photodiodes and . phototransistors have the potential for

' greater.stability‘for moderately sized sun'sensofs.

20.4 Validity70f~0utpu£ Signal And Acquisition‘RangéQ

One prqblém experienced’with'sun—tracking‘servos is the

tendency of the sérvd systém to trackAthé brightest'point in

the sky, be it the sun or otherwise. . To prevent this, a

simple expedient'.is to employ the fact:that the sun ‘is in
general féf>brighter'than other sources. If thé'intenSity of

the object being tracked is less than a certain value, then

the error . signal is gated to 'zerov to - prevent any uhwantéd '

responséifromIthe.ser§o syst¢m. ‘

A With'phbtosénéitiﬁe ‘elements suitably placed in the
penumbra 6f‘ba shadoW‘bar,iasAin‘figﬁréjzo.s; that signal ¢an
be  provided by  the_ sum  of the'idutbuts from the two
photosensitive elements. waevér with.phdtdtransisﬁors, it is
difficult to place them correctly, resﬁlting either in the sum
of 'the _ two', signals ' peaking 'afqund, élignment ‘if thé
phototfahsistors are>£ob far apart, or the sum dipping'if they
Vare"too close‘togefher. To bypaés‘this_alignment problem one
can dedicate one phoﬁotransistor to measuring the solar

intensity by placing it fully exposed to the sun.

—
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For large miSalignmehts, the signal from‘_the ‘element
éxposed to the sun wili decrease with increasing misalignment
accbrding to the cosin rule, until the signal*is éd low that

'the servo system cannot distinguish whether the signal is due
té the sﬁn‘at a large‘misalignment angle, of dué to some less
ihtense \sdﬁrcé ovefhead; such.as_the bright'edge of.a qloud.
Thus‘ah iﬁfensiéy is set belowfwhiéh the servo shouldvtake ' no

Aaction, 1and 'this defipes the 'acquisitioh -range. Aﬁ the
expense df‘ additidnal elemehts,, or - the construction‘> of
specially _lensea elements, the cdéin law‘respdnse could be
avoided, and,thé ISun's,Eéresence ‘deteCted' unambiguously at
large misalignments. | | |

| iﬁ hastbeeﬁ ﬁbré“usual‘to‘cbhétfuéﬁ"a féédbédk ‘déVic§
ﬁith a éhield varound thévdevice'shéwn_in-Figure 20.5, This
arrahgeménf is>shown‘in FiéureAZO.G,'kbibbie aﬁd Nagarajé Rad,

 1966) .

Sva

A

Figure 20.6  Acquisition range(B) of shielded device. The
'A's are the photosensitive elements. - ‘
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In this case the detection of the sun at large misalignment

angles is limited by the geometry’of the device.

20.5 Construction

The precursOr‘ to the 'preferred design is by
Cerden(1978),d.’His_ design employs a shadow disc, with three
'photosensitiVe elements equally_ spaced arouhd tthe clrcular
penumbra . .PhototrahSistors"are used, andvthe‘geometry‘is euch
that the ohotoseneitive . area is‘ narrow compared to the
penumbra. The dlsadvantage of thls geometry is that firstly,
the orthogonal components of the error s1gnal are not obv1ous,‘
and dlfflcultr to obtain except under certaln condltlons, and:
secondly,'_if. this problem is overcome by using fout-
phototransiStors}, then" ah problem »etill existsithat signals
pfoduced‘at large angles.ofjmisalignment, mey‘wbeA_aﬁbiguouely :
_interpreted. = Hence a new'rgeometric arrangement Qas;soughtv
; which facilitated the use of the information ptovided‘by three:”
sen51ng elements. | d | | }

It was felt that drift could be cancelled by balancing a
single photosensitive element in a penumbra,»( one half;of the
arrandement in figure 20.5)"against ‘some fractioh;bof “the
output ‘slgnali from ‘aA photosensitive elementxthat_is fully
ekposed to the sun. Such a situation is reasonable provided l
that thei output signal is ‘propoftional to eome‘power of
intensity.> For the chosen photosensitiVe 'elements, BP X70
phototransistors,_ this vwas ostensibly. the..case (Phillips,

1974).
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- The sensor constructed is shown in figure 20.7, and

consists of an aluminium T-piece, with a top cap.

