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[ 0004] The downhol e environnment is rugged and dynam c, sonetines including

hi gh  [0003] Tools for evaluating or surveying formations and fluids in a well bore may take a
variety of forms, and the tools may be deployed downhole in a variety of ways. For example,
the evaluation tool may include a formation tester having an extendable sampling device, or
probe, and pressure sensors. The evaluation tool may include a fluid identification (ID) system
with sampling chambers or bottles. Sensor instrumentation, including orientation responsive
sensors such as a magnetometers or accelerometers, can be used to survey the formation and
create a profile, model, or image thereof. The tool may be conveyed downhole on a wireline.
Often times an evaluation tool is coupled to a tubular, such as a drill collar, and connected to a
drill string used in drilling the borehole. Thus, evaluation and identification of formations and
fluids can be achieved during drilling operations with measurement while drilling (MWD) or
logging while drilling (LWD) tools. The several components and systems just described are
suitable for various combinations as one of skill in the art would understand.

[0004] The downhole environment is rugged and dynamic, sometimes including high
temperatures (e.g., above 175°C), particularly while drilling. Survey instrumentation and

sensors, such as magnetometers and accelerometers, can be sensitive to high temperatures. The



tenperatures (e.g., above 1750C), particularly while drilling. Survey
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ade for purposes of description with “up”, “upper”, “upwardly” or “upstream” meaning
toward the surface of the well and with “down”, “lower”, “downwardly” or “downstream”
meaning toward the terminal end of the well, regardless of the well bore orientation. In
addition, it may be sometimes stated that certain components or elements are in fluid
communication. By this it is meant that the components are constructed and interrelated such
that a fluid could be communicated between them, as via a passageway, tube, or conduit. Also,
the designation “MWD” or “LWD” are used to mean all generic measurement while drilling or
logging while drilling apparatus and systems. The various characteristics mentioned above, as
well as other features and characteristics described in more detail below, will be readily
apparent to those skilled in the art upon reading the following detailed description of the

embodiments, and by referring to the accompanying drawings.
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connected for communication across junctions using communication elements as described

below. It will be appreciated that work string 52 can be other forms of conveyance, such as
coiled tubing or wired coiled tubing. Other components of the network 50 may include a kelly
56, a top-hole repeater unit 58 to interface the network 100 with drilling control operations and
with the rest of the world, a computer 64 in the rig control center to act as a server, and an
uplink 108. The testing tool 60 with sensors 62 is shown linked into the network 100 just
above the drill bit 51 for communication along its conductor path and along the wired drill
string 52. As shown in Figure 1C, a pipe section 54 of the wired drill string 52 includes
conductors 70 that traverse the entire length of the pipe section. Communication elements 72
allow the transfer of power and/or data between the pipe section 54 and other pipe components

74 such as subs, couplers, and other pipes. A data/power signal may be transmitted along the



conductors 70 that traverse the entire length of the pipe section.
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suppor tragmbyr tlbenpaiediwich tHXirstTietia treisfaaganbe 106t dhabine ehedodinanes, tige t he
housi ng 102, and the sensor chassis 110 is rotatable relative to the outer
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Z axis as shown an arrow 122° The shaft 104 is al rotata in the
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about tsggsor 114 includes a sense or sensing axis 115. In some embodiments, the sensing axis 115 is
the axis of maximum sensitivity of the sensor 114. The sensor chassis 110 is rotationally
mounted in an outer cage 108, the outer cage 108 being rotationally supported by the housing
102. The outer cage is rotatable relative to the housing 102, and the sensor chassis 110 is
rotatable relative to the outer cage and the housing 102.
[0011] Referring to Figure 6, the package 100 is shown in a phantom and perspective view.
The shaft 104 is rotatable about a Z axis as shown by an arrow 122. The shaft 104 is also
rotatable in the direction opposite the arrow 122. The outer cage 108 is also rotatable about the
Z axis, in either direction and independently of the shaft 104 rotation. The sensor chassis 110 is
rotatable about an X axis as shown by an arrow 124. The sensor chassis 110 is also rotatable in

the direction opposite the arrow 124. The sensor chassis 110 and the shaft 104 are operably
coupled through the gearing assembly 106, 116. Rotating the outer cage 108 moves the sensor



Z axis, in either direction and i ndependently of the shaft 104 rotation.
The sensor chassis 110 is rotatable about an X axis as shown by an arrow
124. The weoensworoseitassi s 110 is also rotatable in the di PeTitiSomIopposite the
arrow 124. The sensor chassis 110 and the shaft 104 are operably coupl ed
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In a further I ment e gi nbaling nmechanismincludes a gearing
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I n ot hef1 enbodi ment s, 3 %I nmbal i n (fhan

e actuators may include 2 power screéw, a linear motor gears, a pinion, and a piezo-electric

motor with nano-positioning. In some embodiments, a gimbaling mechanism including one or
more piezoelectric motors coupled to one or more gimbals, such as the sensor chassis 110 and
the outer cage 108, is coupled to circuitry for activating the piezoelectric motors. Control
circuitry is also provided for controlling the gimbal activation circuitry. In a further
embodiment, the gimbaling mechanism includes a gearing assembly between a single
piezoelectric motor and a plurality of gimbals. In other embodiments, a gimbaling mechanism
includes a shape memory device capable of being in at least two shapes coupled to one or more
gimbals, such as the sensor chassis 110, so as to drive the gimbals to at least two orientations.

In a further embodiment, means for causing the shape memory device to change shapes is

provided. In other embodiments, the driver of the gimbals is a stepper motor.



i ncl udes a shape nenory devi ce capable of being in at |east two shapes
coupled to one or nore ginbals, such as the sensor chassis 110, so as to
drive thewgizntvalszosso at | east two orientations. In a furPChars2esbedrnent ,
means for causing the shape nenory device to change shapes is provided. In
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an accel erometer, an inclinonmeter, a magnetoneter, or a gyroscope. [ 0016]

To |IIuectlmatretemm/wnagtetmmﬁ@ooralgytoscsper ot at ed about three orthogonal axes or

i qur e 18016 ) B7 2Bk URR B geBo i im v P e &) R 6228511 ErShown
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202 supports the corrponents of the package 200, incl udi ng a rotatable inner

shaft 204rument sigvey Rjekase 208 iedgagad thparta &ub@é$ A ®rjerrompPeBeHin Rbﬁat@m s,
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gear Zhﬁndr@hz!ifﬂl?.@ﬁt Ravifya §&R[206 engikdd anidh 25@‘2\5 QI6 BﬂAs@b@tﬁhaam Kasit, 81 infler out er
cage or gl nbal 208 is rotatable about a Z axi s independent of the rotatabl e
shaft 20@balThi). s dRe opnspn ghassis pg8) ltnplaﬁeda ispnsgr ¢4 &Pwéeé it R, SURAYE &l &
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Referring now t I nner sha stationary, an
act uat aboutsanpBveise dAh @uteo tageeort glmbam&Sr is catg@abRboatd it a)dish'mda)eaﬁém ofisheshown.

As the out 08, rotates, .the gear 1 ves al n e fixed gear 206
to si nﬁPFEﬁLﬁoﬁiﬂégéo‘f &B‘? ee“tS‘PfeflsAféﬁQB%“ ?H’?Qé%?g’ 16‘¢Ct1%| Hl it Atg Sot
posi ti QH§SénE&ﬁgnsszg{gn&ﬂ.dmhﬂway_pgl\%dﬁgﬁl tion in a Z- direction, wherein the
sensing axis of the sensor 214 is aligned with the Z- axis. [0018]

Ref er r i[Ag1 T exRefeningingur @ Higyre hevhdether inoergba? @84 a;solrrﬁthl H@@@lam angreaper vhi | e

the shaft 2 refi d.. Th ea ntin nove
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with the X+ axis. [0019] Referri nglnext to Figure 11, the outer cage 208
t

cont i nukhs gealrietatior pRkiliprs thascasafi4 204 Bavd PeHdoyBRR 22 OBreglien, fiheedn tehe
gear legnsqlg@){@&etﬁegegls@%\{gésaﬁ%ﬂ%i%vﬂﬁtﬁelieaqlsgear 206 to place the sensor 214
I on as

in a new p Ionin a shownh. The sensing axis of the
sensor [8018]i sRetkirggedxiotHigirt €0.Ate axtescagk Q08 dpntietetorong whit the skifg2ide 12,

t he outer cage 208 continues to rotate while the shaft 204 and the gear 206
are fix8f herhergdfrare e ordir Bvs2 ocambversdP ghgy e Heng hgdiegdexrr 286 ¥ pl ace

the Se’}ﬁ&bﬁl egzéqé séﬂ%oiazﬂ?iﬂ PASY bb@ord A A N dHbdRAlak Mo FROWRsind RRis TR NI

axi s of nsor
sensor 214 is ahgned w1th the X+ axis.

[0019] Referring next to Figure 11, the outer cage 208 continues to rotate while the shaft 204
and the gear 206 are fixed. The gear 216 continues to move along the fixed gear 206 to place
the sensor 214 in a new position in a Z+ direction as shown. The sensing axis of the sensor 214
is aligned with the Z+ axis.

[0020] Referring now to Figure 12, the outer cage 208 continues to rotate while the shaft 204
and the gear 206 are fixed. The gear 216 continues to move along the fixed gear 206 to place
the sensor 214 in a new position in a Y- direction as shown. The sensing axis of the sensor 214
is aligned with the Y- axis.

