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SUMMARY
Bcginning with thep.osrht statc ol th. art in.osFcrrj.icnt(ohr.. 11oludy, uplrniznhun ot , ,otrr.FJh,.r.d .rrr.rrd

hrs rho$n F,$ibiLhs of this new t<hniqu(.
'l_h' tollowrng d(\,.totmcnls hdve imp;n,.\l ..\lrFIiBhl

- high-prc.ision ai..ratL c(nlsiru.tion of hinnnunr wcight;
- ir1 (,! Dn,r ll.,. ot.,r..it. rn lh\ upp,.. $,1S .,,,r,
h ilhout Jcrodvnnmrc or oth,,r lussc;
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hiSh-cfficicncy dnveand prcpulsion systcDr wiih variablc
p I. h prupcll.r.-,,tr{n!ri..'l.y.ontrollcd ru,rtr:,:r .r. rnuh
photovoltaic poi!r ourp!t;

a b! ffcr battcry of high poircr output for safc L.,kcl)tIand
diftl.ult fl ight incidllnls.

AII thcsc f(E tur.s havc aledy bccn suc(cssf! llv tL,stcd on
a nodolaircrait. r'. dasign proposal willbcpus!nt!d involv-
ing a high{fficicncy soi.r r po(rrcd aircr.h wirh 25Dr !ring-
span.ap.lblc oa takint offand €limbing up t(!..n.tltitudc of
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,l5t rn cquipped with a buff$ batlcry.
Above this altitude, the dirciafi is to fly and climb up

turthcr (up to 0.45n/sec.) by solar powerakhc.

1. INTRODUCTION
'lh. photovoltaic orsola..ell wasinvenkid in thc USA in

1954. In thc sanc ycar, Raspet dis.ussed thc possibiliiy of
solar-powcrcd flight. Pcople hav. drcamed of flving with
the endless rtrcam of cncrgy from thc sun long belore the
ncccssary tcchnoloSy even existed.

Twentyyearslater, in 1974 Astro night fron Los Angeles
su.cesstullytested the 10m span solar model aircraft Sunlise
(Ref. 1). The legendary flight of S. Pta.ck from Paris to
England withPaul Ma.Cready's SolarChallcnge. on luly 7,
1981 constitutcd a najor breakthrcugh in solar powcrcd
flight (Itef.2).

In 1980 the authorbegan work on thc prcpulsion system
for the first German solar-powcrcd aircraft Solair I, which
nade remarkablc flights a year later (Ref. 5). After the
Musculaii 1 and 2 proje.ts, the author continued developing
advanc€d tnhnology for solar powered flight with Franz

2. T'RIVF, (^ON(]FPTS

Esause solar radiation possess€s a very low energy den"
.,rr rdboL, LJLW, m )un lh(cJnh,.ulJLc, rniompdfl ,un
wilh thc enerSy densily of liquid iossil fuscl (aboui 12 kwhr/
kg), a solar air.raft must beextrehely lightweight in design
and draw its power lrom a hiShly efficient enerSy conve.
sion pioccss.Ilo$'cver, no matter howlight or encr8y.fli-
cjent a solar-power€d aircraft is, il will slill bc unde.pow-
cred. On theotherhand, solar energy i, available as long as
the sun shines with srffl.ient intensitv.

Sincc v.iy good sola. lljght wcalhcr is Ether rarc rn
Central Eurcpc dd many othcr arcas, a slar aircraft's
desiSnshouldallowittocarry out a succcsstulflight, cvcnat
50 percent inten sity (50 nw/ch')).

Figure 1 shows the state of the art efficien.ies of the
different steps of converting solar radiation to climb ofan

In Figure 2, intcnsity measurcments both vetical to th€
sun and horizontal to the earth's surface are Siven for a
typical good sunny day.
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FIGIJREZ SOLARRADIATIONATNTJRNBERGON
MAY 9, 1987.

