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UL ULAR AXES OF TWO THREE-AXES SYSTEMS.
v Imwﬁ:‘: Webg, Ad?i;istrﬂe‘_ r of the g:!espedm fﬂ'ﬁ'
©.  mawtics and Space Admiinistration, ‘with respect to_an
" invention of Herman E, Thomason, Charles E. Lee, and .
Richard L. Moore, Huntsville, Ala.. .
" Filed Feb. 20, 1963, Ser. No. 260,087

-~ 12 Claims, (Cl. 235—-15028)- -
This invention relates to electrical and electro-méchan.
+-ieal techniques for tsigonometric computrtion and is par-
~ticularly related 10 a ‘system of resolving the difference
.. between two sets of three-axes coordinale references and
.. 7 for previding clectrical voltages and control apparatus.for

- bringing the coordinate references into coincidence,

. Itis an understatement to say that long-ranpe missile
- guidance systems are al best complicated, costly, and de- -
.. manding of cargo space and weight; and, unfoitunately,.

these unfavorable factors appear 10 be following a trend
:of increase as demands for both accuracy and versatility
* dnerease. While substantial versatility, as it relates to vehis
. €1 maneuverability, is an established technique in the
. $ield of short range, remotely controlled or guided mis-
<" siles flying ot a speed of a few thousand miles per hour,
- - this same versatility is not known to exist in the field of
.. Jong range, purely inertially controlled, missiles or space
- wehicles traveling many times as fast. T
7., Most cflorts in.the past which have been devoted to

.. ineraal guidance in missiles have been concerned with 30

.- pavigation between two points, normally on caith, with-
... the trajectory between these points being within 2 single

= plane. We are now faced, however, with projected flight
/- ‘missions much more complex, as evidenced by current

;- space programs that involve flights 1o and between orbital 35
positions and in which thé demands for precision of -

- - maneuvering have grown enormously, .
o0 I ds thus an object of this invention to provide a new

< and improved trigonometric computation ‘assembly and
- overall guidance sysiem employing it, capable of render-
-, dng precision guidance for the most sophisticated of space
flight missions, and, with a remarkable simplicity in com-.

40

| ponent requircments. 07 e ~ o ‘

' "This invention is, in general, directed to the solution
+ -2 of bringing the three perpendicular axes of two actual
-7 oront actual and the other computed or imaginary, three-
. -axes systems (er frames) into actudl or computed align-
-, ment. The context of discussion is an incrtially guided
.. spact vehitle. Ope of the three-axes systems in accord-
.- _ance with the invention, is the body of ihe vehicle itself

. 2s oriented with respect 10 a stabilized platform assembly

ich a platform is held in an inertial posi- .

3

4

. (P system)-iw wh
. tion- by virtue of four gimbal suspensions, the outer
" suspension being contained i and affixed to the vehicle.
Three of the four saspensions are about axes which are’
- munally perpendicular ard the fourth suspension is abour’
. ‘2n axis which is redunéant with respest {o one of the other .
. three axes, The gimbal angles of the gimbal suspension
- thus indicate the actual attitude of the vehicle with respect
7. a stable reference source, the platform. An example 60
- of the other threc-axes system is a computer providing
-as outputs shaft positions corresponding to the apgle
"which the axes of an imaginary three-gimbal suspended
" body (e.g, an imaginary vehicle positiored it & pro-

- grammed position) would bear with respert to the axes
. of the stabilized or inertial platform, Aliernately, the .
" compuier would provide electrical analops of these shaft -
1t is a particylar feature of the invention that alignment -
~error signais, indicating instructions for a vebicle antinde
contrel, bringing the M system axes of a8 actual vebicle |

7
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*_to the vehicle attitude control systein appropriate to cause .

position with respect to the platform are in coincidence, .