[0021] Finally, referring to Figure 13, the outer cage 208 continues to rotate while the shaft
204 and the gear 206 are fixed. The gear 216 continues to move along the fixed gear 206 to now
place the sensor 214 in a position in an X- direction as shown. The sensing axis of the sensor

214 1s aligned with the X- axis.



is aligned with the Y- axis. [0021] Finally, referring to Figure 13, the
outer cage 208 continues to rotate while the shaft 204 and the gear 206 are
fixed. Thwogesrvos26 continues to nove al ong the fixed gear/ud@9tesnow pl ace
t he sensor 214 in a position in an X- direction as shown. The sensing axi s

of the 214 is a ned th th 1.1 odi nents, a
1:1 ratlﬁ etmﬁlet% imends, 1%%1 fiti%%%Wan ﬁaﬁf% %é@% CE‘F?Sé ¢ &9 ¢t o
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108 is rotated whi hol di ng the inner shaft stationary, as is detail
herein roatddawlg}@r hgiélag thfatmn@r whdfl statidnavy, tahes Q@a@ﬁlr harhasallagetr@ear rasiot wﬂln

mul tipl ections n rot t he outer ca 108 and
The: shafoS g SEuaEEms™ if ereas PonhiE GBauoR. Tl ftodihgs, B8huf %.a"Y
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of the ears 2 I's vari e duce dest res

enbodlmﬁnbﬁmchhepgﬁﬁmnEﬁmmyﬂmiqﬂmk)to direct the sensor 214 and |ts sensi ng
axis in aII of the positive and negative orientations along the three
or t hogd 843 axBsome embaﬁarlezt%@e&ésrcr@%@%theW%rh2%%9 émaélefi&) PPgigeeletisg

2:1
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on a three-dinensional sphere
ot her antaddif rtkaenpmtn&mildvmeghnweedrmnmuom tlongthguheee b3Bpgdrak agsaX, Yahd & as

adjusted t : cause th ensor 214 to. direct i.ts sen |ng axi s
al ong rfg‘ﬁ“é’l%F&r e 1“81 §F%Waﬁlgg¥ﬁnf3[aés rgeésraé}os‘@nl %’ég‘fofhetsﬁ?sé%g #rehional
orbits Lfdrong "t‘hﬁ)ﬁ‘%ﬂa@lrég _iFeRadionalorsiRhene 2%8n a tﬁr&IMEns%HﬂPQﬁHéFéqﬁﬁ) e
gear ratio is further adjusted to adjust the nunber and types of

t hr eediatesindadimentsh and with referghcamoi fggure HéCséln@emgfaa@( issadjuestagigo &b reansee

r eaponary 8 HERdGr ISR RElrTDRG Siint V¢ Hond dOr U R gudin b iRt on

def i ni teeABS of | i dBehOOnal 261Bits EBEPOREEE thict difRRAsiBidl Usere N42al TR ethbng t he
sensors and gathering further survey information. Referring to Figures 13D

and 13Embodenaenmshe gsaic katigels 20othen adjugted t@ wéj%ml@r ngnbyaand20genwll thise i nner
i ol GNP SERSHiobdh- iR BOSERLOR Bl [N HRAEKB9GH200 ERLLP TRRRTS O
a tool orrentation at a particular sur y sta ion T . er, =

i ncl i natimemsi@ngphest the orientation i, z = angle between the accel eroneter
axi s of senS|t|V|t% 215 and the tool ast Z at orientation i, z 0 = offset

in z, A0024|,qThke grmbalingef tBsoEgntation rePOBTVHBHEIH S %Qﬂ%eﬁioﬁbpge FHEASUTER W t h

Bkl IS, AR IS elce Ll LSt D
For and gathering further survey information. Referring to Figures 13D and 13E, the sensor
package 200 includes the outer gimbal 208 and the inner gimbal 210 with sensor 214. The
position of the package 200 corresponds to a tool orientation at a particular survey station i.
Further, © = inclination angle at the orientation i, { = angle between the accelerometer axis of
sensitivity 215 and the tool axis Z at orientation i, { o = offset in {, I" = angle of rotation of the
outer housing 202 and is measured with respect to the X axis, and Iy = tool face, which is the
angle at which the sensing axis 215 lies in the plane containing the Z axis and the g vector. For
the particular gimbal and sensor orientation shown, {=n/2 when I'= Iy in the absence of any

offset. Consequently, an exemplary response model may be an inclination response model as

follows:

¢ = [GF+ j+g
C =b+SF (-sin(8)sin (¢ )cos(T'+T, )+cos(8)cos(¢))

7



the particular ginbal and sensor orientation shown, z=p/2 when F= FO in the
absence of any offset. Consequently, an exenplary response nodel nmay be an
i ncli nat iwo 20ep305se nodel as follows: C =b+SF (-sm( Q) POT/US2000064479

+T0) +cos(qg)cos( z ))[0025] As shown in Figure 13E, further geonetries can

be defi wth N B E a xes and a project 215’ of the en5|ng
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mechani[€636] Faor almramm embmdltrmntseﬂeraatsc@ Steosiﬁ'viguofaéle 1s4nsp4 being sehlgotedsor vey
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through a variety of Z-sensing-axis orientations. Referring to Figure 20, a

body 3@Pmpfis¢she tipatik agfetigmd neshinige fon gading tag rangntaen isapns yeateRs@oPRoutAn

0PeN S ?IubEGR 58, 2R3 R: FAAR VROl Bl RaP RSP ANG o1 Bl

grooves e sensor I'ncltu axlis ori en ation as

Ref er r i gaglin®@w se@soFitigutigh Rizanétbeafsamrng?s&{h d)1$entﬂt1@ﬁ§i Refeninc edFigueng),the
track 302. The force na SE@VIded by driving ns as descri bed herein,

or by thedyABi rbie P@?katgﬁ ? ﬂlﬁgntamia hehé?fﬂrtf%b 30?-nAth%PeﬁéW PASTEEFIBES of

t he se r 22,
the sencar P lkdfenat %893"%2%%%%29%1?%%0?% T et TV RS e 2
axi s ordrentagion enshas/nshown. In Fi gure 23 the sensor has noved further to
anot her orjentatiop. ure 24, the sensor 304 ps in
a sl ot [Qézﬁha PR MO, to Kigurg ﬁaé{ﬁ‘%/ a%sarn Bvagedl fr é)é‘fﬁ?r %@Fﬁ@ﬁ%?bgt he
sensor HUroldeANe) Be lfﬁ&\}idédhﬁ}@ dBlink r}ﬁ‘eéﬂglab Qi@;jscnth@(BKrel?tp %r byNthé REiRns of the

enbodi nents, the spiral novenent "of the sensor hrough the track 302
mmcs Suapqrbng duﬂ tthieg. orlh ght aicwopesition cofhth@esequrh%&omlm Zpanesentstieiebay i bed
her ei n ect t he Measur ement s, can .be t aken
ot the it S ST PR e AP SRo R o RS BT o By or
descri beith ber gdw.Z bA92Bknt@én @b SRdwy, TR Hifige 20! kRMengordhss S ®dOfthE€fer ence
will be made to the sensor pack %F 200 Wi th the understanding the

pri nci pinethenppkis Oélqmg'llqﬂy Kiealbh i ligeradethe 0enspniOdpdencag e sbod)2 havingtedpl ary
enbodi t or
o s ity el SRR A, °fn GRSy Gl SR Bl By e (RERSRRES
axi s criass 300r ﬁethmet dmliddym@rti hl@ggﬁtal mdlvdfrﬁ@tt o6 tie. sehsor BO4 t}h@wghetné)&délmim s,

t hree-di nensional orbits are selected that cross the_three nutua

or t hogdRENCHY Okt Plos origntafiqns it Birsegithogenal Phpes apalgsdibge Berelpyith respeﬁt Bhe

enbodi gt mB;ﬁfﬁgemE BRnfll M Rk Q8RO Laf SR Rkeh Ot &hE I VaBGh! QBeAbOR AhE
drill strl ng an

axl s,
calibration can be executed as also described herein.

[0028] For clarity in the following discussion, reference will be made to the sensor package
200 with the understanding the principles apply equally to the package 100 (or package 300).
In exemplary embodiments, rotation or gimbaling of the sensing axis 215 of the sensor 214 is
determined such that the three-dimensional orbits of the sensing axis cross three mutually
orthogonal directions. In further embodiments, three-dimensional orbits are selected that cross
the three mutually orthogonal directions in orientations that are 180 degree apart. In one
embodiment, these three directions correspond to a direction along the drill string and tool axis,
and two directions orthogonal to the drill string and tool axis. In an exemplary embodiment, a
gear ratio for the gear assemblies disclosed herein of 2N/(2N-1), where N is greater than or
equal to 1, produces orbits that contain at least one subset of points that define three mutually
orthogonal axes and contact these axes at least twice, with pairs of contact points facing

oppositely (i.e., 180 degrees apart).



and two directions orthogonal to the drill string and tool axis. In an
exenpl ary enbodi nent, a gear ratio for the gear assenblies disclosed herein
of 2N (2NwoORo1visearsé N is greater than or equal to 1, pr@duasgomnbkiirs t hat
contain at |east one subset of points that define three nutually orthogonal
axes a t t hese axes at. |east tw ce, irs of contact points

f aci ngr}g?)%g py qxemglary eEpodisRibe heapraper) : %dz@?ﬁ O ¥ URRfp Iy e 2
embodi rfﬁﬁgnetorr&?er%?%Qéce%;&nétMr%rbonfbg{atl@Pf BIBYB) is '?@c)(te@%r girﬁ%%%él{@ﬁﬁ'is or an
accel eronmeter or a conbination of both) is rotated or ginbaled such that

its axiaisoff sst&ntmmyl Alistiylopatsd thCbgmalttedheoZ trkio @6 el dridlostitirkgeand th«p&:k@ge 206e

12, 12) Uin e R uE 4F RS 2080 41 biat dlcrNE acae ¢ 8o Y bREEcO% ne
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axis. Measurenments are taken wth the sensor 214. Additionally, the outer

cage 208iscaMepareranguaielteenyiith detssasar Aér Agddatrarallpithe jogtey @@@t&ﬁ W hehe
gear | “%a%uﬁefi@fi)'%l at%e%ge" 'nglﬁl%ab’ 2‘?@59%8&:9 %y; %géa(ilﬁlgn%ge esg’?: 1h\(215

t hr ough nu |pIe hr ee nsi ona

r ef er entescribed FHogglli@s tht 3Bnamd adis Q.1 5 amdu iy intitigle @ se-tingnbidh&eorbitd htabﬂoyvn
ort hogonal directions. Measurenents are azain taken with the sensor 214.

