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Introduction
Studying the atmosphere, in pariicularthe atmospheric

boundary layer, often requires measurements oi turbu'
lence and the vertical turbulent fluxes of water vapor,
sensible heaL momentum and other quantities. Typical
studies include the d€termination of evaporation and the
s€nsibleheatf'lux from the Earth's surface (soil, vegetation,
ocean and other water bodies) for land us€ assessment oL
air'sea interaction processes, studies of the exchange of
trnce gases like Coz between vegctation and the atmo'
sphere in the context of studies of Global Change, as well
.rs stlr.lics in!estigating mixing processes in ihe upper
iroposphere or bctwcen the troposphere and the strato
sphere. Another example are studies of thc structu.o of
ihernrals and the three dimensional wind field arcund

'lraditionally, a numb€r of different instrumenintion
t.chniques $,ere used for such measurements, amongst
them the use of lnertial Navigaiion Systems (lNS), smaller

gyro systems, CPS attitude systems, differeniial pressLrre
port systems at the nose section of research aircraft or
noveable or rigid vanes mounted to nose booms. Mosi of
these systems involved one or several vcry complex and
exp€nsive components and were usually only'one-of'
dedicated installations. Noneofthese iechn iques coLrld bc
us€d in small and inexpensive aircraft.

The smallest platform caprble ofcarrying instrumenti,
tion for such measurcmenis s,ere moiorgliders, bui ihc
weight and power reqrrircmcnts of ihc instrumeniation
!\,ere streiching the aircrnft s rcsources k) the limrt.

This pap€r introduces t,r BAT-Plobc(it goiitsnam€ fronl
itsshape itlookslikeabaseballbat buiitnlsocouldmean
"Best" A ircra ft Tu rbulence Probe) as a means to ovcrcome
most oa the above mentioned complexity ofinsiallation.It
is an attampt tomake theconplex measurements basically
independent of the p la tfomr by combining the la test s€nsor
technology with powerf ul electronics and compL,iinghard
and software into a small package. This package can be
p.r.r ) rd.ror, d ru lh, r 'd, n ringe or plJllorm. r"ndrn
from Ultralight aircraft and UAVs (Unnanned Aerial Ve-
hicles) to large iransport cat€gory research aircrnft or spc-
cialpurpose aerial platforms ns, lor instance, high aliitude
aircraft or even airships. Ii sholrld also be possibl€ to fl)
such a system on sailplani's.

A prototype of the BAT-Probe is currently nearing
completion undera coll.rboraii!cprojcctbetween NOAA's
Aimospheric Turbulence and Dilfusion Division (ATDD),
Thc Flindcrs Institlrie fd Aimospheric and Marine Sci
ences (FIAMS) and Airbom€ R€search Austrilia (ARA).
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Measuring Turbulence
Measuring tu rbu Ience and iurbu len i 1l uxes from aircra ft

is a iechnologica lly demanding ta sk. I t involves, h genera l,
the measu rements of a ir temperatu re, humidity, prcssures
and the 3D'wind vector with high accuracy :nd at sam-
plingratesof tens of Hcrtz. Fastsensors forairtemperature
are available, are light-weight and do not require much
space and electrical power. Fast sensors for hulnillity are
nore difficlrlt to design, but there are systenrs available
b'hich can be nrounied on smallnircraft. Uniilrecentl), the
nr.in prolrlcm rlas io neasure lhe 3D $ incl v.ctor iccLr
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The BAT-Prob€ combines (low-cost) sensors for pres-
sure, airspeed, angles of attack and sideslip,3D-accelera-
iion and air tempcratlrre with difle.entialCPS systems for
high precision posiiion, gro(nd speed and attituLle (air
craft pitch and roll an8les and herding) nreasurements
packaged togciher in n snlall stnnd,.bne packag€. The
probecontains its orvn l6 Lrit A/D Lmit t{hich con\ erts ihe
mcnsuremcnts b d i!:it.r I valu€s dirc'cilv ni the sensor loca
iion and tr.rnsnrits the dnt.r ln n scrinl Ltata str('.nl to n l)C
b.scc1 re.rl-tirnc processingcon)pun,r. As ihc probr is srr.r ll
nnd rc'lirti\ol) lo{ .osl, il br.,)r)r$ tos\ibl. it) fro' nt il it)
jLisl .t)oui an\ dir,rrlt fhll(i,n) r\ tlrL{t tlr. n..( c\ 1\ ,.r