_ chain in which two sets of simultancous computations.are -

v differing in frequency and by selective

by the former, " -

* description when considered together with the accom-
- panying drawings in which: - o

" ment of the invention;
- FIGURE 3 is a schematic illustratio
,-navigation computer 12 contains conventional means for

_ sentative of the trajectory 3 space vehicle 14 is to fiy to”
" .accomplish a given fiight mission, These signals

¢3 Simbal angle fey, (pitch limited) »nd gyro servo system

 nztion of gyro stabilization results in platform 24 being
‘maintained with its coordinate “P” axes ¥, U, W, i o

" 8py, in a steady state condition,

to cach of the seven angular iiputs ffom 2 program
computer (3 inputs) and stable platform (4 joputs). B - 0}
“was discovered that one excclient mode of resolver intep- .
connection connect the resolvers clectrically in sevies apd -
the computer driven resolvers precede electrically, the -
platform driven resolvers, with the order of computer
resolvers being chosen irverse to the order of octurrence. -
of platform resolvers. Order of resolvers in this instance |
- refers 1o order of like gimbal drives to the resolvers as |
will be further discussed below.  © ¢ . . Lo
At least one reference voltage is applied to the input
(fisst resplver) of a resolver chain and the output of the, -
chain contains three signals representative of instrictions

the vehicle to move an appropriste amount aboit a cor-
sect single axis to bring the vehicle in one maneuver to
its commanded positien. This will correspond to that posi- ©
tion. in which the basic gimbal axes anglés of & stable plat.
form with respect to the actusl vehicle, and a. computed

As a further feature and embodiment of this invention
all’ basic computation i§ obtained by a single resolver -

made by injecting through the resolver chain two signals
gin ty recapturing them
1t the oulput of the resolver chain, . e
A still further feature. of this invention is the mode i =
. which one redundant’ pimbal of a stabilized platform as.
sembly is controlled fo maintain 2 zero angle position of
the other redundant gimbal, This is accomplished simply
and accursicly by a servo-loop between ‘corresponding
_axes of the imaginary gimbal system of the computer and
one of the redundant axes of the stabilized platform gim-
bal system in which the latter axis of rotation is controlled
“Other objects and attendant sdvantages of the present’
invention will be apparent from the following desailed

illustration of 2n embadi-
FIGURE 2 js a graphical illustration
.operation of the invention, and

FIGURE 1 is' a schematic

of 2 feature of -
on of a sine-cosine
resolver circuit in accordance with the invention. |

Referring to the drawing, program device 30 of overall
providing 'on 'a_continuous basis electrical signals repre-

_plied propfam computer 18 of navigational bammétzis'ng»
together with signals from accelerometers 18, 20 and 22,
attached to stable platform 24. The accelerometer signals,
after appropriate integration, provide signal information
representative of the location ia space at any instance of
vehicle 14. Stable platform 24 is suspended by a four
gimbal suspension system to fixéd supports 26 of vehicle
34. Platform 24 is gyro stabilized in a conventional faate
nar with gyro stabilized servo systems 15e, 155 and 15¢.
As illastrated, gyro system 15z drives platform gimbal - -
anzle 8, (roll), gyro servo sysipin 155 drives platform ™

15c drives platform gimbal angle 8, (yaw). This combi-

fixed or inertial condition. Platform angle 8o (outer..
pitch) is Sriven in a hanner 1o'be described to raintais

Frogram computer 16 detepnioes from the sigoals ap-



' “$4 should display at that instant for » successTul Hight.

oy seeasbrement, as indicated by a pavigetipn prograr from
- program dévice 19, computer 16 computes af sppropriate

© . shis discovered grivr during the balande of the fight.

- “This computed attitude may be considered in terms of

angles X, X, and X, defining the orientation of com-

mand cpordinate frame “C” having axes of unit veciors

Z, X; and T, with respect to the stable platform inertial

. reference frame “P” having axes of unit vectors W, T and

Y. Angles X,, X, and X, are manifested by the shaft onl-

puts of motors 28, 29 and 30, respectively, which moters

arg energized by computer 16. Another appmach to the

unﬂerstaudmg of angles X;, X, and X, is to consider

them as suggested above as gimbal angles betwedn a

stable platform suspended by a simple three ginipaled

. assembly wherein the onter suspension of the gimbaled

< assembly is ariented to the correct or command, antitude
or ‘orientation desired of the vehicle, -

"' The angle between the reference frame O of the

correct attitude and the inertial reference frame “P™ is

.. - termed a Euler angle ard it is dcﬁncd in terms of the an-

© = . gular rotations required to- bring the two coordinate

#ﬁeﬁ&k&eaﬁm&,m@nﬂmﬂmw&,mﬂwm&f
" If 'vehicle 14 is not properly oriented at the ipstint of