N T TR

v

xQ

C3
X

i | gl Ly
VIEW BB' J‘IAJB' 5 "1 VIEWAA

Figure 20.7 Plan of feedback device. | R
~a,b,c: p051t10ns of phototran51stors. (c),(d),C,D: see
text. :

Dlmen51ons 1n 1nches.-

Tﬁe‘éxtfusién is milled so that dimensions c and d’ére equal,
 ensuring ’thét' £he lihes ¢ fahd.iD‘.acrdss thévedgés of ﬁhe
T-plece are at right angles. The‘ dimenéions 'aréAvchosen so'
that the w1dth of the sensitive area of the phototran81stors
'placéd af (b)~and (c) is narrower than the penumbra, and - the
‘width»>is .ébout one-fifth that of the penumbra'in~the‘design.
Extending the top Ca§ §roducesva ‘suitable -position ‘for the
‘iocation at (a) of a thira‘photosensitivé'element to detect
the unhindered‘intensity of‘the sun.
The operatiOn of the device is és follows. . To veaéh of
the: phototran51stors the edges of the T-plece and the top cap

~divide the sky up 1nto two regions, one of which is VlSlble to
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the phototransistbr, and one of which is not; ‘As an éxample,
in the aZimuth coordinate of an azimuth—elevatiéh system, the -
plane dividing the two  regions(defined.by,the edges of the
T-piecevand the top cap), woﬁld’be vertical. If  the sun is
 fully in the fegionhwﬁich,is Viéible tobthe photbtféﬁsistor,‘a
~signal cdmmensurate with the intenéity”of the sun wili.result;
Conversely, if " the sﬁn'is‘fuily'in'thé region not'visiblé.to."
thé'phototransistér; a sighalbcomﬁenSuraté QithvdarkneSS- will
reéult. : Thé‘resulfs.cf‘the comparison df'theVSignalvfrom the
phototransisﬁof at (b)‘or“(C)»with»a]fraétién of the 'signal f
from- the photdtransistor at ‘(a)> determiﬁe- which‘way'each
~ actuator should move to align fhe,equipment." |
“Thé photdsehsiﬁiﬁé éleﬁénﬁé,fin thé cﬁrréht‘Vef$ibh,vére:
BPX‘7d,photdtrénsis£ors, chbseﬂ er-théir wide angle pesponse.
- This response is effecﬁively  cosin; f:Theée phototrahéistors-
':aré‘ Qpefgted'Aas:.shqwn) in‘ Fig:‘ZQﬂB,. as,_underfiopennbase.>.
opefation, When exposed‘tOquhlighﬁi collectqf curreht readily

approaches the recommended maximum.

Figure 20.8 Phototransistor circuit.
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The diode should yield some femperature'stability.

This-device is éésily adapted to simple,servo operation,
with the photbsehsitive element (a) providing an intensity
“indication, and photoSensitive- eleménts -(b) and (c), when»
combined Witﬁ (a), gi?iﬁg signals related té alignmént. The
performahce_of'the device at large misalignmentf anglés_ could
" Dbe imbroved byj simply. tilting éénsors (b) and'(c).outward,
however this’Would be detrimental to the balancing 6f ‘the'
responée of (a) andv(b), and (a) and (c).