[0030] and desrribed npidiafeisnes tor Rigurrs Al anbads: aide Whishefiosssing ghige meitaalhonal
check shg ﬁ&ﬁgﬁfi’%t W%@Aﬂﬁ%m@@ﬁ%ﬁﬁ&%ﬁ §11tﬂ'ﬂﬁe s%ﬁéi’)‘[? 234, discrete rotational

angles wt string stationary at each angle and at a constant
dept h. [B03Q]hen stetaimbodinents] shemebirmcenzmes lieutaklen nsihk S. roRatoalt cidok shot

4,682,412 n ot her, enbodi nents, the neasurenments crete
rotati dﬂ%th"fla ﬁ*&leéf‘én e ReFsHEeEnes 4re fpade Al ﬁksfr&{ei @W&P?ﬁ gﬂé“ﬂtha‘ﬁ?@l HiR at

differ es'ﬂitlogggtzft‘ SacHMidd @ﬁd Q(ezt %ﬂs&n@ﬁeﬁtﬁ" FulREN QGRS R qﬂ&hé@aﬂé fgfundD Bl ent

No. 5, 806 I n some enbodi nents, the neasurenents are nmade continually
whi | e thé. Briehf Not Ai68g4il3 rIottmhqrrﬁgnbOdgn@ts dho smdsurements arParadaiat Appietecat i on

feocr | nelfOuldng R RO Sk tEhad af sl TRl s il b, and

bi as (aRtae!df tAS Mthed heNFIRAY if @1 .55 PateRNNO.ES,806, PoH, aledomé RniboiEnents, the
enbodi ments, the neasurenents taken by the sensor 214 are fitted to a sine

vave wimeASARMENs §&t madtheongnnallytwitleghe dal string iposingaasdlischesed impViS Raent

provi de ion, the orbital and cross-orthogonal
rreasuréé l¥gﬂﬁﬁﬁhﬁc%ﬁkh %86@93 ﬁ?zoo allow for determ nation of bias and

scal e fl@6313r Vhd Mmeasucompenakdned joRakRiuribee,dan bk L@EtEto\/(ﬁitérﬁﬁne( sicake factomgdet i C
field, gravitational field or the earth's spin axis). In sone
embodi it s Scalh dadteinanch §iagps weilsasomitaHgnaeHsierms) 140 ‘%e F%li“ﬂ%té@l b§p SPSE t o

al ! oW T@incRirfiEAS YAE HRALuAhoRl Bken TRI EXRHRL 14 LRE (ROFHS LA lalDRidEgS !
214 in Figure 8 conpareé to the pogltlon o* Figure 12 represents a 180 flip
of t he dfBnis orhe2dffset brokales shee, bikd, gud ¢he amplitude provides the scale factor. In addition,
the orbital and cross-orthogonal measurements taken with the system 200 allow for
determination of bias and scale factor with a compensated measurement of one vector (i.e.,
magnetic field, gravitational field or the earth’s spin axis).
[0032] In some embodiments, the sensing axis 215 of the sensor 214 is flipped by 180° to
allow for a measurement of bias. For example, the position of the sensor 214 in Figure 8
compared to the position of Figure 12 represents a 180° flip of the sensor 214. Likewise, Figure
9 versus Figure 11 and Figure 10 versus Figure 13. In some embodiments, the bias is calculated
using digital processing.
[0033] The bias calculation is used to calibrate the sensor 214. In some embodiments, the
scale factor is determined by normalizing the sum of all three measurements taken by the

sensor 214 along the different orbital paths or cross-orthogonal directions. The sum of the

squares of all three measurements equals the square of the particular field value being



9 versus Figure 11 and Figure 10 versus Figure 13. In sone enbodi nents, the
bias is calculated using digital processing. [0033] The bias calculation is
used to cabi2broaseosshe sensor 214. I n sone enbodi nents, Phe/tsec@odedsact or is
deternined by normalizing the sumof all three neasurenents taken by the
sensor 4 alon the diff rbital paths or. cross-orthogonal

di rect .C& e s (b SRR ﬂgega%ﬁ? BEVHTUOgR| AGCRPRHORREEIG S EHAER P &sar&?a%rlguclene
squar e d§yfhd 1061 Rché Ui viiLel d val ue beingcalibrated (e.g., the square of

t he | ocal graV|tat|onaI acceleration or the square of the nagnitude of the

| ocal gkt ln ﬂlrtbetrd:mb@tlm@nts [@a8udménts drataken whelaisodtinvensly ,mangmmmg mlmnt s
are taken.whil.e continu ug ﬁbnanigutqﬁinﬁinge sensh&g.axis roun rbit.
I'n sone BB AT Narad ap REOIL o fi dgme,GrRoedimeits. (A SPSP Akt i, AN 4G ef@gr ng

t he accalipheneteracad@bficleNgloRE Metorbit hitywes foP Hetei@tifElaitbsldn@ink@6d aﬂgll@zl,lﬂdn ation
angle and a tool face value sinultaneously with the sensor calibration

par anmetaeios] {ace galue sigalan¢qskyovith Bleassnspn ¢aratagr gqm@me@)(l e.} peabofpgtor, bias
embodi n%ﬁtn%Sahgrﬂﬁlgﬁt%p Sl%rso%[% rﬂb%?#[le%?s IQ eﬁ'so’?1 lf?n%ﬁg'igg Q&Et ﬁ e(ilor%e r and

magnet onet er CehSor S Aron ol so

det er mamAghetorh@e alazcatnbmlngltnm bdna@ealtﬁlgycha\btﬂit au@c\islfmaﬁls@ﬂetemﬁﬁingfaa@el, and
the magnetometer calibration parameters (i.e., scale factor, bias and
ni sal i GHHBHE élfnuﬂtﬁ%e%ﬂgn@tﬂaw@%@flyﬂoncowglecfa@nt i then @egqeromqﬁffrt salibration

embodi MRt Saerd & Cs%hlegi'a@tbf %spﬁlﬁa&ﬁ&lﬁg ﬁleﬁ?H EH% rH abbhs)é ﬁé?l'?l r ol

paraneters A sudden Iscontinuity i any o e ca ion p ters
from arstlﬁlfslelnaredlbbdmmitsc&m qahlmandepz&amauerm aag bomsedm@mhty@osemsmarﬁaeﬂsur e or

of the bility that a ne i ncl udes_error | n exe :
enbodi Isllt1 en JIscoingity {1 @WOOfgﬁe ‘fqi]gE 249N PRSI Sh PR ptyed téesnd;p 4N of
tine is \H%Ql L& 1&?@&1@&&%& ﬁlﬁ'lﬁ% ok af {hecﬂogsﬂgln%/ &ﬁw&eﬁréﬁﬁn@ 1ﬁchﬁi@s @nrors

speci fi ed am)un st andard devi ations). |l inear trend
obt ai ndd ex¢mplery ftmlpcrdgnentis gdgteasigerardghd ¢alibetion pKJallrrms fiy & functiorppf turne ot her

oo by SbrRly e ST HEE A DB TR bl B TR KpS TR aM S ATHRE ons or

Wit h t hRvRakbss) OThéBiiéMaeh® BIbtdinad ditheOlisinpOIRARsqili Red fit@rtadOdImai ifister, 8f fner
which at | east two neasurenents are taken in orientations that are

or t hogotilr wags ftiethesembadimentst he two neasurenents being 180 degrees apart.

Next, Jp@%ﬁenﬁogxe fafy LRSSt L mEfGd L e@ib?%ingﬁféé {Jﬁgéﬁtﬁ%’ﬁsﬂeéﬂoﬁ%iw se%is@her

paral | axi s or anti-paral axi's east one
measur aﬁﬁﬁcﬂeslosleﬁmgethe Refdoi vithrthentiabi maxinime sénaivivite astiogomantosthe rodl Aeisf i r st
or t hogonal YV%OSI'[I on are cross-axial neasurenents and can be used to

det er mi3HEr MhiChit Jeasiva MeasyEsmegs, arq ke i grienHyings tiaar orthogopl te dierteet ed
U 0, Ao 5 OB 2515 g L e i R e
wi t h t he nesiithinnssegi@wityt @theopahlldl ite thet, tootengyimedri antifpaedlld] tocthe tdoé axiar At leastspi n
vector 'onlhn?ez}sgr%gl%ntnganslgd’e n tﬂls orientation. The two measurements in the first orthogonal
position are cross-axial measurements and can be used to determine the bias of the sensor. The
axial measurement can be corrected using this bias. Then the scale factor can be determined if
the magnitude of the total field that the sensor is measuring is known, as is the case with the
earth’s gravitational field, magnetic field, or the earth’s spin vector. The three measurements
can then be used in a survey (or additional measurements can be taken).
[0036] In exemplary embodiments including a system with both an accelerometer and a
magnetometer in the basket of the gimbaling apparatus, sensor measurements and orbital
calibrations are used to simultaneously determine the inclination and the calibration parameters.
A further method includes simultaneously determining the inclination, tool face and calibration

parameters. A further method includes simultaneously determining the inclination, tool face,

azimuth and calibration parameters.
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can then be used in a survey (or additional neasurenments can be taken).