"ﬁssas

attitade for vehicle 14 fo assuthe in oider 1o make up for

10

15

. sentative of any. difference in angular position between

, iramts into coincidence and the seguence of the angular

rotations. Here the angular rotations in their chosen se-

- guence are frst X,, sceond Xy, and third X,.
" The order of rotation of these angl»s, the anpular oul-
-+ puts, of motors 28, 29 and 30 is opposite to the order of
_eorresponding  gimbal angles of stabilized platform 24,
when counted from fixed moints 26 into stabilized plat-
. form 24, that is first about conventional gimbal or axial
suspension 32 (angle fop), sccond abost axial suspension

'32a (angle 8,), third about axzal -suspension 325 {angiz

#p1) and fourth about axial suspension 32¢ (angle 8;).
Seven sine-cosine resolvers 33 through 39 makmg up

30

35 .

o resolver chain 40, arc e!cctncai}y connected in scries, -

wth the order of shaft connections from the chain'1o
navigational computer 12 and overall stabilized platform
assembly 42 following the order of rotation of shaft out-
" puts of navigational computer 12, as prcvums}y defined,
for the first three resolvers in series, ‘and. the inverse {in-
. side to outside) gimbal order of the shaft outputs of
. stabilized platform assembly 42 for the last four resolvers
in scrms in resolver chain 40. Accorémgly, shaft angle
X, is_representative ‘'of a shaft position of resolver 33,
‘X, of resolver 34, X, of resolver 35, 6, of resolver 38,
8py, of resolver 37, 8; of resa}vcr 38, and 909 of msolvcr
: zﬂwhzse._‘ v, o : e
| 6;=Roll gimbal aagle '
. . Opp=Pitch limited g:mhax ang!e
i Bg==Yaw pimbal angle <
: tup-t)uzc; pitch gimbal angle -

£l put winding oriented for maximum coupling} correspond-

L ing to one of resolvers 33 1o 39, Resolvers 33 throngh 39

- are of the general type described in Marmner Patént 2,-

723,800 and shown in FIGURE 3 in which there are two .

. ‘stator windings {5; and 5,) at right angles fo each other
' and two rotor windings (R; and R,) which afe at right

_ angks to each other. A resolver and impedance match-
T gc!mnz,as for example, resolver 33 and xmpedanec.
<%, mostching elernent 43 make up a resolver element and
.o - there are, atcordingly, seven of such resolver elements,
... 43a through 492 Cans:denng one of resolver elements
43z and labeling the inpots of étator windings 51, S2, and
Ssandamgmafmwwmdmgs, Ri,Rz,andm an
. expression for the computations pevfmmed :s as fonaws‘

By - sine 0.
[tﬁffa;:gimﬁggsﬁﬁ@g:
+ EpamGEgn40Egt1Ey -

,,"_

*. " Resolver chain 40 also includes seven identical xmped« e
L ance malthmg elements 43 through 4% and each presents.
" & transfer impedance (from an input winding to an out.

40

.cycle alternating’ current source 66 1o a second stator
. winding S, of resolver 33, Still a third input, ‘representa-

1

8

. 8, input of resolver 34 and the R, batpm of impedance

09

o the 5, input of résolver 36, The R; output of fesolver

- 37 is connected through impedance
: "mﬁwS;mpntefmsnlverE?mdthck;eﬂmofN-"
 solver 37 is connested to the 8, inpmt of resolver 38

"s

"of resolver 35. Tracing the interconnections of resolver -

_is connected mmngh impedance matching elements 45 and

first alternatiog mmmt mm ai_ a ﬁaﬁ frequency
applied to Sa: . ' ' 2
&samﬁﬁ&mmﬂmm&am&j
cya W o s!’ . y
Exis a third input, applied to 8y, -
Emmaﬁmmumgmmt,nm.
Eps is a second mukmgmﬁput,atk.. g
Em is a third resulting output, at Ry. . ’
¢ is the anguler difference between' stator winding S,
 and rotor windmg Rz and between stator wmding Sy
and rotor winding Re.
Qrie requirement of the system of this invention is ﬁm S
ang!eeg,beheldtoazewmgk madystateconﬂma&.'
in accordance with the invention this is accomplished by ©-
miaintaining angle aap xdemxcai fo angle X, by means Gf
servo system 50. .
Servo system S0 cons:s!s of a synehm transmitter- §2
driven by motor 28 and is thus sligned with anple X,
applied 1o the rotor of resolver 33. An electrical output
of synchro trapsmitter 52 is applied to synchro receiver .-
$4 which follows gimbal ang!c Yop, and 2 signal repre-

synchro transmitter 52 and synchro recciver 54.is sup-
plied 1o the input of amplifier 56. The output of ampli-
fier 56 driven motor 60 which in turn drives gimbal sus-
pension 32 to produce coincidence between X, and eap..,
Tachometer 58 provides clectrical inverse féedback in
a cenvcnuonnl manner from the shaft of syachro re- -
ceiver 84 to amplifier 56 to damp the yesponse of serve - -
system 50 and thus enhanced stszhly. Servo systens 50.
is fed & reference alternating current signal in a conven-
tional manoer from source 62. ,