The main influenes on thc energy balance shoM in
Figue 1 a.eexpressc{6ananalylicalfuctionof theaircraft's

V.-(E.A,.N,.\.\/w) (2.w/s.re.b,.v.) (e.v.,:(A,.cd)/2.w)j

V"- climbingvcl@iry
E = intensilyof solar radiation
A"= solar cell surface
N"= solar ccll efficiency

\= motor ang Setr effici.ncy
\=prcpcllcr efficiency
W= totat Rying mass
S= an density
e = corrcdion factor for non.lliptical liftdGrli,

b = wing span
v.= flYing velocity
Co,= drag oefficient of aplde cohponent
Ar= exposed area ofa planc component

All thes. inJluences and thcir differen t interaclions cannot
be dis.ussed here, but they must be considered in calcula-

What is important for solaraircraft design:
- hiSh solai cell efficiency; a good complomise is obtained
with thin monmrystallinc cclls with abour 15 peront effi

Pot1.ntl!r.nc.ey

}.IGIJRE 1. ENERGY BALANCE OF A SOLAR.POW-
ERED AIRCRAFT.
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FICLIRE 3. STRUCTLIRE OF A PHOTOVOLTAIC SILICON CELL.
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FIGIJRE 5. VOLTAGE,CURRENT.C}IARACTERIS.
TIC IOR DIFFERENT SOLAR INITNSITIES.

clencywhi.h.ost about $10 per wati installcd,
- minimam weight ofall componcnts (pilot in.lrded);
- high adodynani. quality which means high profile accu-
.ary and surfa@ finish to attain as much leinar flow as

- good stability and contlollability;
- hi8hly efficjent motoi, gcarboxand piopeler;
- optimum adaption o[ all individual components to each
othq over a wideoperaring rangc,
- satut, Eliability of all.omponcnts mdhanicalcl(trical,
elcr:lronic, acrcdynamic and flight me.hanicalj
eas in handlinS and operation.

2.1 Solar CclL
The structurc ofa monocrystalline siliconc.ell is shown in

th. sGtiondnwing FiSure 3 (Ref.3).
The opcrating charactcristics (Figurc4) show that voltage

nder no load opuation U first rapidly rises with solar
intensity and then slowly rises to the satuiation point of
abort0.6vok. The short circult cuirent Ik is proponional to

ful Iy metalllc b6ck
Iplus-e Iectnode

I
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Figue 5 givcs the voltage currcnt characteristics for
dif{ercnt $laiintensities with thepointof maxihum power
outpur.Tnepoqcr vollJB..hdr-,.nri.ri.,rtrsure6)w..1
thepower pealin d.ndll rJrbe.mpl., :,.. rh.irporrJr. c
of a good powe! adaption. Misada ption at one clement in the
energv, onvprron. h"irdrJ.ri. d'lIedu... powrrourpur u.
rhe hhulc.v-rem. l I sror,.. .. . ontrJ .).rem *irh hI i_
mum lo$es i! ncccssary io kcep thc syst€m worklng effi
cienlly under changinB flight and sola. radiatjon condition s.

Solar lntenslty

FIGURE 4 NO LOAD VOLTAGE AND SCORT CIR-
CUIT CTJRRENT DEPENDENT ON SOLAR INTEN.
SITY.
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FIGTjRE 6. POWER- VOLTAGE-C}IARACTERISTIC
rOR DIIFERENT SOLAR INTENSMES.

2.2 Elc.tric Motor
Brushlcss dn.cl{uncnt motors wjth high flrx perina-

ncnl magncts (samarium - cobait or better n@dyn) should
beused ro gctlight weiShtand highcffici.ncy. Whcrcas,bell
shapLd rolor motors arc advantagcous for low power (model)
aircrafl, irc! robr rot()rs arc n.ccssary lor hi8hcr power
air.raft, because oftheir mu.h bettLy power lo acight ratio-

'l hc op.ratinS characteristics of a shall bell shapc{ lotor
motor (Figue8) showthat hiSh efficiencycan berca.hcd ovcr
a small operating range with comparatively lo w powcr only.
That is typical for a1l cletri. motors. To opErate the moto!
cfficicntly ai ihc power r€quired foi fast cljmb much tugh
voltagcthan noimal is nc..ssary. The rotor must, the€fore,
be.arefuuy dynarnically balanccd.