[ 0036] In exenplary enbodinents including a systemw th both an

accel er orwDep103@5a magnet oneter in the basket of the gipeibalSeevy/oeqapar at us,
sensor measurenments and orbital calibrations are used to si mul t aneousl y
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cal i br g &Qﬁ@gﬁﬁlﬁahﬁ aﬁpzfr!ﬁh& h@hsdrghdiQete R fds U DrBitdNEh HBRERHSIY used to
determ ning the ncli natl on, tool face, azimuth and calibration
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inclination, tool face and calibration paraneters of the accel eroneter and
det er mi3imigh prieg 4bg FaERFRF G eatiae g bptoa and daiiguth, ehi smepitieast on
and theMW]bQM’vE'ym s in conventional MAD surveying. [0039] In exenplary
enbodi ments, a sysStemincludes only an accel eroneter in the basket of the
gi nmbal |[ﬂ@391p phr extonplaay embodimgnet osstear intRdeoonla an atadabinetes atht bsdpaofat ed

fromth inbal. In a further epbodi nent ar a i ncl udes at
| east d "eg rliaéﬂg APRBHUS KT maghetapriel 20 952 ﬁ%ﬁtﬁ'?lédﬁ%fa E‘F Qﬁ’uﬁ?‘é@ ﬂ&ea{j‘éer108

(Fi gur &i8bawhirth ﬂlﬁhéroérﬁ‘ﬁ(ﬂ%@tltaﬁﬁuﬁpptaﬂﬁlsbﬁghﬁd@sxhts}eas!trbn@ Sridntdigh s@H@Q\Q’J nent,
t he apparatus includes at least two orientation sensitive sensors

mount edenser t Rz mounted op dpeout@agm tD3nthigriie hrwkick erslatiplaxteyt te tbhdy @nal Int 0
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or i ent ahb@iedS@NGE bl cHRNHB NS )avhio%ﬁlaﬂ@%htsﬁig aREs bt @5 e4cBWehetOfh dotned
gyroscope. A nethod i ncludes simultaneously nmeasuring inclination, tool

face arftnbodimeenss. dhetosienteton lsensitiversepsarind2a rsouniedi oe 4he Iouteriqege tIAB ibidas of

t he mgﬁ?@%&ﬁ%{ ?err IQ%OH?%{H% dl?ﬁen gﬁﬁ%d)é‘lt }’1\?1&5@ oA di%#g)t g’ &Bﬁr{t&?gn the

ori ent ns of the ou5|n sone enbo

measur eyweditcagal @8 k80gdegbpesAapahbd idchudso @iﬁnﬁtﬁb@dsllyﬁﬁﬁasunﬁngMmﬁsurtem nts
are taken with the magnetoneter at two orientations separated by 90
degr eesfacq%ésaécq%%ra@ﬁﬁeéﬁgéw@oarpér%s wne Ralibitingdhe biaaef ba H&ﬁaetp@sqersrtace to

infer tha; t”[ls'és*f' t\gé nfégﬁﬁérh@[ﬁg af dIf et oricat&idhs DOthe burt folIR 1@§Oﬂjgflorﬂen

exenpl ary enbodi nents, a systemincludes a nagnetonmeter separate fromthe
embodiments, the two measurements are 180 degrees apart. In some embodiments, the

measurements are taken with the magnetometer at two orientations separated by 90 degrees.
These measurements are used with the inclination and tool face to infer the azimuth as
described in U.S. Patent No. 4,510,696.

[0040] In exemplary embodiments, a system includes a magnetometer separate from the
accelerometer in the inner gimbal, and oriented anywhere in the sensor package assembly
(except the inner gimbal). The magnetometer is disposed in a gimbal that is set such that the
magnetometer sensing axis is either along the drill string axis or anti-parallel to the drill string
axis. A bias is obtained with parallel and anti-parallel measurements and used with the
inclination, tool face and the other magnetometer measurements to infer azimuth.

[0041] In further embodiments of determining calibration parameters while, for example,
determining inclination, a response model is defined for the system, making a set of

measurements along an orbit, and conducting an iterative binary search for the bias, scale factor
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accel eroneter in the inner ginbal, and oriented anywhere in the sensor
package assenbly (except the inner ginbal). The magnetoneter is disposed in
a gi nbal wbabiwes7eéet such that the magnet onmet er sensi ngPaxits2008/0ei4vher

along the drill string axis or anti-parallel to the drill string axis. A
bias is obtained wth. parallel and anti-parallel nmeasurenents and used with
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paramnmeters while, for exanple, determning inclination, a response nodel is
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accel eroneters used for downhol e vibration and shock neasurenent. [0043]
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responsi : I a: W S .l i nt,
{hor by el g e a0 SEipRi Rk e SMALETLA B HEIPRES: ST AT
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shi el di ng of the surve s.ensi)ii as soneti ES .occuLs due.nzfg ﬁrﬁsence of
magnet i'BAgREHGRErElS, wak As BN gy PRERshigs IMraghet neraatts fmBAAENgMitnat i te
in the [gpdd)! 'Dgrix’i%"@he {QQ44da1iBHkibA IthE NRa 28080 and AlrbRIAL bfOfRe dnfifedTBRMM fude
and direction of the anbient field is Known precisely and care is taken so
as to dewwnepredisgly ahécereiis taennwgaseto assimtthatf herenis emoomagrielie antedereniesr Ping t he

cal i brat, on. en Lhe | j.bratj.on Is ected to drift . considerahly .with
S, ubiiion SHh Idf-fRal aRD b8 THRSRASE SRedid Io niBRS AT
oper at itfifle, €erDat.a fie@atBperhtda) aﬁmr thapgRA vidh higl EiRERuS Wp¥aSn &Y€, aBAtYr
possible if the sensors can be calibrated in-situ, and in close tine

pr oxi mithan abeut hR0°tCacaraie pwagysi e palyaressiploldE strrerersd ibtateddnsithosed
herein It I Or . S ific sensor over a w de range of
angl es atrﬁg%%%]]o%ebe%rg gl%zﬁ{snl%g)lt}égtélglfsg‘%?%vf;?}rsut?‘?eﬁli axi s) accel eroneter downhol e.

| n songqoedd)odTimesrhisodimerss dgtlesabticsein ekt ¢rio pedsitle tosoriened spdcific deherseasor
packages and gi nbal i ng nmechani sns. descri bed herein effectively construct a
3- axi s v @ngmek areles|tf clibratecy siagle gisy(op paliraris) agrglestaets dviekd Be
determ , . 1 i ) .

i sal | g g T B B R Tpol R Bulifeh
or i ent ah¢chasismé degoibred bedbmogifeenivey candthuct a 3raxsaddcglarvamdterangl thisicase, only

deter morrllg %hinna%g%lng bltaE] %eerH l;seatlelte%%l%% ,tand two misalignment angles are determined. These

are the misalignments of the single axis accelerometer at its two cross-axial orientations. In
some embodiments, a third misalignment angle is determined, namely the misalignment
between the sense-axis of the single axis accelerometer and the drill string axis when the sensor
chassis has oriented the sensor to the position it has designated as the drill string axis (which
may, in fact, be somewhat off of the drill string axis). Since the magnitude of the earth’s
gravitational field is known, a minimum of two measurements at different orientations are
needed to determine the gain and bias of the sensor, and a minimum of two further
measurements at yet different orientations are needed to determine the misalignment angles.

[0046] In exemplary embodiments, a downhole sensor calibration apparatus includes a body
having an axis, and a rotational mechanism supported by the body, the mechanism including at

least one sensor, wherein the rotational mechanism is operable to rotate the sensor relative to
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bet ween the sense-axis of the single axis acceleroneter and the drill
string axis when the sensor chassis has oriented the sensor to the position
it has dewOgnwwmsdsas the drill string axis (which may, POTfiset9/o0ba7$onmewhat
off of the drill string axis). Since the magnitude of the earth's
gravitational fieJd is_known, a mninumof two neasurenents at different

ori ent Jhie8 hihasatlodnt o disreh Wﬂ@%%ﬂ%bﬁ Spsihp FRRRF fereneeistice and a
m ni MIRehe e pfa!dést. hefe MRATHAE FRBRIA! ma§tindlldd 81 8fer 04 deCdtBbI O ASouR iR
needed to éet ermne the msalignment anglfes. [0046] In "exenplary

enbodi redy saxisa addwnherser shassior suppdritdsr at itenoetpp aaget aisd iretetabldeaboat bodaxishavi ng

an axi s, ,and rotational chani.sm, suppor.t ed by. t.he bod t he chani sm
el udi dEoganal i BSHE A8l JgF IORHRTLIITRALSTY S ingHeT @ SREiiRE ST Ber abl e
to rotaf giﬂlﬁaﬁ%ﬂ&@éhahﬁhﬁﬁlhy ehclile fhhﬂﬁnéﬂgﬁrﬂ@ﬂ%@_&angﬁﬁ)poﬁélﬁinréhﬁ%iaav@{o
mechani sm may be operable to rotate the sensor in three orthogonal {gl anes.