To examine the arrangement and operation of resolver
chain 40, a reference signal representative of unit vector
X, is applied to 2 first input stator winding 5, of resolver
33 and is supplied from 1800 cycle alternating current
source 64, A second input si'gﬁal w resolver chain 40,
representative of unit vector Y, is applied from 1600°

tive of unit vector Z. and of zero valueis applied to inpst
winding S, of impedance matching clement 43. The three
inputs form the input to resolver ciement 43a. y

The ontput of resofver element 43a is provided fram‘
output windings R;, Ry, and R, with wiadings Ry being
first and sepond rotor windings of resolver 33 and Ry
being an outpot winding of impedance matching e!cmeatg.
43, Impedance matching elements 43 through 49 are i
cluded as circuit element in resolver chain 40 whenever
@n output of a resolver is not directly fed to the next .
resolver in the chain; for example, the output of winding
R, of resolver 33 bypasses résolver 34 and is thus fed
through impedance ma:chmg element 44 to the §, input

chain 40, the R, output of resolver 33 is conpecied to the -

matching element 43 is connecied 1o the §; inpumt of resolv-
er 33, The §,;, 55 S3, Ry, R, and R; designations are
Iabeled only with respect to resolver element 43a as each
resolver clement i identical. The Ry otitput of resolver 34

46 to the Sy input of resolver 37 and the R, output of -
resolver 34 connectad to the §, inpnt of resolver 35, The -
Ry output of resolver 35 is connecied 10 the 8, input of - -
sesalver 38 and the Ry oitput of resolver 36 3s connected. -

3§ is conngcted 4l { impedance matching element 47 -
wﬂms,inpmofmoiversv.mk, outpmofmamt N
y im elesient 48

The R, output of resolver 38 is connected to the S
mﬁmlvnﬁmm&moimﬁwﬂ; Y




s conniited through impedance match oy
% a fesolver chain output Z, Resolver chain outpt X

. appears as an output R, of resolver 39, and outpnt T

- ’ ~apmﬂasanoa@p&ik§a£rﬁoiv¢r3§

The function of
program position of vehicle «sd:smt-cdbynawm

er:hma@t)xsmcmarethe

" computer 12 to-the acwal pusition.of .vehicle 4.5

described by the platform gxmhai angles of stabilized

platform assembiy 42 and supply attitiade’ ‘gomtrol 63 with-

the information that it needs to tum the Vehicle into
the. position dm:nbed by compatcr 12 at the’ sixaft outputs

of motors 28, 29 and 30. To undérstand the manner .
which. resolver chain 40 performs its function it is per-.

haps best to review the kinematics involved.

erence 15 wm nﬁ mtmans are yeferred aﬁat
The origin of M, C, and P are coiniident. .
Rci:mngmmm2shawmgmmﬁwu;
mﬂxnazesystcm.tew&mchainﬁumwm .
mpmenta&wc‘themzxmbemwumﬁ =
coordinaie systerus approprinte for attitede eanhﬁ -of

wehicle 34 to bring me M and C coordinate sys&ems inte. o
coincidence. In accordance with this inventibn the ervor
sigoals déveloped are representstive of the cosines of =
1o 2ngles &,.¢, and }. As illustrated in FIGURE 2, angle b -

xstheanglcbctmna:mdlmangkc:shsz. g

rect vehicle attitude is achieved when each of thaef .

First, a set of tariesian coordinates made up of umt 15 three angles is 90 d:gmes.