As higNy efficient propelleN run at a low specd, Sear
must bc intcrconncctcd. Small, lightweight and effi.jent
planctary Acars must be provided.

2.3 Propelle.
High efficient propellers are low loaded/ la$c in dianctcr

have a high pitch (about diameter) and run slowly (Ref. 4).

The mininum induced ioss tcchnique is nccessary to achi€ve
high efficiency ovei a wide range of flying velocities. The
pbpeller on the world re.ord man - powered ancraft
Mus.ulair 1 and 2 was originally optimized fo. the solar
powered air.rafrsolair I 

'n 
1980 {ltef.6).

Themost effi.ient meansof gettinS maxitnum photovoltaic
power to the aircraft is with an electlonically controlled
variable pjtch p.opeLler. Althouth designcd in 1980, lhis
type ofpropelle. could bc installed and tested in solar tcst
model Solariane in 1988.

TheblddeorrncmodelprolFller i\ lvpi, dl 'or m;ninum
induc€d lors design. The thrust (Figure 9) and cfficiency
glaphs (Figurcs 10 and ll) dcmonstratc thc \ride opcraiing
range of a variable pitch propeller.

Tempcrature has a great influcncc on the operating char-
actenstics of solar cells (Figurc 7). Current slighrly rises
whcrcas voltage and power output significantly droP by
about 1/2percen! perdeg. C incrcasc. Intcnsive cell cooling
thc.cli're, serves not only to prevcnt bucl.Jin& but al$ to
maintain voltaBc and powerouiputat acceptable l.vcls.

rfi n,

0.6

0,1

0,r 05 0,6v

FIGURET. INTLUENCEOFTEMIERATIJREONTHE
VOLTACE.CI,'RRENT-CHARACTERISTIC.
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FIGTJRE 9. VARIABLI PITCH
LAR MODEL AIRCRAFT.
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FIGL'RE & MOTOR.CHARACTERISTIC CIJ'RVES, FAIJI}IABER BELL-S}IAPED ROTOR MOTOR 3557 KRMSC
AT 18 VOLTS.
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FIGIJRE 11. PROPELLER EFFICIENCY.

Fr'i.r v.rocrtv n/3.c

FIGURE 10. PROPELLER THRUST WITH THREE
DIFFERENT BIADE ANCLE SETTINGS AND WII}I
MODEL AIRCRAFT DRAC.
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FIGI,'RE 12. WING STRUCTURE IN FMRE REINFORCED
TION WTI}I INTEGRATED SOLAR CELLS.
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2.4 Solar Ccll Circuits
Optimum voltagc lics bctw..n 60 and 90 volts. So th. pho-

rovoltaiccells havct()bcsoldcrcdtosrringsof 120 io 180cclls
lnscrics, paraUcl towhichruna number of strings .on necte.l
to a pancl. Forming subpanels or cftRs{onnc.tbns in be
t{.en parallel strings p..nit! ihccurcnl tobypass btukcn
cclls ivithout ov.rloading ad ja.ent.€lls.

Thc sol.rcclls should bc so aran8cd at thc wing nrfac.
that at lcast 4 or mor. panels are formcd, wlrl.h arc .on
n.dcd througha shottkydiodeanda swit.I to th.panelb!s.
Nonnally, alL pancls arc us.d and power is reSulatcd b]' thc
cl.trori. ptupell.r pil.h.ontroL.

VOLUME XV NO, 2

3. WINC STIIUCTURE
Extrcmc light wcighi, high sl.ength with hiSh accuracy

and surfacc finish can be .ealized with intcgratcd flastic
foam fibo rcjnlor.ed plastic sandwich con*ruction in
pre.isefcmalL'molds similartothoseof glnlers.