. ., ,( .l |,.,r, ! i

( onrbining lhr.rr'f!L,r:.rl,, r'.1,,..iirttr Ir ! L\. I r\i\ inr il\
,,1 thr A/l) !nrt nri.l|, /(- f,,.,,1( ,ril(.li,rl !r ,i I iL.

sr)rrll :iltfil \ ()llrir\ ll,' .f,.r . .. ! r I rL I,,(, ,L ,\ 1 1.

l ,. frr \,i r, ir.| .lL.,

1,,,,,|., I ..: .,
'\",\ \l i I ,

1,, \ Ij,,,.,,

'llrr. '

.,,r1li\ .' l. ,

\! ll, \1. .ri :,\ lrr

Probe Charactc.isli.s
I h( probc s.iihs ,rh,,,,1 llX ,, |l rL ,l! irr. .,h, ir r :Lr\\ ,,1

A rrrraft velocity rnformarion At{itud€ inlormation AirDeed rnfo.mation

i;--.',"*l
[- , -e-J

l

TECHNICAL SOARlN6
VOLUME XXl , NO.2 Aptil 1999

AHRS

bdly rcc.l.Eron o$le nld



10 to 30 VDC power. Like a solic ancmomet€r, data is
receivcd serially ai 50 Hz.

The housing consists of a 1 5 cm diameter henlisphere
supported by a truncated circular cone. Its carbon-fibrc
construction islightbut verystrong. Further, carbon-fibrcs
attenuate any potcntial electromngnetic interaerence.

Mechanical and clectricalinstallation on any aircraft is
simplified by placing clcctronics and s€nsors within thc
housing. Relative winds are computed from the pressure
disiribution obscrvcd at nine pressure taps on the sphere.
Two uniqlte features of the DAT probe are the meihod of
measuring siatic pressure and atmospheric temPcr.rture.
Measuring Pr€ssures

Static pressure is difficult to mcasure on an aircraft
becausethesensed pressuraiscasilycontaminaiedbyflo$'
distortion about thc static ports and airframe. The BAT
probe mitigates static error by its unique g-hole dcsign.
With the BAT probe, siatic pressure is obtained froni a

pneumatic average of the four pressure taps placed 11.8

BAT-Probc instrlled on NOAA LonstrZ rircrrft

aft of thc Design SinSnntion l)oint (DSP) and +5' off !crti-
cal. Atzeroanglcof attack (\r,lre the instantirneousstagn.r-
tion point is coincideni $ith the DSIr), ihc BAT prolre
correctly senses static pressure. Ho\!c!cr, likc a con!en
tional piiot probe, static prcssurc is nlcrcnsingly undercs
timated $,iih increasin8 rngles o{ atta.k. Wiih this.rtl
proa.h, the shtic error is k'ss !'ith thc BAT desi8n and rn
rn.rlytical modelexists to ronlovc thc crror.

Solid state precision conrpensJtftl, k\! prcssure srnsors
form Sensym (for examplc nodel SCXL{)0.I) or Dni.r ln-
siruments (Model series XCX) .rc uscd. Such prc'ssure
sensors have a trequency response aPPro.rching 1 kHz
with an accuracy of arolnrd 0.2'r,, ofth€ir fullscnle re.rding.
Furthernrore,thescnsorslrrehert€d toreducetempernture

Thc actual sensor choice is optimized for ihe design
flight speed. As a result, sensors with unnccess.lrily lrrge
ranges are noi used and accuracy !!itlrin thc desircd scns'
nrg range is high. For cxllmplr, n tl2hPn sersor is Lrsu.llt'
uscd on angle of att.rck arrd sideslip pressure ports. This

yields nn accuracy of 1u.05hPa. Such
accurncy is rlotpossible \! iih mor!'con
rc tionn rlrcrJft sonsors. An a(ld(rl
nd!.rft.g(' is ihe cosi of olr scnsor\ -
.rround us lia(].

Ai nlrcrrit iljghl spc.ds, th. obs.r \ ed
icnrpclrtlri, is cont.n1lnnted tr) cofr
prossitrllit\ .'ii€cts CorrccikD of the

s|ns.d icnrp.rrturc is iunctullll\ rl.
f.nLl.nt on .llnrni. .rnd shti. fres
surr Ihe Jlr\'l p'rnr(' flrc.s r mtrr,,
bc'id 5...i.q.l.nr.nt nitllirr lhr l)SJ'
\\ hrr.l'otlr.1\ rrrnri. nnd st.li. | tr'sir rr
rfu Lftr\n r..L,ri{cl\ inLl .t high trr
q!.n.\.. lh. llsl'pori is d!'slgrrcd lo
r.ntihh th nnro h.id ri lonr /s wrtlr
snr.rll thcrm.rl hoLrsing influencc. Thr'
rcsuliing hoLrsing scnsor .ombinniion
h.s r (l i)7s linrc r.spons. tllnt ls nrli.h
lislfr ihrn nror. rof\rrilltinil h(ir.
inr', nrrr,)r .,rf L,lrntr,D,