“yectors Nn, T end Z is constructed where, as illus-

trated in FIGURE 1, X: is perpendicular to the longi-
“ ¥ mﬁmal axis of vehicle 14 and passes through fin 1, T
- is along the longitudinal axis of vehicle 14, and

o Be=TeXTa |

and is the vector or cross product X, X T.. Rofativn
about Xy, is yaw, about X, is roll, and about Z, is pitch.
This is the M. or vchlc!e coordipate frame or system,

“and is iustrated in FIGURE 2. A second set of cartesian

coordinates makmg wpalor command coordinate frame

; - as illustrated in nav;gaucmai :ompmcr 12 is made up of
2 unit vectors X, Y. and Z.. In addition these unit vectors
Lo are "cpzestmed by refcrence’ electrical inputs to resolver

‘clemr:nt as pmkusiy smcd. Thcy are rcprcsemauve ai
: _ _— , , e

;&

>_~the axes af ﬁae emnmam! position of the xm«gmm:y ve-
S hicke described by navxgauon computer ‘12 and X, is
. through fin 1, Y, is along the fongitudinal axis and
2 _Z,:-:’chTg of the imaginary vehicle.

A third set ‘of cartesian ceordmates, flustrative of

" stable platform 24, are labéled T, V and W and make up

the inertial or P system. Tbc orientation of thesk vettors:

y ~;to an obsexvcz oo earth is established by the plaxfﬂna

erection system prior 1o liftoff. A likely orientation at

- some time {T), mrmhﬁoﬁ:suwmmﬂmzmthim,:
*- ¥ coincident with ¥, and W coincident with Zn. The
'_‘“P”sgmﬁ?‘i'mdi?};smsmvmm«f» :

e o

| . -siuxyt)&inxy

o ks 48s
| [coségp ~sinfgp OF} D - e

B s!n&op coseep 050 mss ~s$n9,,, slnam_ cosep,_ oy - ‘3 o :

e sin&x cesa,‘ o '9

:}; Wb:ch may be written as:

111

5aunnand Xy is in the ¥ or Y, direstion. To express the --
* accomplish this expression the fnﬁomng eqnamim -

cos!,ﬁsinx

Angular information relative to the m!atmn of the .
vehicle or M coordinate systém with respect to the P -
or incrtial coordinate system is applied from stabilized
platform_assembly 42 to resolver chaift 40. Examining

20 stabilized platform. assembdly 42 and starting from the Kp

inside, the gimbal angles are 9, {(roll), $py, (pitch hmmd), :

8y {yaw)}, and 85 (outer pitch). As stated above, pnm' £
to liftofl, T is= = Ve T=Tm and W=Zy Angle ¢, 88 | -
then about the ¥ and T, axes, 0s;, and 6gp are about -~ -

25 the W and /,,,,and&,:sabomthcvand\,am’rbe, G
- angle 8, gy, fgp and #x describe the relation that cxists ~

" between ‘the P or inertial and M or vehicle coordinate '

system or coordinate frame. From matrix algehm this

gp May be expressed as follows, wherein_ cach matrix i ©
fabeled in terms of the compondmg resolver ekmcm. T

X8 L j&_?_g Ma :
cnssﬂ. -stnap;_ OllcosE, n SIng LY

' -s:na,a coss.. w, i

o m az; g_s_,a
’°PH°* H""-} fer] 3;"

T!-cse matrices gwt the M coordinates in P. .

'

The three angles which are the output. of the n:vzgao.f et
tion computer 12 {X,, X, and X;) may be thought ofas =

imaginary gimbal angles of an imaginary gimbal system .
connecting the command position vch:ck to the plaﬁnm
as shown in FIGURE 1. -
. When the program is zefo in mmgatmu mmpuierlz,". ,
X, is m&eiw“’dm:oa,x,smtheﬁm\‘ﬂmv( o

P or inertial coordinate in terms of the € or aamm:md :
coordinates and in terms ‘of the resolver el A

mmalscbxaxsmm

and Z, and angle { is betwsen X, and Z,,. Coincidence -
_between the M and, C coordinate sysiems and thus cor- -




o] e flen ]l el

g0y ", ..5.& ....Q..—
esa e d tmg :
; ' : 'mbi'“ ot e

leose -casf

‘~wbcm, from ana!ym:nl geometry cosines g through & and

cosine & are the direction cosines bcchzn the 6 vectors

Ko Y.,,. Zeo X, and Z, and angle a is between X, and
K b is between X, and Vo, ¢ is between X, and Zp, -
'dasbetweenfcmd?melsbetmn‘i',and‘f iis

%ﬁ%ﬁ

Sdmgthmm#m}mmmnﬁmhmm
asfonows

20

between Y, and Zm 2 is between Z, and X, & is between -

' Z; and Tm. and k is between Z, and Zn. As illusirated

in the last equation, the top row of terms arc present in
the resolver chain output Xy, the second row in the ont-

put Y. and the bottom row in the output Zn. The first
column indicates that the terms therein appear at a fre-