F.enz Wcibg.rbcrand th.auihorcJnie!l outmany tcsls ro

intcgratc as much as possiblcofthc breakabl. sol.rrcclit in
ihe upperrear rcgion ofthc win8.

Thisintegration should lcad ncithcrk,aoodynamical,of
Li.alorele.trl.allosscs,norciuscstrcngrh,crpansion,buck'
Ling or hcal dissdp!tnrn p.oblems. Wc suc.cs#!lly apPlied
ou dcvdopmcnt on our test modcl Solarianc and, surPris-

13



I:'ICIJ'RE 13, WING STRUCTLITE WTIH INfiCR TED SOLAII CELLS AND FLEXIBLEJOINTII"C.PS.

ingly, could not find poscr losscs due to thc rhir gLssfibe
rpoxy layerovcr the cclls whi.h seems to be opricatly a.tir€.

Althou8htotal wing wdghc as low as to 1.2k8lm,(with
cc t,sncnr {hr,nl..o\cring rJdldb. ^ hn v.d. mi1.n. m
weight for an aircraft should bc over 3 kglm'Ior stability

Figu€s 12 and 13 show how to install solar cells airfoil-
true in the upp€i shell of the sand wich wing- Protected from
moisture and othcr.nvibnmcntal innu.n.es, optically clea n

and air coolcd photovoltaic cclls do not disturb laminar flow.

4. TEST MODEL SOLARIANE
Tlre afomcntioncd technoloSy was test€d on a radio con

trclled model planc with 3.08m span, total mass 1.83 kg,
0.85m'wing area dd 44 polycrystalline @lts each 0.010 n?
in sizc(Rcf.7). Evcrlahing worked wcllftom theverybegin
ning.

It is possible to take off safely at 50 mw/m ? radiation
intensity and to maintain altitude ln calm air even at 30 mW/
cm?.Cbntrolof thcvariablc-pitch propeller pioved not tobe
very critical. A wide speed rangc can bc floM because of the
low dlag resulting ftom advan.cd dcsign and fibcr r.in-
forccd.omposite sandwi.h construction.

On thedayofthe6rst flight, Franz Wcibgcrbcr was ablc to
attain an offi.ial world specd rccord {ith 66.22 km/hr at
Brehen/North Cermany on luly 5,1987.

W€ are prcsently iesting a wing with thin moncrystalline
cellsand higher efficjency (15 inst.ad 10 pcrcen0. Sare take
offs are, therefore, possjble even at 30 mw/cm ?slar intcn-
sity.

5. OPTIMIZATION OF TIiE SOLAR POWERED AIR,

Little rescarch was required b a.hieve the usual conven-
tional con.ept. The author's expcricncc with thc canard
Solairl wassimila!tothatreport€dbyA. W.Blackbumat the
XX OSTIV Con$ess al Bcnalla (Rcf.8).

Tailless .onfiguralions s.m to bc advantageous as no
seParate stabilizcr is.cquircd. Ihis allows for a small tuse
laSeand reduces wejght, but mu.h rcsL'arch remains to be
done. It will be intcn'stinE to scc what rcsults thc SB 13

Proj&1 willbrinS (Ref.8).

Optimization of .onv.ntionat an.raft with wing spans be
tween 15 and 25 m and chords bctwen 0.8 ed ] 5 m show
bcst glide results (Figu.c 14) at 25 rn spa. and 0.8 m chord
withthebcst glidcratn)of 37at lSto 14 h/svclocityand 0.31
m/s minimum sinkmt vclo.ityclosc t() siall spccd.

A sliSht reduction in sinking v{:l()cjty is.crtaintv a ain,
ablcbutleds toa hugc aircraft simila. ro thc man powered
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flGIJRE 14. SINKING VILOCITY POI,\RS OF SO-
LAR POWIRED AIRCRAITT WITH VAI{YING WINC
SPANS.
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When .ompaing this optimizaLion with man power€d
ai..raftand open.lass glidcrs undcr thc same statef the
art conditions, incbding:

- optimization for thebest glid€ ratio/
- good laminar flow airfoils with salt stall chara.tedsti.s,
- carbon fiber composite stru.ture with fiber composite

nearly the same configuration is thc rcsult (Tabte 2).