Thé’“advéniage of this'-device»_lies in',i£5' - simple .
‘@onstructibnf 3The“simpie phototransistor used has an angle
‘ between half'séﬁsitivity ‘directionsA of 120 degrees,' which»
5§habie$ tﬁe sun tb‘bé'déﬁeéted.ﬁnambigﬁéﬁély ét sun fbilowihg
erforé up to-about 75 degrees. Also _thé alignmenf in lthe
azimuth coordinate is deteCtable'at lafge sun fdliowihg»errofs
in the elevation coordinate. Response of tﬁe device at .small
‘sdh'following errorslin'both cdordinates, is identical to that
in_figﬁreb 20.4(d), with ‘the width of the éhotosensitive
Jeiement corresponding 'ﬁov 0.4 of the penumbra. Of course if
(oneAcoofdihate haS‘a lafge-sun follqwihg errdf, 'theh at the
sensing  elemént ‘in  the other coordinate, the size of thé
‘ ;penumbra is‘reduced and the response'then correspondé to that

- of a relatively wide\phOtosensitive‘element.v

-~ 20.6 Pérfdrmance Of Design

~To test the abové sensor a simple servo was constructed,

as shown in figure 20.9.



Pege 15

"Figure 20.9 Block diagram of servo system. -

(1)
(2)
(3)
(A)
. (B)
(C)
(D)
- (E)

error

, 1nput (

voltage

Signal representing solar intensity,
Signal from phototransistor in penumbra,
Input to null velocity error.

Voltage amplifier, gain=60.

Low pass filter, ' :
Differentiator,

Summing amplifier,

Motors..

' With the overrall voltage gain of 'sixty, the“steady ’statelt

~at a typical speed ewouldfbe near.;2mrad. :The extra

3) was operated manually “to null the input error

~voltage and ellmlnate this veloc1ty error, and the input error

‘could be monltoredv to achieve thls ‘null. The

amplitude of the error‘voltage oscillations was near',01 volts

peak to
stall,
mrad.

basis.

peak, which was due to the motors being‘operated near
‘and ebrresponded to angular errOr oScillations of 0.03

Thus . the feedback device was aligned on a continuous
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To test the motion of the sun relative to ' the feedbéck‘
device, . and thus the feedback device stability, a long pinhole
camera was constructed, and fixed relative to the.’féedback[
- device. |
The arrangement of the mount, sun sensor and pinhole

camera is shown in figure 20.10.

v ar e

Figure 20.10 Arrangement of equipment'on mount. '
(C) plnhole camera, (S) sun sensor, (E) elevation axis, (A)
a21muth ax1s. ‘ '

The elevaﬁion axis has a mounting flaﬁge 6n: both ends. .?hé'
feédbéqk device-is mouhted on one end, and the pinhole cameré '
én the other. | | |

The usejof'this‘.moﬁht raises one 'problem, .that__the
nisalignment signai' in the elévatioﬁ axis 'is_affected by
misalignment in the -azimuth diréctioh. This veffect is
kfortunatély émall, and it can be shown that the makimum effect

occurs for an elevation of U45degrees, when the false
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misalignment error .'in elevation (A8) prodﬁced by the

misalignment in azimuth(A¢), is given to order A¢2 by:

28 = 0.25 (A% - (20.2)

Thus for small A¢, even up-t6 30degfees; the effect;of azimuth
pointing éfror'on the elevation-ﬁisalignment»signal is sﬁall.f'
fhe:pinhole camera used is shown ~in figure 20.11. A
2.5in  OD 'Aiuﬁinium tube is used to hold a’.0201nth;e_7siﬁ,:
“away from é gfouﬁd_glass Vieﬁiﬁg screen.
| The‘operation of"thefpihhole caméia,system‘to .détérmine‘ 3
thekbrelative position” of the sun iéfas:f01lows. 'The double
axis miCrpmeter'assemblybcbntrbis the.posiﬁioﬁ'of a disc which |
is 'marginailQ smaller ﬁhan_ the sgﬁ's imagé. The:obsérvef‘
positiohs thisvdiéc so that the partldf the sun's imégé ‘which
ﬂis 'visibie"iS‘anfanulué'of even width. "This”anu1US”is‘thin,“”
“and the pOsitiQning process can :be "accomélished to'=some‘
.005in. “The"poSition ~of the jsunrs'image,ftelatiQe'tc'thév’
' trécking_mount,'can, then be read' of£j‘the':£he micrometer
‘barrels.-;- Thus. the: pinhole. camera;  with .the_vmicrométer
aésembly,véanvdetectja,relafive motion'Qf.the‘sun's ‘image ~of -
less than .1mrad. DefiectionS<ofvthe ‘tube due tQ.its weight
are important, and defléctions v_of the _‘tube - affected
measurémeﬁts ~of thé‘sunfs position by soﬁe .Smréd between the
hbrizontal and Vérticai 'pbsitions of ‘the camera; These 
defleCtibns. are sblelf a function of the cbsin bf elevatibn,

and affect the elevation axis only.