: qucncy of 1800 cycles, the second column indicates 1600

cycle lerms, and the last column zero freguency terms.
 Referring to the matrix above and back to FIGURE
2, wherein it was shown that the angles of interest were

angles b, ¢, and §, it will be noted that —cos & is available.

at output T, at a frequency of 1800 cycles, cos ¢ is avail-

able at the output of Z, at 1800 cycles, ‘and —cos f avail-

able at the output Z,, at 1500 cycles. Output N is unused
© otherwise than to tcrmmatc it in impedance matchmg'
- resistor 67.-

Signal selection of the des:red cosine otputs is ob-
mmed by passing resolver output Ty through 1800 cycle

.. illustrated in FIGURE 3 for each two succeeding imped-.. © . o -

narrow band-pass. filter 68, a resolver output %, throngh A

1800 cycle narrow band-pass filter 70 and an output Z,
also through 1500 cyclc narrow band-pass filter 72.

" Accordingly, --cos b is now available alone at the output.
- of filler 68, cos ¢ similarly availabie at the output of filter

79,.and —cos f similarly available at the output-of filter
72. The outputs of filter 68, 78, and 72 are tben filtered
in filter system 74 v,!;ercm compensations for natural

mode vibrations of vehicle 14 are achieved 1o prevent:

undesired control effects in a correctiona) manner, Filter

45

50

system 34 is controlled in 2 known manner by vehicle -

charactem generator 76, which takes into account the
precise characteristic generator 76 togetber are not fea-
tures of this invention and are not mustramd in detail

Aher being filtered by filter system 74, —cos b, cos € - .

and —cos { signals are fed to a conventional veh:cle atti-
tude control 63, for example, the motor gm;bal control

" of vebicle 14 in which the —~cos b signal is applied as
a pitch ervor signal, the cos ¢ sagna! is applied as roll error-
signal and the ~cos f signal is applied a5 a yaw entor

sagr.ai.AssﬁowniaFI{}UREZ,ﬁmpﬁckm—msb

" _signal produces corrective rotations of pitch about vehicle

‘axis Zy, the roll-or cos c signal produces sorrective rota-

. tion about rofl axis Y, and the yaw or —cos f signal '

produces corrective mmamyawamﬁn.mml »

L alignment of the vehicle coordinate system “M™ with the
..~ command cobrdinate system “C™ is produced when angles

&, ¢ and f are precisely 90°, at which point; of cotse,

L %wmsaf&maﬂuwm&wommmmﬁm
" ‘corrective sommands are applie,

haddmcammmmmniﬁum

:'*mmeramd,ﬁusmvmﬁans particul adagtab:eto '
,povxdz innhex sym rehabaw my This

“achmmd by redundancy of computation through maﬁsng""

- the scope of the appended claims the mvcnugn may he

Z. of finite value and of a frequency other than that of .

X. and Y. The three outputs of resclver chain 40 are -
then filtered to achieve the following individual ontputs:

An X, output of the modulation of ¥, an X, output of =
modulation of Z,, a Ty, cutput of the modulation of X, - |

‘a Yy output of the modulation of Z,, a Z, outpst of the ~

modulation of X, and a Z, output of the modulation

of Y,. These individual eutputs repreent, in the order
listed, pitch ervor, roll error, pitch error, yaw error, roll . .~ ¢

error, and yaw crror. Thus, it will be seen that there. are

two outpuls representative, of each error signal and thus: -
if any ore of the frequency channels is interrupted due,

for example, to osciliator failure or a resolver wmdmg
failure, the system as a whole wiﬂ continue 19 fummon ;
y:epcrly. =

Itis also mss:ble to omit impedance matching c!emeut
43 and connect the %, input directly to the S, input of -
resolver 34, and to emp!uy a single resolver of the type

afce mamhmg elements 4549, In which case their shaft

positions weuld be positioned appropriate to provide the .~ ; AT
same coupling as in the case of xmpcdance matchmg ch-v‘i TR

ments 4449,

Obvmus!y, many modxﬁcatwns and variations of tlm

present invention ‘are possible in the Yight of the above *
teachings. It is, therefore, to be und::smoé that within -

practwed other than as specxﬁca&!y mw

What is clamed is: , P o

1. Incombination: = . o

(A) reférence means representative of 2 ﬁrst three—pcr- ,

pendicular axes frame; : T,

{B) program means mctuding: :