FIGURE 15. SOIAR-POWI]RED
STRUCTION.
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AIRCRA}TT SOLA]{ISE IN CI]RP-CFRP.I'LASTICFOAM-SANDWICH CON-

TABI: 3: TECI[\IC]\I DITA OI SOLAR-IOWIIIdD A IRCRAF'L5OLAIII5E.
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FICIJRE 16. STRUCTTJRE OF THE WING WTTH INTI(]RATED SOIAR CELLS AIRIOIL FX6G'126.

Despite the rathcr diffcient weights and nying velocities
of man powcrcd aircraft, solar por!er.{ ailoaft and open
class gliders havc thc samc optimum span and nearly rhc
same wing arca (and asp{t ratio)

Thc Sotarise con ept (Figure 16) indicates how a solar
powcrcd aircraft .an be rcalizcd with li8htweiSht, high
pKision .onstruction, inft$atcd solar ccll panels and an
advanced propllsion slstern.

For a safe take off;nd 3 minutc climb ar 2.5 m/sec. to an
altitudeof about 450 m,10 kW ofctcctric power is tu\uired
fo. whi.h apprc{rnately 15 kg nickcl{adnim batteries
must be installed. They an bc rcchargcd under intensive
solar .adiatnln within half an how lvhcn th.rmaling is
employed (thermal is a powcrful kind of solar cn rgy). 2.2
kW of photovoltaic pos€i (at 100 hw/.m I is sulficient to
prcdu.e a slight but steady.linb ofabour 0.45 m/s.

Thc Wortmann airfoil FX 60 125, recommended by L. M.
M. Bocrnans Dclft Univcrsity, offds not onlygood pe.form
ance at low Rcynolds numbcre (0.5 to 1.0 x 10 6) but has a
smallcurvaturc at thc uppcr side for easy installation of {a
ma{mum numbcr of solar cclls) about 70 percent of the

Thc solar cclls are divided into at least il panels in the
rvings, wh.rcas the 0.7 m'zpanel in the stabilizersuppljes the
lnstrumcnts, contrcls, radio and batteries foi this cquipmen t.
'thcpowerbatt€riesconsistingof 6 groupscanbeclccironi-
.ally ${it.hed over lrom.harging and cross counrry flight
with normalvoltatc (about 15 minutespowercapa.ity hom
batteries only) to lakc olfor fast climb with highcr voltagc
and powcr (about 3 frinutcs capa.ity). Chargin8 is also
clcctroni.ally.ontrolled to avoid overloading.

Two driv. units, ca.h conslstingofa fast iunningbrush
lcssDC motor,a planetaiv gcar and avanablc piLch propei-
]cr, arangcd bchind the wings, .onvert nearly 75 pc.ccnlof
tlc photovoltaic po$er tu useful thrust cntrEy.

The Solarisc sludy .cprcscnts what can bc prcscntly
a.hicv.d utili/ing availablc (onomical tc.hnology and the
.onst.!.tion mclhods dcvcl()p.d.

Altertcstingour new solarccll wingi. our modclair.raft,
wc will build a Iulls:.t, $,ing sc.tion lorSolaris..
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6. APPLICATION OF SOI,AR POWERED AIRCITAFT
With the t{hnology avallable, an unhanned aircraft.outd

be buili capable of climbint up to the stratospherc dunng
daylight hours, storing solar cnergy in the form olalt ude

Sain and in.h.mi.al form in charging buff( batte.ies. This
energy.ouldbcsuffi.ient to keep the ailcraft aloft at night so
that the cy.le.ould bc repeated ea.h day (Rcf.2).

AIthorrSh such anaircraft rolld have a limitcd payload
and flyingvelocity, it could serveas a useful mct.orologi.al,
suNey o. relay plalform.
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