02

» S Pége 18
i |
B
v —

= T

_psﬁ§.  ‘ . >'.'. \QSE |

\
., ©N o \\\§ ,.
>® — | "'-

Figure -20.11 Pinhole camera schematic, Dimensions in
inches. : . -

(1) pinhole, (2) Al tube, 2.5in OD, (3) Mounting webs, (4)2
axis micrometer positioning system, (5) Occulting disc, (6)
-ground glass screen, (7) mirror, (8) viewing direction. :
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20.7 Stability Of Sun Sensor.

The results of a days monitoring are shown in figure

20.12.

.01

5.6 - Tube deflection
(mm) E in elevation
mm N _

502 -

Relative position (in)'

Figure 20.12 Relative motlon of sun's 1mage over a days
-sun following. Note one ax1s is in mm, and one axis is in
~inches. ' '

© 1.9mm, r';0751nglsbequ1valent to Tmrad.

The magnitude“df the cOrreetions7reQuired to3fallow.'for the
fdeflection- of ‘the tube ere indicated. The loop of the graph
_1s the relatlve pos1t10n of the sun's 1mage, with the “bottom
right hand corner belng both the start and finish of the test,
at around 30 degrees elevatlon, and ' the top left hand corner
of the loop being the middle’ of  the test at 70 degrees
elevetion, arbund midday. Both axes suffer a srmllar lack - of
stability of around 5mrad between elevations 30 -and 70

“degrees. Clearly the sun sensor suffers from a balancing
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problem, and stability has been compromised;.

20.8 Discussion

A series of tests were made u51ng both stacks.of neutralv
dens1ty fllters, and also a penumbra to vary intensity, and in:
. both cases the output signal appeared to“ be :a powerteof_

intensity;iﬂ The resolutlon of the problem may lle in the fact
~that the hphototran51stor in the totally ;exposed posltlon
collectslAmore .diffnsek radiation’than"the‘phototransistor in
the penumbra, andtthis mayhbe the crucial lack of balance. va
this' is the case, then a shield will be~necessary‘as even thehhv
arrangement of 20.5 suffers lack of balance in- this respect if
“h the elevatlon axl is con51dered near the horlzon. This w1ll

unfortunately reduce the acqulsltlon range, however, this is

~less-\1mportant-than stabrllty¢3 It-ls recommended that futnre
'sensors are.symmetrical, i.e. with photosensitive elementsvon
both sides of_a shadOw'bar,.at least as in figure 20;5@ :Theb

installation of a shield would'alsovbe appropriate.

20,9 Conclusion

More,tests are required 'to ascertain whether 'diffuse,'

radlatlon is the problem, and the experlmental setup descrlbedp;'

is 1dea1 for the task A removable shleld could be used to
alter‘ the amount of d;ffuse radlatlon received by each
photosensitive element, -and - the movement of ‘the aligned

position‘monitored; This test could be repeated on both sunny
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and cloudy days to measure the 'Sensitivity of the device to

different amounts ofvdiffuse radiation.
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APPENDIX G

AERODYNAMIC 'DAMPING COEFFICIENT OF COLLECTOR

The damping'of thescollector‘ic,likely to be domihated.by
‘aerodyaamic damping,t'as the collector ié aAlarge; relatiﬁely
light structure.v Structuralvdampinglcf a completely welded
_structure is small ‘f Here we. calculate an approx1matlon for
>~the aerodynamlc damplng by modelllng the collector as a’ plate,;
of area A, nd mass ‘M, over Wthh the w1nd veloc1ty (V) is
constant The w1nd force on the plate 1s glven by:

. ",""; 2
F= 70C A (V+ x)

where x is the velocity oftthe plate. -

To first-order, the time‘varYingbcomponent of'lthea drag

force is:

Using the general equation for damped-oscillations, viz:

MX + 2 CEMX + MEZ x =0



where T is. the damping"coefficient and ‘f' the

frequency, in rads/sec, we have:

-1 p'C AT

,Z;‘= D
g E M

where f is the'naﬁural frequency in Hz.