. {1) means rapresenmm of a semad ﬁ‘m:c—per'
peodicalar-axes frame having an origin mm:-
dent with the origin of said first axes frame; -

(2) first computatioh means for providing ﬁrst,
second, and third prografu outpifs representas
tive of the angular position and sequence of ro- -

. tatibns that the three axes of said second refer-
mﬁamcmmbcrﬂawdmwnghtoachkw

wmadenocof!ﬁmamcfwdﬁmandsewnd R |

axes frames;

(C) attxsudc following means connected to said miera 2
" ence means and including means representative of &~ -
thxrdwmc—pcrpend:mlarwsfmmehavmgu origin |

m@mwﬁh%mﬁmﬂﬁmuﬂmﬁ{ N
axes. frames; :

{D) inertially mbﬁm suspensien mam m&m ‘_” 3
necting said veference means apd said follow. -

mmmﬂmﬂa@gﬁmmmw o
fourth axial sismension mieans whe =
{1) said first axial suspcnmon
Msa&ummzausmdmmw'
' suspension means and provides a first axis of sus-
e mﬁonandpm&safm&sgmm




Mmﬂm@mmﬁsuﬂmﬂdnawﬁ

* " ond axis of suspension perpendicular to spid first

' axis of suspension and fifth designated foliower ]"_‘f:,-
. autput representative of angular wsxtmn ef £ -

tzmnaszmdsacandens,

{3) said third axial syspensiop means m:rdem e
nects said second and fourth axinl suspension. - v
% mcaasandprendaathrrdaxnsofsuspem~< o §
o perpcndmalar 1o saidl second axis of suspensmn i
. and'a sixth designated follower output represents .

Mm&mrnnmdﬁﬁhdﬁm!ﬁﬁb .
- Jower oniput repiesentative of anguiar position .

. of rotation about said second axis; . |
€3) said third axial ‘suspension medns intercoh-
) nects said second and fourth axial suspension .’
-, means and provides a third axis of suspensiop. .
e perggndmularwsmdscwndamnfsmm ;
. and'a sixth des:gnaled follower output represen-
tative of pasumn of m&amn abau! sald thisd
axis;and - A
(4} said fourth axial mspznsm mcans mm
mﬁssardthmdaxmlsnspemenmasmﬁw&'
mdc Iollowmg means and pmwlcsa fourth

amofpmuan»fmumnammmmdﬁ”

" axis; dnd

“.(4) said fourth axial suspension mean intercon- o
. nects said third a’xxa! suspension means and said

attitude iollowmg means and provides a fourth
axis of suspensmn perpendicular to said third

S lower output representauve of posmon ui rota-
i ‘tion about said fourth axis;’ ‘

9 (E) servo means rcsponswc to said first program out-
. put of said first computation means for ma:mammg

identity between the angular position of rotation of

said first program output of said second refevence
frame and the angular position of rotation of said
- fourth axis of suspcnsxon, preventing rotation about
“said second axis of said second axial suspensnon

| eans as said attitude following mc:«ms varies in pro-

gram attitude;

" (F) second computation means responsive 1o siieh onts.
- puts of said first computation ‘means and said sta-

" bilized suspension means for computing error srgnals
representative of the misalignment of said third axis
" frame with respect 10 said second axis fiame; and

- {G) attitude control méans responsive fo said second

compmauon means and sperauvciy connected be-
tween said second Gompritation means and said atti-
tude following means for changmg the attitude of
said aitimdy following means in a direction fo pro-
ducde coincidence of said secané and third axes framcs.

¥ 2. 1n combination: . .

% (A) reference means. 'represcnlahve of a. fu'st zhmc.
© - perpendicular-axes frame; .. e
- {B) piograin means including:

~ {1) means representative of a swond thr:c-pcr~, I
pendicular-axes frame havmg an origin coingi~

.dent with the origin of said first axes frame‘
{2) first computation mcans for providing first,
_sécond, and third prooram outpuls representa.
tative of the angular position and segueace of
.. -rotations that u:e three axes of said second ref-
“, - erence frame must be rotated through to achieve
¢ -coincidence of like axes of said first and second

axes frames; -

g (C) atutude following means conncctcd to said refer

. ence mekns and including means represeniative of
a third xhreeopemdxctﬂar-axcs frame having an ori-
. gin coincident with the angn of said first and second:
axes frames; -