I ('r r,r't t!rIpr,nl(rtr' tr.rriurrrrrrf l..l
Yi.t(i l rgr..rrinlt({,r}r'r lli)(r: fl
!,(, lr(.,r11 thrrfr sn,r is !r.(l \\ r(hLn th.
lJ,\ I h(JLr.i.lt, ih.\ hi\e.rtirrrt rfslonse
ol tl.|;j\ lh.ri i. tr,n tirne: i.lstr'r {hrn r t.ist
li,){JnoIf( {ir\or ll]u\ ng .onrl,if.r
iiof (\r ihc ('tlr!r lr.rrr.l,th.li'\Tpr.L,r
n,'rfrrrlur, rrnsor is nr.r. irJgiLr .\l
ihouih ilt, lrtrr\irg (L'sign i\ grc.r|,,r
llsl r.sf(nrr. rnd obsoryLrrs thr nll.ro
l..id\ tr!ssLrr. rnynofnrcnl i{n usc lrr

trnrf .r.rlur(' r1'co! cr) comPulrinnls, l1

ofl(F th(' nrlcro bcrd litili' protcrittr)rl
fr)nr ft)rrlgf objftt dam.rge (bugs, Lrlrl
dropsr.tc.). Itegarlllcss, thishns noibt'.'rr
a sr.rlous prolllem as micro b€ads nrL'
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BAT-Probe inst.lled on NOAA GT500 Quicksilv.r Ultrrlight

Figure 3.
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infrequently damaged. To further mitiSaie this concern,
theBATprobeelectronicsallo$' nlshllationof t$'in micro-

Position, velocity and Attitude
The BATproberelies strongly on DCPS technology and

does not require any gyro based systems. In the Past liYe
ycars, Differential CPS (DCPS) techniques h.!'e devel'
oped into a po$'erfulmeasurement utiliiy. Currently DCPS

measurement techniques allolv dynamic obscrvation of
position, \.clociiy and attitude at l0Hz and wiih accurac)'
of 10.5m, 12cmls and 10.05'respectively. If necessary,

.rccelerometers ca n be used ioextend thcslr observn tion s to
highar frequencies.

Modern CPS technology ovarcomes a $'ide rangc of
prolrlems ofcarlier iechnictues Amorrgst thenr arc:

. Digital precision eith nocalibration

. Lorv poser requiraments

. Simple mechanical and electrical insinllation

. Smallsize and low $'eight

. Nomoving paris

. Olriput in eartll coordinates

. World-wide operation

.-Highly accuraie iime bnse

Position is requircd io document aircrafi l(rcirtior .rnd is

noi needed for $,ind conlpuiation. Regnr(lless, sjnlPl.
DCIPS allo$,s doc!mentation of Position to 13nr. \'Vhcrt
nccessnry,€xtension tohigh accurncYsub'mctcr tochnl(lrirs

Using Doppl€r DCPS icchniques, obser\ iiiorl oi probr
!€locity to 20Hz nnd ai nn accliracy of12c /sisslfrPlr.A
maif a.lvrninge ol DCPS appronch.'s is thit onr oL.Lrnls

the velociti oi the probc (tlrc ir tenn.r is in thc probr) n)

Earth coordinatcs. Agnirr, accelcronrcicrs r\ ithj ihi' llAT
probcc.rnbeused toextend vclocity frequcnc) r(sPonsc to
501-lz.

Attiiudr is important since s.inds relnii\ c tu thc IJAT
probe musi be rotate(l to Farth coorclinates. AltitUd(', at
10Hz and wiih an accltracy of 10.05', is obtaine.i fron] .r

TrimbleTANS VECTOR GPS att;tude recei!cr. Alihough
10Hz may be fast enough for large aircraft, it is not for
smaller ailcraft with less inertia. For smaller craft, CPS
attitudeouiputis low-passed ihen mixed with hiSh-passed
twice integrated di fferentia I accelera tion observations. The
result is attiiude, at 50Hz and with an accuracy of10.050.
Four small GPSpatch ant€nnas mustbe installed for use ot
a TANS VECTORsyst€m. The BAT-P.obe housingcan be
used to house one antenna.