- Page G-2.

‘natural

For a notional aperture of»10_square metres, the mass of

the ‘mirror  is . estimated at 180kg; "Thus “for Cp =1,

P = 1.2kg/m3, and V=5m/s,

L = .026/f

At lower  wind ' velocities  the Qamping will  be

corfespondingly lower.
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Initial feelings (Carden, 1978a)‘were that.foilowing the.
sun using real time information on the sun-following error
would be accompllshed by a servo loop Wthh relied upon the_
-'1nte111gence ~of the central ccntrol rather than that‘et'the
local control The centrai control would ccntrcl ~all
collectors» by tlme mult1plex1ng 1tself In this}report the
aspects of time multlplexrngu ‘are not-“considered;f‘onlyv thei'
aspects | related’v to  the control"of ‘cne coileCtor_ Afe7
considered. Lccal:cohtrcl'intelligence would' belylimitedf3te'
obedience to’ positional ’chenge .requests: and to sun.senscr'
'informatiou dtransmission.x1’For‘ full 'information'v‘on .the

'prOPGSed‘scheme; the reader is”referred tvaarden(1978a)}

7

14.1 oOperation Of Tracking Servo: General.

The operatlng procedure " of  the servo' 1oop was asv'

- follows. The central control would 1nterrogate the sun sensor

of a'partlcular,collector at discrete times,’ evenly spaced,

and, after a fixed number ofiinterrcgaticns, wouldienalyse the‘
accrued sun sensor data for infcrmetiou’on the positicn of the
sun, and adjust the speed of the actuators approprlately. ‘The‘
interval between the actuator speed adjustments is maintained
constant, and called the command: 1nterval(t ). The length of
the command 1nterval determines the time the _centrai‘_ccntrol'
can dedicate to’ each calculation,of the'speed commands for
each collector. It was anticipated that this time wOuldvbe-of
the order of 100's of seconds. The events uithin the control

"loop are shown in figure 1MhM.1.
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Speed ‘calculation. S ' D
VCollector receives , - |
speed- command ~ '

‘Collector sends I. 'I A l I . l»
sensor. information E ’

- Time

FigureA14;1.-Time"seqUence of communication, sun sensor
~data gathering, motor speed calculation and motor speed
command- transmission with reference to one mirror only.

14.2 Particulars Of The System.

To transfer the sun sensorifinformation from each -

collector to the central control, and to transfer motor speed .

ccmmands to the collectors, the: values are transmltted in
binary.. ‘It is'-assumed that 'the sun sensor is of the;typev

'suggested by Carden(1978a), where the error 51gnal is -related

to the error as shown 1n flgure 1.2, Blnary transm1551on of‘*‘

the error t;ansforms‘ the‘vramp- 1nto a stalrcase, and the

maximum possible errcf in the transmitted data is given by:

80 = 0y pS N (TR )

where Q is the‘solar diameter.

ng is the number of bits in the binary representation.



Page 3

Signal |}

Angle

Figure 14.2 Response of sun sensor. .
@ is the sun's angular diameter.
'The“local‘ contrbl"has"sufficient‘]’intElligencefv to
maintain- the requeéted‘vactuator speed precisely, without
accumulating errors. Thus after ‘a time t_ with speed command

w, the position of the actuator will have changed by precisely

et ﬁnits; "Becauéé of this behaviour the central control can.

_maintain awareness of the actuator position by‘integrating the

speed commands.

14,3 Operation Of The Servo: Detail.