The r otaatquesnigimbadc HhaPatar granpal may bejeotaigbly sepported heandictatiap fethgbedy. thee body
axi s, . sor chassi arted i e gewa r t abl,e, about
b L R e L N R R
gi nbal iaagorivaekian ir&ponsVeesegbdib altie gn 58 eFNinSlot TRy acdeltrattkenn raphefongtarpal
rotatably supported in and relative to an outer g&i‘nbal. The outer ginbal
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include an orirentation responsive sensor. The sensor may I nclude an
accel erioctedern, magnagnetoneAesgcoat senwiri mayrdiee mouatedyowsido p#, ther ratational

combi nati on thereof. The rotatjonal chapi sm nay contain a second sensor.
The fi rfg?C%é%lﬁ‘%‘orA ey A dE Rl 68}9881%&08 "t%‘n‘tera"r%etaﬂé r%t%t&'alﬁd‘g%r‘i oP° y

i ncl udex@ "MRGARH ARRIE may"beS Ri60MAEd SANARO roufé?)éaé’heaﬂ@w?&tﬂqe Qb e b@ﬁy bhg,
rotational mechanism A“second sensor may be nounted on the outer” cage and

r ot at abVieergibahe se¢rmdbauly thasdi sensgystinglnde senstetionragnshive nwostre ¢adn havieg cut er
cage and rotatabl e abou{ tt he bod$/t axi wher eidn t e cond and third

sensor STHY JiE SFPRFATAL B0 edlTPrve C¥nsBrldedth TV HE R JBHsi R %Sxi s

or t hogah@dnefothe@e ARALEHRS; orldBomBiEANch MBfEot. NIAr bcSRNSDES MBY bé MEJudetd on
mgnetomters,ngyroscopes, or a conbi nation thereof. A second sensor may be

mount edheputehgimbal and rgfatebiel abawicdhe bedataxi. e Higuentonsatbeynauries onahe piterd
Sensor %Xalbgnﬁ&%&@ ﬁ%uI g pﬁ&fr 2 WhdleiR Rl r&gﬁ& a1 AR Ohsdrf §n P
axl s, %% anf r& Fu

erern e secon | sensors 1 nc e orfirentation sensitive

sensor soreattiomsansitige sersenRsacighaxiGa enbing@eRalrthbgomane @arahbéer. Theesesariond
and third sensors may i.nclude rraqnetorret ers, gyroscopes, Oor a conbination
t her eofandthisd seoBy MahdBdPde MRENGIAREIGHe SYIOPERPED Y @ SoppBRtioh s Thy

rotate gngf '&ﬁ&s@?u  frcRilde tr&ﬁaﬂgl? E?@o?t%&hbér@ fo QShdd Qag&ﬁg% s Sof dldIGeGNSOr

chassis may I nc a gear, the gear 1s rotata coupled to a
second apestrthe witergonnl dxive Peaessor niedssid enaynh@ndeoc gdangyhdoan éheegbagsapmiabiyher ei n

the second gear i coupled o 3 shaft, pnd whersin the,shart ineludes a
second gear is coupled to a shaft, and wherein the shaft includes a second sensor mounted
thereon, wherein the shaft is rotatably supported by and relative to the body along the body
axis. The gears may include a gear ratio of 2:1 to provide a corresponding three-dimensional
orbit of a sensing axis of the sensor. There may be multiple different three-dimensional orbits.
The gears may include a gear ratio of 6:5 to provide a corresponding three-dimensional orbit of
a sensing axis of the sensor. The rotational mechanism may include an internal helical track to
receive the sensor. The sensor may include guide rails to mate with grooves in the helical
track. The sensor may be movable along the helical track. The helical track may guide a
sensing axis of the sensor about three orthogonal axes, in three orthogonal planes, along a

three-dimensional orbit, or a combination thereof. The rotational mechanism may be operable

13



t hereon, wherein the shaft is rotatably supported by and relative to the
body al ong the body axis. The gears may include a gear ratio of 2:1 to
provi de awoanreaspisadi ng t hr ee-di mensi onal orbit of a sem€irrus2@nioss40d t he
sensor. There may be nultiple different three-dinensional orbits. The gears
may include a gear ratio of 6:5 to provide a correspondjn ) .

t hr ee- dP TENSi DITAFNG ARIStOT e Ssidlp ag%?%-ﬁwenéwaals%ﬁg-o?ﬂhe-grhr@e-flafl%ﬂsw&ﬁlm
mechani 36k FRY bk A48 e drekpiRE RA gdieldieal track to receive the sensor. The
sensor may ihclude guide rails to nate with grooves in the helical track.
The serd86471nmaln dxempbwpbindodinenty, 1 ldewhkdle serisot cabkationhppimetus gadludes actkolmay

gui de ensing axis of the sensor out three orthpgon axes, .in three
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t her eofrelafifierortRd bl BRB thERENBAIng MmdMB¥niAf FABRE altlRli: D) RerdiBBATotifledtd S Of
t he sensor along a three-dinensional orbit. The three-di nensional orbit may
be adj uBt &l dorly anégpleiable tekitize dedhe gt bedy poou the tael deevpkirapdeibivarirent s,
a downhal 6, SENRR. 68! AT 8NP0, RRRALAL Y5t RGBYRER SR IR YuBRY AR A
axis, and a gln?baﬁlng mechani smrotata fly coupeilng a’frrst sensor Into and
rel ati uetaten deheing ack obd@YirstisErgogatvhahi ngs sriespanilsontetsdlbety hxicl Thk gean
outer ginbal coupled to the tool body and rotatable relative to the tool
body ab@dtovtai&inbys mpyde awpkansaeslynfotniabler Yiensasing axigiohifigy seper mayshe
sensor Andqr bl A& GiflAlbYR ot NsiRod (PRENAM ddBneULRS ol Wibals O
rotate a senas(lgl% afes 121‘6 the foitfrtst s?i};nsorta@oultO an tax{?lél ordt%lh%gorrr%ﬁ1 0 the
t ool bddterlackisg gehinemayhecovpid tetween thg imbal and water Bentsil miTHeaimeodshgnsional
rotatabl e. The sensi axis of first sensaor. nmay be noved along a

t hr ee- A PEALY eﬂdﬂsfag?et R PR sFar B Y Bl bR & Minét L seer

gi nbal synay BE €hbREK DY (9EBLEr TRALADE &%%Iﬁdséﬁ%ﬂ"@ﬁ? HeBolitBE Tap & Fropt Ry

gi nbal s. "The three-dinensional orbit may be adjustable in response to a
gear r atiinbalgfg mhehanistrer [The keqoyd gemsos is Moyacdim sehafbroypdsd tvethargimbalihgon t he
out er qign‘%al.. A second sensor may be nmounted apart fromthe ginbaling
mechani 8 < TH&" second sensor is nounted on a shaft coupled to the ginbaling

nmechani[e0as][ ORA&Emb ¢ ¥@BBdialelts ST RREHTRITIcalibrat ne i etk edtionatipdhalé Bhsan
orientation responsive sensor includes |owering a tool body including a

gi nbal iingjueascleaniisgnar ohtbary yndudipera Bingpaling raechamisrat fogable sppresting theensor
By R e N R e
usi ng tthee @rthbgdnahgkeswsing mhesgintbalin®dtienishe Tensethod fuithed éeclatet heoigg Hal
pl anes. The nethod further includes using the ginbaling mechanismto nove a
sensi nIBRIGNSMOENBISEL Hy Bty Bh§CHOT Hr Buen RERRIOBAaPaetshi The meghod further
RS i A e T S i S L T
di r ect idimsnsionaboibgntlat itloas dintkaisioanlerii8 Mhag egrse thsecapatutlly ditlgohalel@rectidngal | y
ort hog%lalftipﬂ:i Eh?gé—hi%%siggz}i (I)rrl;')?tls unqu %ross the three mutually orthogonal directions in
orientations that are 180 degrees apart. The three mutually orthogonal directions may include a
tool body axis and two directions orthogonal to the tool body axis. The method further includes
adjusting the three-dimensional orbit using a gear ratio. The method further includes rotating
an outer gimbal relative to the tool body, and rotating an inner gimbal relative to the outer
gimbal and the tool body to rotate the sensor. Rotating the inner gimbal may include moving
an inner gimbal gear along a stationary gear. The method further includes moving the sensor
along a helical track. The method further includes orienting a sensing axis of the sensor
orthogonal to a tool body axis, taking a first measurement with the sensor at the first
orientation, re-orienting the sensing axis to a second orientation orthogonal to the tool body

axis by rotating the sensor using the gimbaling mechanism, and taking a second measurement

with the sensor at the second orientation. The method further includes determining the bias of