The quality of the wind and tutbulence m€asurements
can be assessed by flying a phugoid motion pattem with
lar8e. prlor.rndu,ed \erli(rl molions. If thi- mdneuver ir
flow in a smooth air mass where no vertical winds are
expected, the instrumentation should be able to measu re a

near'zero vertical wind component. As both, th€ vertical
motion ofthe aircraft and the "vertical true air speed", are
lar8e vectors for the given case, even small errors in th€ir
computation wolrld lead to substantial errors in the m€a

sur€d vertical wind sPeed.

Data System
Thc A/D system lvas dcvcloped by FIAMS to provide

high speed, high resolLrtion, nlultichann€l clat;r 1oggin8.
The system consists of tr'o boards wiih an 8 Pole low Pass
(antialiasing) filter for each of eight ch.rnnels conrbincd
$ith an 8 channel nlultiple\cr and a intelligtnt I6 bit A/
D board. The three boards togetlrer comprise a sign:,|
conditioned, l6 chnnnd, l6 bii A/D ststcnr wiih serial
ouiplrt. A custom ISA srrial Lrorrd Pro\ i!tos nn inknligcnt
intcrfa.e to a PC.

Thc s),stem is uniLtLrc irr its conrbinntion ot high spc.d,
hish resolution, hi*h chnn L'lcoofl, nnd on board htclli
gi'nce. Softirarc f iltcrs.r .l olhcr opcriii(nrs nrtry bc imPle
nrented on thc n /DLro.rrcl, rclieving ihc PC Proccssor toln
such sinrple, but tinre consuning t'rsks. Additionrll)',
multiplc syst€ns ln.r) rcsidc on onc I'C, .llos ing [or !crv
high chnnnel count svstcns.

The h.rdlvarc anll lirnr\ are .rre .onfiglrcd t.r Pro! ido
50Hz dat.r output from lhc 16 ch.lnnrls. l'..rch of th. l6
chinncls is first conditioneLl by ihc ll polt'3{)llz lo} p.tss

(inii.rlias jng) filier. Thtrr it is inierroiliicd oroycrsnnlPlcd
32 tinres by thc I6 bit A/D. Ihc rcslrltnlg d.rtn is nlerrg('d
anci ihcn serially trnnsrnittc.l and tirrcd hgged tr) 1l nrs

bnscd on lhc I scc pLrlsr dvnilnblc lronr thc (ll'S rccci\ rr.
Installations

Thc Iirst prototyp. IJAT prolrc, conlt)ining NOAA inLl
FlANlS t('chfology i\ r!corrpk'ir\l l-.br1.rrv'97. Ho$ e\ e!,
lh. housing \\'itlr sensorr hns 1...r1 ll\ing oll tl)c N()tA
1,n{-rZ t(,r th(' lrsl liv{' v..rs. Sinrilnrl\, tho '\/1) s} sn nr

lins bror usr.:l l.v lrlinrtr!s for thc l,rrl lhr.. \1trs. I\,,L,r
ifsl.rllniknl is pL]lirrt.l ,'r und.r \rv on thc l,Llo(i)g

Th. NOAA t o S-LZ.lir.ntl (N3R)
Thd BAThousifg.r d st,llsors (crc iirsi insi.tlled of thr

L),r!'[Z h 19E9. L]!rifg I9! l, diffd ontinlCll'S tc.hnolog\
r'.rs .rdded. Nl.rny ,nrfro\.nrcnts hn\ r Lr('('n inco.porric.l
ench yenr. Currenily, the l-.rs Ll instnll;rLion is used nr

threi' to fi\ c studics c!er) \'e.rr.
Thc Q icksittrut cT s00 ulrrl-ligt't Air.tutft (NoAA I)

NOAA'S Aimospheric Turbulcncc and Diffusion Di!i'
s;on is instrumenting iwo Quicksilver CT500 Ultrnlisht
aircraft with a BAT probe to suppori the NSF SHEBA
project in the Arctic. T/tc FIAMSIARA Gtob Gt09B Ait-
craJt (yH-HNK)

The prototype BAT probe is currently bcing installed
and iested on the Crob C]098 aircraft.
The ARA Gtob C520T Egrett AircraJt (D-FARA,I4I-AI<A)

In a collaborative project with DLR, three BAT probes
will be 

'nstalled 
on the Crob G520T Esrcii high altitude

research aircraft this summer. One probe will be installed
high on the tailwith anadditionalprobeplaced six meters
outboard on each wing. This givesn symmetrical installa-
tion with high redundancy and greater turbuLent resolu-
tion- The first field use will be in a project to measure
turbu lence near the jetstrea m over the Med iterranean Sea.
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