For energy collection ﬁurposés it is desired that theﬂb
_sun following'errof oscillates around zero. Thus the.acfuator
poéition will élightly 0vershoot the‘poéitibn ofvithe sun at
the end of each command interval, and the sun following will -
proceed in a Zig-Zag.fashiOn,:as shown for one axis in figure |
14.3.  Also - shoWﬁ' in figure 1”.3 is another expécted
characteristic of this tracking sYstem, that initially the.

- overshoot will be large, and then die away to a small value.
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SUN'S PATH
width = '

- time——

& 02 05 075 - i

. Figure 14.3 Simulated performance of computer controlled
sun follower. - '
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.Both axes  operate identically, and the discussion‘ which
follows refers to the operation of one of the axes.

On each-occasion when the sun's'position'can be inferred
from the sun sensor data, the position 1s recorded After'a'
perlod of tracklng, the position of the sun w1ll be known at ar
series of 1nstants. This 1nformatlon on the'sun s-p051tlon is
extrapolated to predlct the future position of the 'Sun, and
.actuator. speeds are calculated to ensure an overshoot of the,
sun's‘position. | |

The combination of the past"history of"the_'sun's'
position ~and  the " current - sensor 'infOrmation to prov1de.
approprlate actuator speeds presents many p0351b111t1es. ' The
‘servo ‘system - being operated - here is of course 1dent1cal to
'thatvof section 5.7 of my the51s,.and the use of the current
sensor information corresponds to DC galn,_while the3use of
ﬂhpast hlstory 1nformatlon corresponds 1£6"ihtegfai"gaih;’"'Tb"
produce low osc1llatlon amplltudes, the DC galn must be low.

. There are thus three processes lnvolved Flrstly thev
sun sensor data must'be analysed for_lnformatlon on the sun's”‘.
position,.program SUNFIX. Secondly,; the information .on"the
sun's position must‘be-analysed to;predict the‘positionlof the
sun at future time, (program PRDICT), and thirdly, ;an
appropriate overshoot»must be calculated; -This‘overshoot,willi}'
be large if the past‘history is sparse,vandASmall if the past
history .is well bknown,_ The combination of the -current
estimated relative position, the estimated future position of
the sun; and the overshOOt gives the command speed fornthe'

next interval.
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If the past history information onbtheféun‘s position is
éxceedingly_poor, then_no curve,fit'cantbe attempted, and only
the current time suh’sensor,information can_be ‘used, viz DC
gain. | | | |

vA‘flowchart of the operations is shown in figure 14.4,

(—>Gather sun sensor data
Analyse data (SUNFIX).
Estimate sun's path (PRDICT)

“Calculate overshoot

" Calculate speed

Figure 14.4 Flowchart of servo operation.  Names in
~brackets are the names of the respective programs which
. perform the functions. . =~ | - |

14.4 Procedure SUNFIX.

| The‘time when information,on:tﬁe'sunfs.positioh  can' be
obtained is called a fix'tiﬁe{ Thé position of'£h§Asun‘a£
thai.time.is calied the fix'pbsition. In géneral the‘event is .
called a fix. The nature oflthe_sun sensor gives rise to tW§
types of fixes, 'sldw',vand ’fastf fixes,  so_k§élléd because -
they occur when the collector  pésition croéses'thé Sun'é

position either slowly, or quickly.

(a) 'fast'vfixes.
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Typical sun sensor data for a fast fix, where the data.
for maximum = negative and positive error is. 0 and 7

respectively, would be:

Data sample number 0 1 2 3 4 5

Sun sensor data = . 0 0 7 7 7 7

vThejinformationffrom this on the sun's positiohhvis
restricted 'to'knowihg.that at semeftimejbetﬁeen samples 1 and
2 the sﬁn’s'position coineidedswith'that of the cdllecter. In
the :caSe ofpthis‘infermatien, the position of the sun‘at the
-'midpointrinjﬁime between samples H'Ana 2"isfeStima£ed"i£0' be
‘,that of the- coilectOr atb that time. The max1mum p0551ble
error in thls estlmatlon is glven by the product of . half the
time between samples and the relatlve speed of the collector
.and the sun.‘ For fast flxes thlS relatlve speed isi usually.
”high, and so we estlmate the max1mum poss1ble error by;

Aog = o t/2 S f1"’2)

j where,(%nisythe-maximum.speed of thechllector, and ts'is the

interval between sun sensor data samples.