14



tool body axis and two directions orthogonal to the tool body axis. The
met hod further includes adjusting the three-di nensional orbit using a gear
rati o. Thwormetonsdssurt her includes rotating an outer gi rbaluSc@oati4«we to t he
tool body, and rotating an inner ginbal relative to the outer gi nbal and
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al ong the three-di nensional orbit. The nethod further "i ncl udes taking

measur eneint s The ntnﬁtlmduéllr@newmﬁuddaeweemm motahing ehwnwg inebidse refating avdi s
al ong the thnﬁf $e qa Qr r bi.t tThe thod f rthe{ i ncl udes t aki &
measur diEATS T A" éna§8?1 aF C\E\B?”P% g8l EE‘H’& PHLALERS aﬁﬂlg&?aéur?@eﬁ‘is Jctete
posi ti GRS aéde@i@méibeatd iR enai BT GN A Ghfdilthneoll§ d¥RIMATnd b Il@hadiCAndes
wherein rotating the sensor includes rotating an accel eroneter and a

magnet cfﬁbbreﬁoru@ﬁrﬁgletelffeu@ngrﬁw magpurAsesiini $he mediadniyrtherainaludererternminins a he
accel er, §£ﬁ%§er m%ﬂc ;fegﬁslg%ﬁ{he&e?é}ﬁﬁﬁﬁ BN cifaiuh t%ﬁcgﬁl%%% i¥rafSH ﬁ%:g}nglfﬁbg M g

inclination an I'on parane ers using measur ene
f urt herméthed Udakerd éicbudet Ndel@mAnih@ohn fadeuthi @iuhiltamslgzl withi dbtedeinigitie ng
t he |ncI|nat|on and_the calibration paraneters. The nethod further includes

det er milAfIHgtiah the ¢alibiasion ipaameigie 34 M tapkiac el I??FtﬁP% guthseinchees wheebn, the

cal i br r t C
mherelﬁ%%g?%P?ﬁ%H§%g&ggﬁgggmﬁﬁéFﬁgg%k%%?gfﬁﬁg&%gEéggiﬂégéég%ﬁﬁﬁgkng he
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si mul t aneously determ ni.ng_an inclination, and c atio araneters usin
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tool face simultaneously with determining the inclination and the calibration parameters. The
method further includes wherein rotating the sensor includes rotating an accelerometer using
the gimbaling mechanism, taking measurements with the accelerometer, taking measurements
with a three-axis magnetometer mounted apart from the gimbaling mechanism, and
simultaneously determining an inclination, tool face and calibration parameters of the
accelerometer using the measurements. The method further includes determining an azimuth
using the magnetometer measurements simultaneously with determining the inclination and the
calibration parameters. The method further includes wherein rotating the sensor includes
rotating an accelerometer using the gimbaling mechanism, and taking measurements with the
accelerometer. The method further includes taking measurements with a magnetometer

mounted on a shaft coupled to the gimbaling mechanism. The gimbaling mechanism may
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tool face sinultaneously with determning the inclination and the

cali bration paraneters. The nethod further includes wherein rotating the
sensor i neDrdegsr@sati ng an accel eronet er usi ng the gi nipariusgoomwetsani sm
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i ncl udes determ ning an azi nuth using the nagnetoneter ‘neasurenents

si mul t anemasimetariand a ggtoseapenilhg outaegimbel inppainchile ahidast veo oaéntitroamtsenmtive

paraneters. The nethod further includes,whefrein rotatjng.t sensor

P Re Lacem i el e aPark L 8 G R e Rrioehin SRR e

t aki ng JeRSnBAEM SaMhs At AR tReGRéRuCARAG Mt diff@ediREBAE M STBE ol iBRhitieS
taki ng nmeasurenments wth a nmagnetoneter nounted on a shaft coupled to the

gi nbal isagsivecteastrsmThriéffgemtriiontagoneanabiesibrogiase ape  dRe inatiead Girthiral
retaini;ng yhe; aGELLEr y”Eét%y%g a%’lnaﬁ}aﬁ{;n,gi {BAach ”a%h%‘ékéi&o&%t %51%}&?411' on
sensitive sensor. e orientatPon Sensitive Sensor may 1 nc ude “one ot a
magnet gieintteranging thy iesse@aentsl NEhO uieBiodgiuithed intlyled adibLidias ake bRASE tHeno
orientatjon sensitive sensors having sensi lrﬁ@axes ort hogonal to each other.
The met®HEat4I0R tAEHIVE sNsaesing Shampdyranratso (kermghethrthgiaclodss IRGTHRE Aeast
two ne tdiff: i t he - qhi eF i | Live
e e SEUGATEON 2 S Lopb L Lo e SR igBfRIL e
furt her[0040]1 udade spenifi¢c ambodigleyts davebaemshvgynamd deskribeal inemnljficatidodanf tec e,

and accel eroneteyr. calibratio araneters using.the asurenents. T nmet hod
f ur t hermRAD e SRS PG o o HeleBiELe it B SRS Aeaigat Sunyetos: Tensor s
usi ng tgABASIK 89BBISibed AR Qﬁe&ﬁ}@z@yfdﬂ} hgd ak@%ﬂﬁﬁﬁiﬂg’.‘f Mz{n‘y“i&rﬁﬁoxﬁzhr{@t h

using the orientation sensitive sensor” neasurenents, the inclination, and
t he t oohodification§ @0 40}sitly nhdars pathiif the seersaditheinyentivay el dgerimgdh divnscapaiof

described, nodificatio an_he mad one, skilled [.n.t t wthout
dopar t s B b PP Fo BMer a5 0 B il [ B Sy ablstn Pihe s s
descri elow! e S6PEBE Rhih SRHINinA0EE AT &uilentsi dTiiid saBjectYBitier bRtk @laiR)S and

nodi fications are possible and are wthin the scope of the invention.

Accordingly, the scope of protection is not limted to the enbodi ments
described, but is only limted by the clains that follow, the scope of

whi ch shall include all equivalents of the subject nmatter of the

clainms. CLAIMS What is clainmed is: 1. A downhol e sensor calibration
apparatus conprising: a body having an axis; and a rotational mechani sm
supported by the body, the nechanismincluding at | east one sensor; wherein
the rotational nmechanismis operable to rotate the sensor relative to
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t hree orthogonal axes. 2. The apparatus of claim 1 wherein the rotational
mechani smis operable to rotate the sensor in three orthogonal planes. 3.
The apparwousioafs7assai m 1 wherein the rotational nechani awiuseéamdest7an out er
cage rotatabl e about the body axis, and a sensor chassis supported in the
outer cage and rotatable about an a¢ thogonal to the body axis. 4. The
apparatus of claiml1l wherein the ro ion mechani sm conpri ses a gi nbal i ng
nmechani sm Swhiitiechppat gt us of claim4 vvherei n the ginbali ng mechani sm
conprises an inner ginbal rotatably supported in and relative to an outer
gi nbal .1.6. Thédowphrle senser eAlibeation appargiis COMATISIRE outer ginbal is rotatably
supported by and t e dy. 7. The apparatus of claim5 wherein
t he i nner gi nbal Jlﬂggr}fla\éegaﬁa%gé containing the at | east one sensor. 8.
The apparatus of actoaationil wieelaisin tshm)cﬁtedllgaﬁie gy, genmechanaip iichelngat
orientation responsive sensor. 9. The apparatus of claim8 wherein the at

| east one seffShPRCHRING ses an accel eroneter, a magnetoneter, an
inclinoneter, a gyfQSAIRE rot@fiordl GRERANEH 119 Bpdibie &8 frotafthe KofsoRROBARAL 145 Of
claim1l wherein the rotational mechani sm cont alns a second sensor. 11. The
appar at us ofthmbarthogcmaim@sel n the first sensor conprises an accel eroneter

L wher & o e ARE TR S S O SITE BEHRET B LTI MR sm

13. Th%egéa,pﬁ{@,}&sorgfoggﬁgglpmngsmher ein a second sensor is nounted on the
outer cage and rotatabl e about the body axis.14. The apparatus of claim 13
wher ei 3-a t Kihecrpperasisr ofi dlaimp dnvketeiorthe hetationad mechgeismnaciudesarmbiier atgsut t he
body . Dthapialcel B!y S0 A AU PLALSRIBRIRATRIRE b€, SLLeRhILitl.
sensitive sensors ortho 16 dther
The apmbaﬁam&xﬁﬁorﬁio@bmllétMﬁglamst he second and th| rd sensors corrprl se
nmagnet onet er s, gyroscopes a conbi natign thereof. 16. The apparatus of
claim# Mer@erﬁp&a@é@oﬁdc gl@héowhqrgmrfha AelgHoR m%a@ameqongp%a gimbpaling
rotatah] erabout the body axis. 17. The apparatus of claim 16 wherein a
third sensor |s nounted on the outer ginbal and

5. The apparatus of claim 4 wherein the gimbaling mechanism comprises an inner

15.

gimbal rotatably supported in and relative to an outer gimbal.

6. The apparatus of claim 5 wherein the outer gimbal is rotatably supported by and
relative to the body.
7. The apparatus of claim 5 wherein the inner gimbal comprises a basket containing the

at least one sensor.

8. The apparatus of claim 1 wherein the at least one sensor comprises an orientation
responsive sensor.

9. The apparatus of claim 8 wherein the at least one sensor comprises an accelerometer,
a magnetometer, an inclinometer, a gyroscope, or a combination thereof.

10.  The apparatus of claim 1 wherein the rotational mechanism contains a second sensor.
11.  The apparatus of claim 10 wherein the first sensor comprises an accelerometer and the

second sensor comprises a magnetometer.

12.  The apparatus of claim 1 wherein a second sensor is mounted outside of the rotational
mechanism.
13.  The apparatus of claim 3 wherein a second sensor is mounted on the outer cage and

rotatable about the body axis.

17
SUBSTITUTE SHEET (RULE 26)



rot at abl e about the body axis, wherein the second and third sensors
conprise orientation sensitive sensors each having a sensing axis

or t hogonalvotoimseosanot her. 18. The apparatus of cl ai m 1Pcwniuse@vnedsne second
and third sensors conprise nagnetoneters, gyroscopes, or a conbination

t hereof., 19...The apparatus. of ,cl.aim 3 rein the sensor chassis includes
ot ati bl ST GIERBEREE 43 TR SE NG SRICLTGR PHEe Sl SPESRBlt ¢ he
or t hogoQahatdX iabout2fle HHAG ARDAWIRIIE tRE s6dcrdMnd WhEr fhork RBPERS QFichRASS S
includes a gear. 21. The apparatus of claim 20 wherein the gear is

r ot at alsepsitvuigsinsets cachshayinmomepngiag axispethogonal tppwraapthsr.of claim 2 1 wherein
t he ge C rise_ interlogking,, hevel.ed . qgears. .23, . The .apparatus _of. claim
5T Shelei n e BERBRE- Bbarind o, SENGHRT %0 enpt dng gl RRRGE UBpBlise

cl ai m 23ameesnedters! Heosbpés, of MEdBIBStiGh heeonNd sensor nounted thereon. 25.
The apparatus of claim23 wherein the shaft is rotatably supported by and

rel ati vio-t o Threappausaistaam: hwhersaa speprd sepgor iyprounisd andhe suist genbal aad 1
wher ei i a gear ratio of 2:1 to provide a correspondi ng
t hr ee- &D%e?%%élg%%; th%?%ia?a% "a sensing axis of the sensor. 27. The apparatus
of clailfi2 IThheperatstdfelgealGwhenpra tderdsegeals matnted oh the buteogiprhal bale a

correspondi ng i hree-di mensional aqrbjt of sensing axis of the sensor. 28.
The appgQriabs 2Butdhaiteay axke MeiereR fhe seond; B HecRs SRIMPERD PrERIatSH

i nt er Nalendigld &bor bAdhdving £EALKE akROrBESFRN to GR-andfir.appar atus of claim 28
wherein the sensor conprises guide rails"to nate wth grooves in the

hel i call& r ackhe 3Pparfitue appdeaiat U/ ofhertini the28eanindr endh third senssor cosipmeeabl e
al ong the hEOI i (%al track. 31. The .agtgar tus.of claim 30 wherein the heli cal
track JUPEREIOMEITS BIPREORSS &F {FOP AN EEbhout three orthogonal axes, in
three org hogpabprA0€Sf IANG FhéRie BredidiBAS tRASL AERUEs réhtichal QUPHdrAL 1 ON
t hereof.32. The apparatus of claim1 wherein the rotational nmechanismis
oper ablracmberainrtaic g sensingpxaxeithe sensercabouhithe orthpgamgl axis.nr ee- di mensi onal
orbit. . The t f claim wherein th ree-dinmensional orbit is
i ust e 1 e @BRANEY R LR i MMM E e ncor cali brati on
appar atals coriydpphiagis of clad@l20baebyeih @ ge@r Birorkdbsy caupttdao disedualdi gegr. mechani sm

rotatablzy coupling a first sensor into and relative to,
22.  The apparatus of claim 21 wherein the gears comprise interlocking, beveled gears.

23. The apparatus of claim 21 wherein the second gear is coupled to a shaft.
24, The apparatus of claim 23 wherein the shaft includes a second sensor mounted
thereon.

25.  The apparatus of claim 23 wherein the shaft is rotatably supported by and relative to
the body along the body axis.

26.  The apparatus of claim 21 wherein the gears comprise a gear ratio of 2:1 to provide a
corresponding three-dimensional orbit of a sensing axis of the sensor.

27.  The apparatus of claim 21 wherein the gears comprise a gear ratio of 6:5 to provide a
corresponding three-dimensional orbit of a sensing axis of the sensor.

28. The apparatus of claim 1 wherein the rotational mechanism comprises an internal
helical track to receive the sensor.

29.  The apparatus of claim 28 wherein the sensor comprises guide rails to mate with
grooves in the helical track.

30. The apparatus of claim 28 wherein the sensor is movable along the helical track.

31.  The apparatus of claim 30 wherein the helical track guides a sensing axis of the sensor
about three orthogonal axes, in three orthogonal planes, along a three-dimensional orbit, or a

combination thereof.
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t he tool body, the ginbaling nechanismfurther conprising: an outer ginbal
coupled to the tool body and rotatable relative to the tool body about the
t ool bodywexbmyosaosd an i nner ginbal retaining the firstpeensesosand79
rotatable relative to the tool body and the outer ginbal to rotate a

sensi ng,axi s,,of the first sensor about anp.,.axi.s orthogonal tq.the tool body
axis, 39 TreampAR SR LN he2 (PRI TBSHAER & Pt B o ar o
si mul t apREHShMs bPhekalbralods a tHB& dARRRIcARMSbRf Cl ai m 33 wherein the sensing
axis of first sensor is noved along a three-dinensional orbit in response

to rot @3 on Bfe epnardtmheof daith 34t whergimihe shregdimepswnalbperibiugdpstableainm 34
wher ei r%esi n}lgertlo%cl%iap%ﬁgears are coupl ed between the inner and outer ginbals.
38. The aﬂ?par at of "Claim 35 wherein the three-dinensional orbit is

adj ust Bl e i dbWERKE SErsbOcalibfifidh appdratds @dmphging:nt er | ocki ng gears. 39. The
apparatus of claim 36 wherein the gear ratio is one of 2:1 and 6:5. 40. The
apparatus of cl aiafrglbodyberiag apsisi aad ng a second sensor nmounted on the

outer ginbal. 41. T f i furt (.Sl d
sensor nount ed aﬁagip% ¢ ?‘g@ﬁ%‘aﬁ? nﬁgﬁaﬁw n@l@%gias%g ﬁégggﬁﬂégé‘ggé‘?%ﬁ‘ﬁiﬂ’gf
cl ﬁilgn} 39 \/\h&hﬁtob_lbdsﬂfy, mﬁamwha?sm?he@ms?ﬁaf t CO;JE| ed to the
gi nbal i ng nmechani sm : e .appar at us of _cl ai erei sensor
conprises an accel er orABtter gémgﬁ]g?fé]ﬂ’geﬁlet?em? t%q%raoax!apﬂaﬂtéiagh re&“@fﬁﬁ‘bé@ope,
or a conbi nation yhe@9bhott4he BolBidiORkiQbngal i brating an orientation

responsi ve sensor conpfising: lowerirng a tool body including a ginbaling
mechani sm rot at abl y swppongri gippbehestaning rihafirst sensos pod sota@bkarbtve tmthe a
subt erranean reservoir; androtating,the sensor relative to.three orthogonal
xes using.the oo gt et odas R SientiBy Sk of e FishistRer bRl
conpri si ng usi ng ghhisHriHdgbAl % MREHAMoaPhkie. rotate the sensor in three

ort hogonal planes. 46. The nethod of claim42 further conprising using the

gi nbal i33g neldisaavperstusooingein 32 sdreseinghexinst end toter ambals ax¢ eimeplgneously
t hree- diotg%rgfé onal orbit. 47. The nethod of claim44 wherein the
t hree- dP HENST onal orbit crosses three nutuall y

36.  The apparatus of claim 33 wherein the sensing axis of first sensor is moved along a

three-dimensional orbit in response to rotation of the inner and outer gimbals.

37.  The apparatus of claim 34 wherein interlocking gears are coupled between the inner
and outer gimbals.

38.  The apparatus of claim 35 wherein the three-dimensional orbit is adjustable in
response to a gear ratio of the interlocking gears.

39.  The apparatus of claim 36 wherein the gear ratio is one of 2:1 and 6:5.

40.  The apparatus of claim 34 further comprising a second sensor mounted on the outer
gimbal.
41.  The apparatus of claim 34 further comprising a second sensor mounted apart from the

gimbaling mechanism.
42.  The apparatus of claim 39 wherein the second sensor is mounted on a shaft coupled to
the gimbaling mechanism.
43.  The apparatus of claim 32 wherein the sensor comprises an accelerometer, a
magnetometer, an inclinometer, a gyroscope, or a combination thereof.
44. A method of calibrating an orientation responsive sensor comprising:

lowering a tool body including a gimbaling mechanism rotatably supporting

the orientation responsive sensor into a subterranean reservoir; and
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orthogonal directions. 48. The nmethod of claim45 wherein nultiple

t hree-di nensional orbits cross the three nutually orthogonal directions in
ori ent at iwo0tionstrosare 180 degrees apart. 49. The mnet hodpoi/usb@ons439 wher ei n
the three nutually orthogonal directions corrpri se a tool body axis and two
directions ortho%opil tg t he too tbodt\é @).r FO Tpe met hod tﬁf cl ilm 44
further conprisi ng248s Bi ¥ heE IHFe e RuPestmRl S¥ET #5108 Y %{mgéé?g
ratio. 51. Thenagkkod of claim 42 further conprising: rotating an outer
ginbal relative to the tool bod and rotating an_inner ginbal relative to
the outdd: giThsanethnd of hl@lmdélﬁlﬁg@ycotf@mmgats@&‘lhé gsebalg meghanisRetorfetafod of
claim A%ge\/\herel r ot ghég&afg Ldsnner gi nbal conprises noving an i nner ginbal

gear al on%erlsorl e(e)ﬁar gea 3. The method of claim42 further conprising

novi ng 46he SEfRSAEthed oNgain BE firdel compiding bdng THegimbhlgrimedhaalsai tmméve ir t her
conprising: orienting a sensing axis of the sensor orthogonal to a tool
body axFBSINg #Kp Ahthg SF‘?SPEﬁlOﬁé%EFF%‘I"?Hﬂ?nSWn@hOfPHe sensor at the first

orient g On’T}{eeIﬁlgﬁlb&%th Edq.gtﬁl?wﬁ% AR tﬁ%@esdlﬁlgnﬁo&?%%fjc&%ée@%é{ellﬂﬁfu?l%al i ng

ort hogonal to the tool axi's rotatin sensor using the g
mechani@thogenud diradtiong. a second rreasur enment W|th the sensor at the second

orlentatlon he net hod f claim52 rthe I’ISI determni ng the
bi as of4& he g@n’%’ﬁ&‘ gscifrfdalfrhé f"i’l?eé?mefﬁﬂlt‘QL‘; F@E%‘ B%nﬁ’é?s“ﬁnt ts. 56.