(b) 'slow' fix.
A typical set of sun sensor data received in this case

would be:
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Sample number 0 1 2 3 4

Sun sensor data 0 0 5 7 7

- At sample- 2,  the sun's relative positidn is
determinable, and vthe_»erfor ,in‘the estimation of the sun's
-position’is the maximum 'pOSsible error 1in’ the sun  sensor

information;.which is-given by :

po = 1/2 @/2°% S (14.3)

’ThiS’calculetiOﬁ of the'SUn'é ﬁdsition«Was;feuhd'_te_'be
sometimes‘ in erro:.' 'Theesource of this efroriwas;traced to
thin high Cloud; which‘increased fhe’apparent diameter of the
sun, alteringﬂ.the slope of the sun sensor'fesponse cu:vevine'
.fiéufe id.?; efhﬁe fixéé §f fﬁe.ebeQeuyform were'ftreeted. as
fast fixee, where thekonly.iefe:matien gleehed is that a fix
" occurs betWeeh samples-1 and 2. |
a."'A slow fix wes only-recorded Cif seﬁples' were of  the

“form:

' Sample number . 0o 1 2 3 4
Sun sensor data, 0 1 4;f7_‘7

where the fix position can be interpolated between samples 1
and 2. Such a-procedure‘is independent Qf'the slope of the
sun sensor response, though the slope‘mnst' be eonstant with

time, and the possible error in the fix, which is identicalito:'



Page 9

that given above, is affected.

14.5 Program PRDICT.

Thé(past history of the sun's position Was.fitted to a
curvé;"using.ileast.squares méthodslto ﬁinimise the effect Qf
errors in the past_histéry.‘_The 'type- Qf: curve Juéed: undér'
erious .conditidns.'iS ‘iteﬁisea"in_ the next section. The
'positionvoftthé sun is'éstimated at both thevcufrent.time and’

the current time plus t_ seconds.
14.5.1 Curve Fitting To Past History. -

(a) Two or less fixes - No curve fit, no ‘prediction of the
'_sun{s_,position. . The extrapola;ion.errors in a linear fitAtq

two inexact points can be large.

(b) 3 fixes. “Linear least squares fit pro?ided that_thé laét

command interval contained a fix.

(c) 4 orfmore-fixes;‘7Parabolic' least squares 'fit  provided
that the last fix occurred more recently than three ébmmand
intervals_previOus to current time. No more than 10 of- the

previous fixes were used in this fit.
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14.5.2 Overshoot Program. -

In general overshoot wasbcalculated to be one third of o
the current estlmated relative p051tlon, though it was never
allowed less than a particular quantlty which was a user
defined varlable. In later diagrams this variable was Umrad.
If the sun's path was not crossed in the 'previous‘ ihterval,
1nd1cat1ng some. source of error in the predlctlon process, the
rovershoot was 1ncreased by a factor of 10

It is poss1ble to use the errors. in the flxes, ‘ahd the
timeS<‘of the flxes, to estimate statlstlcally the_poseible
errors inithe'predicted.positiOn of the sun. The calculation
- of this‘ possible error is'giveh in standard‘texts;:egxpraper.«
ahdpSmith(1968),jhowever; the computation is»complex, and' thé‘

author felt the simple rules above‘more than‘adequate.

14.6 Simulation Teets;

The results‘of‘a.simulatiou program emboinng the above
principles have already been given in figure 14.3.
14.7 Hardware Used In Experiments.

A diagram of the hardware used is given in figure 14.,5.