The nmethodagf o&ﬁc@oﬂaﬁﬁre\eﬁ&{ﬁh@nte}?ﬁuéﬁsrtﬁst a@@@s@@@g@éa ?a@ss axi al

measurenents are 180 degrees apart. 57. The nethod of claim53 further
conpri stng: T}E*fmcthedmf nlginh 46 veleemein tlge tix¢esmuimaly pithegbnel disevtians comprasead | el

to the t bod rotati 0 ng_ t he gi nbal i ng mechani sm
t aki ng Bqtqﬁ‘?d?'&x%@ﬁé 8%5‘5“%5Pﬁﬂg%oé‘agté’ﬁg%fooipof aégﬁ hird orientation; and

correctsong the hidibod Sfeaisith eI firthes icBfiptibiag Ridpssting Ghe Thee aahétbnaf ofdigi m 55
further conprising: determning a scale factor using a known nmagnitude of a

total fusslgh greatAiiced by the sensor. 59. The method of claim56 wherein the
field CSqrrp“lSne méalc}loch §F¢ S151 Phy futhe{‘ c?m&%ﬁﬁé] S

rotating an outer gimbal relative to the tool body; and
rotating an inner gimbal relative to the outer gimbal and the tool body to rotate
the sensor.
52.  The method of claim 49 wherein rotating the inner gimbal comprises moving an inner
gimbal gear along a stationary gear.
53.  The method of claim 42 further comprising moving the sensor along a helical track.
54.  The method of claim 42 further comprising:
orienting a sensing axis of the sensor orthogonal to a tool body axis;
taking a first measurement with the sensor at the first orientation;
re-orienting the sensing axis to a second orientation orthogonal to the tool
body axis by rotating the sensor using the gimbaling mechanism; and
taking a second measurement with the sensor at the second orientation.
55.  The method of claim 52 further comprising determining the bias of the sensor using
the first and second cross-axial measurements.
56. The method of claim 52 wherein the first and second cross-axial measurements are
180 degrees apart.
57.  The method of claim 53 further comprising:
re-orienting the sensing axis to a third orientation parallel to the tool body axis

by rotating the sensor using the gimbaling mechanism;
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gravitational field, the earth's magnetic field, and the earth's spin
vector. 60. The nethod of claim42 further conprising taking nmeasurenents
wi th the wensmwosmssl e rotating the sensor using the ginipariusgoogeedsani sm
61. The nethod of claim 44 further conprising taking neasurenents with the

sensor whil e novi t he .sensing axis.along the three-di.nensional, orbit. 62.
The met hod of cl &Qﬁf’%@%lffﬁlﬁ%ﬁu?%%m@itﬁ%% iarliéjhen@ggﬁpgﬂt&ﬁ?% A0t i nuous! y
with the sensor viik&idfme ird MEastRMSNPEsidXthe kisOng the three-di nensi onal
orbit. 63. The nethod of claimb59 further conprising taking neasurenents

wi th t 8. serdwmethod ef deispht ftheneomprisingig axis to discrete positions al ong
the t r ce- i monsi ongl 06Dl L O4,c Thg ) DAl ShA14D 49, CHIWART BQERE] S1 N0
ota er and a

. . ermining a scale fa
wher ei n rotatlng e Sse or conpri ses 1'ng n accel erone

magnet onet erpyuké fghsbhe gi nbal i ng mechani sm taking measurenents with the

accel eroneter and the magnetoneter; and _sinultaneously detern ning an
i ncl i n@% on Hdmetodiacletn Soarasstethe feldneprameseheth deask pBRt . thgrcarthife

met hod cl-ai ¥ =] r v, RG: | face

o mul ¢ SECAELRAT R, W LR e R e i bR cal brati on

par aneté® s. Ta. méthed net dlaich df fulthemrdtprding beking: orgpsuramens dettethd sdnsgr an
azi mut h sjnmul taneously wi th determ.ni n% the inclination, the calibration

par anet"@pls rolfae fhesengngusing the sigpalingmCERAMEHY of cl ai m 42 furt her

compr i §ng: MRChEHAA'AN Akin 34! ARNACESAIEATRIGRL ek QRS A AReglgONet er

usi ng the ginbaling nmechani sm taking neasurenents wth the accel eroneter;

and si miiteanedusg the sdasieg axinplogg dre threetdimandiomal artdt. cal i brati on paraneters

ing t ts. 68T t hod . of im65 furth isi
det er it ng HeBBFo1 281G ) PEREGEUTRYiAlRs Fkia BERRTPE Y REHER N o and

the calthdsabdonhiRAhsvRE McSsenfiflg adib alonB tioWrdRt difleadiohA drifit!r t her
conpr|3|ng:mhere|n rotat|ng t he sensor conpri ses rotat|ng an accel eronet er

usi ng t6le giThsamethgd rfctlaim Shhfurthi eqmprisirg) takifeh meagyrementp avifle dhe sanspiet er ;
;?ﬂ)g?iwgfgﬁes %%%qé% sgfnlg}r{l% a%isttg "f&rd ]i:)éssit%g rl?&n%r{‘ﬁé Blre B EAnARAE, Trom the
64 The method of claim 42 further comprising:
wherein rotating the sensor comprises rotating an accelerometer and a
magnetometer using the gimbaling mechanism;
taking measurements with the accelerometer and the magnetometer; and
simultaneously determining an inclination and calibration parameters using the
measurements.
65.  The method of claim 62 further comprising determining a tool face simultaneously
with determining the inclination and the calibration parameters.
66.  The method of claim 63 further comprising determining an azimuth simultaneously
with determining the inclination, the calibration parameters, and the tool face.
67.  The method of claim 42 further comprising:
wherein rotating the sensor comprises rotating an accelerometer using the
gimbaling mechanism;
taking measurements with the accelerometer; and
simultaneously determining an inclination and calibration parameters using the
measurements.
68.  The method of claim 65 further comprising determining a tool face simultaneously
with determining the inclination and the calibration parameters.

69.  The method of claim 42 further comprising:
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si mul t aneously determ ning an inclination, tool face and calibration
paraneters of the accel eroneter using the neasurenents. 70. The net hod of
cl ai m 67 wonotwis7asenpri sing determ ni ng an azi nut h usi ngctrhusomgnatonet er
measurenents simnmultaneously with determning the inclination and the
calibration paraneters. 71.. The nethod of .claim42 further conprising:
wherein rotating rellh FGHng S SPISAE CPBPHETSniptalieatt &f %ﬁ%‘?g}) ‘ﬁgignglet he

gi nmbal i ng ne%ﬁ@ylﬁglm@ﬂgﬂgrﬁki ng neasurenments with the accel eroneter. 72.
The nethod of claim 69 further conprising taking neasurenents with a

magnet omet er nountakthgomeasusants withy Hleedcelerontetergi nbal i ng mechani sm 73. The
met hod of cl aim 69,wherein the ginbaling nechani smconprises an, i.nne

gi mbal retaining FEBEITY U AR R PR G RO TOREED APy AR the
orientation gpmdlihkWchRO§A!and74. The nethod of claim7 1 wherein the
orientation sensitrve sensor conprises one of a magnetoneter and a
gyroscope. 75. Theimpdteheishf ddtermining 1 aphéndingtieme toelt dicyyi anshl calipedtiges at

| east two or{?%ha&%%irsoglnfetﬁ?e]g%ieiigrgFt%le@%&FEﬁ%/i&gm%g@_si ng axes orthogonal to

each ot her. e 0 ai rther conprising rotating the
outer gi7obal Thadnétakd g elhinh 6675 tuthv® BRASisgTRIBIcSmAtingliahf efigmnth asingnthat i ons
of the orientation sensitive sensors. 77.. The nethod of claim 74 wherein
the di f MegRFOMEier Sneasiresfaitsy sEnuliamegusly cwidh dpjermining then mchpatinyg a8 beai m
74 furt P& AesthQS! Mul t aneously determ ning an inclination, a tool
face, and accel'eroneter calibration paraneters using the neasurenents. 79.
The net fibd ofThe hethod 44 claimtdlefnrth@rgpnipsising: cal i brating the bias of the
orientation sensitive,Lsensors Uusi n% t he nmeasurenents. 80, The net hod of

claim 77 further SORSHT ARG Mo PeAl CAmPHESSS Mgt dotahaoneice Asime; b
sensitive seps,iBAReh&T®A sha the inclination, and the tool face.

taking measurements with the accelerometer.
72.  The method of claim 69 further comprising taking measurements with a
magnetometer mounted on a shaft coupled to the gimbaling mechanism.
73.  The method of claim 69 wherein the gimbaling mechanism comprises an inner gimbal
retaining the accelerometer and an outer gimbal including an orientation sensitive sensor.
74.  The method of claim 71 wherein the orientation sensitive sensor comprises one of a
magnetometer and a gyroscope.
75.  The method of claim 71 wherein the outer gimbal includes at least two orientation
sensitive sensors having sensing axes orthogonal to each other.
76.  The method of claim 73 further comprising rotating the outer gimbal and taking at
least two measurements at different orientations of the orientation sensitive sensors.
77.  The method of claim 74 wherein the different orientations are 180 degrees apart.
78.  The method of claim 74 further comprising simultaneously determining an
inclination, a tool face, and accelerometer calibration parameters using the measurements.
79.  The method of claim 76 further comprising calibrating the bias of the orientation
sensitive sensors using the measurements.
80.  The method of claim 77 further comprising inferring an azimuth using the orientation

sensitive sensor measurements, the inclination, and the tool face.
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