Page 11

' DEC 10— PDP 11-—-equ1pment
interface

-

digital clock

25 channel
data link

motor ' - sun sensor
control ' :

.+ Figure 14.5 Hardware used‘ineservo‘ implementation. - The
.~ DEC-10 machine is the item directly controlled by the
- programs, and as such is analogous to the central control.

A DEC¥10 machiﬁevperformed all the calcﬁlations, and the
PDP- 11 served solely as an 1nterface. | |
| The 1nterface ‘has been descrlbed (McMurtrle, 1974b),‘and :
- was modlfled by the author to 1nclude buffers for the dlgltal
clock 1nformathn.
The digital clock, a*systr¢nfioonner, was synchronised
with 'the telephohe time service,'and the OSc1llator in the:
: clock was adjusted by comparlson w1th VNG radio.

The 25 ehennel data llpk.(McMurtrle;v197ub),' proved to
be ﬁn:eliableeand was modified to make it truly differential,
inyeontrast ﬁo‘its.eriginal.construction.»;Further, protectiqp’
boxee: with  fuses ~ and interference rsuppreseors were
incorporated to reduce damage from electrical interference.

| Thevanalogue to digital conversionland _trahsmission of
information has been described by McMurtrie(197ua). The

frequency-response ofvthisvunit Was modified to reduce its
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susceptibility to noise. Further problems were‘encountered
due to zero output being recorded if the ihput voltagev.was
high. | | | |
'The actﬁator 'control- boxes (McMuftrie; >1974b) were
ndtotiouély‘unreiiable; and’the mean time between failures_was
~ estimated byathe autﬁor‘td be bf-'the"drder ofv<hours; i'Ih 
addition, cohtinudus.'tuning' of the,boxes‘Was nécessary. The
_;inability Of"the‘ units to ‘reCOVér - from a» $talled .mbtofr'
resulfed -in loss of positional»informationvfor the Cehtral
control. ‘Stability Vhad. to  be  _furthér ‘ Sac:ificedA 'by_'.

fmodifications to prevent stalling.

14.8 . Results.

Despite these problems, the system was run successfully
for short periods; and a typic%l’rUn yielded results'as shown
for one‘of‘thé two’akes in figure 14.6. 1In this 'diagram.lﬁhe_‘
‘éommand- time. was '260‘-secdhds, }énd'ten éensor‘sambleS»were:
,takenvbetﬁeen eadh. speéd .adjustmeht; | Sﬁccessful oéeratiOn‘

:shows that there'are nolprOblemsAih implementing this ‘scheme.

14.9 Discussion.

There aré two features of the above system. = Firstly,
the intelligénce'-reqﬁired at each collector is small, being
restricted to obedience to motorISPeed commands - and ‘response

to requests for sun sensor information.
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Secondly, the central station has continuous awareneSS'of the'
p051tlon of the collector. 'These featnres require‘the central
computer to perform a large number of calculatlons whlch ‘mimic
the action of a sun lelow1ng servo, 1nvolve a reasonable load
on the .data link(see ‘Edwards,'_1978a),> and resultrvin: al
: relatively .long..response- time; with ~accurate tracklng not
‘achieved- untll 3- 5 command 1ntervals after the flrst cr0551ng

 of the sun._ A’ 51mpler way to achleve these - features is to
. prov1de the 1ntelllgence for the tracklng Dervo‘at the local
control, and to 1nterrogate the local control when the central
'control desires awareness of collector position. In chapter 5
'_of‘4the theeie,it_is shown‘that the achievement of both these
featﬁres,is not ahaifficult propositicn with‘-michprocessdrs .
at each localﬁcontrol.' Such_a scheme-minimises response.time,"
.reduces the calculation 'capacity* of the central machine,
reducéstfthe iload 'On'the'data”link,iall‘with“negligible:COStf,f
increase. This eoluticn'eeems preferable, particuiarly in_the
_’1ith' of “the’ calculatlons in chapter five"on"Wind gust
deflections, where 1t is ~ shown that low bandw1dth contrcl
icops; ;'suchl as the_ cne .ahove, require higher rigidity

collectors than‘higher bandwidth control.
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