‘; »(D} incriially stablized suspansxonmcansmt@monneeh b
" - ing said refererce means and said following means = -

- ,and inclading first, second, third, and fam'th axial
means wherein;

[#3] said Hirst axial sns:)cnnm: mnans mmreanaf-‘

oo pects said reference means and said sscond axigl
" suspension means and provides a first axis of

" suspension and provides a fourth desighated fol-

. dower output Wmmefaaguk:wﬁﬁm
] a&mﬁmab&mwﬁ axis;. <

20
_axis of suspension and a designated seventh fol

* Jower outpul rc;rmntauve of pusmon n: o
. tation about said fourth axis; i

{5) wherein each two successively numbered ixes

©oof suspensmn ke in the same plane;

(E) scrvo ‘means résponsive to said first progmm
output of said first computation means for maintaine
ing identity betwsen the angular position of rotation
of said first program output of said sccond reference
frame and: the anguiat position of rotation of said.
fourth axis of suspens:u.., preventing rotation about
said second axis of said second axial - suspensxon ‘
means as said attitade faﬁomng means vanes in
program attitude; -

30 . (F) second computation means mponswc 1o saxd out--

- puts of said first computation means and said sta-
bilized suspension means for computing error signals |
representauve of the m:sahgnmcm of said third

x frame with respect to said sacand axis i:amc, '

{G) atmndt control means rcsponswc to sa;d scc:ond

. computation means and operauvdy conn.cted bee’
tween said second computation means and said at--
titide following means for Changing the attitude of
said attitude following means in a direction to pro-
duce comcxdeace ef saxd sccond ..nd third - axes
frames.

3. The combination set forth in claim 1 wbcmn saé

second computation means comprises ﬁrst xhrongh sevea ;

45 Tesolving means and wherein: : :

{A) each said resolving means responsive !e an angua
lar input provides output signals representative of
the sine and cosine of said angular input;

(B) first througb third said resolving means being

50 - respossive to like numbered program emputs of sa:d

' first computation means;. :
{C) fourth through seventh said momng raeans bemg .
n:spcnswe so like nnmbcrcd outputs of said sm :
sion means, :

4. The combination set forth in claim 3 'whmm sasﬂ~
fourth through seventh said resolving means each com-.
‘prise 3t least one c!ectmmechamcal msolver ‘whercin
each said resolver comprises: -

(A) 2 mechanical shaft posmoa mpm, ﬁm and m
ond 90° displaced electrical input wmdmgs and ﬁm ;
and second 90° displaced oulput wmdmg :
(B} said input windings bemg movable with rcspeﬂ m )

said output windings in response. m mm:ﬂai

said mechanical shaft; o
-2 (c)wdmmafmdmmwhmw, 3

" wnechasical oulpyt providing ritational moveinest
 thsaid mu:hamul shafis of said founb through said -
© ' seventh resolving means, | :
ey immbmmmm&ﬂm&mmuﬁ-

ﬁmtﬁmghtﬁwdmaimgmemmchm&sa'
leas’ one said dlettromechanicul sesolved: - ;)

& mmmmmfmmmﬁmm ‘_

55 -

60




7 _matching eleminis to 'said second input winding of

T e

. inpit winding- of said first
{B) a second reference signal T differing in fie~
: queucyfmu\gbmdthesameamyhmdcisap—.

* plied to said second input winding of said first re- 8

“solver, a- referonce potentinl of zero, pmua! being. -

. applied uxmnégh a first impedance maiching clement. ]

1o said second input of said second yésolver;

(1) said first impedance matching element com- m' L

prising impedance means for prw.:mmg 8 trans-
fer impedance cerresponding fo the uaity
wupkng mnsier mpedaaue of one of said

() said first nutpnt wmdmg ‘of said ﬁurd resclver

being connected to said first input windiog of smd ¥ -

fourth résolver and said sctond outpuy winding of '
said third resolver being connected: to said second
* input wmdmg ‘of said fourth resolver;

{D) said first output winding of said second: resolver
" being connected through second and third of said
impedance matching element. to said’ sccond input
winding of said fifth resolver;

{E) said second input winding of each of resolvers -
‘$-2, 4-8, being connected 1o said. first input wmdmg
of the next higher numbered resolver;

{F) said first output wmdmg of said first resolver
being connected through one of said impedance

said third résolver and said first output winding of
said fourth resolver being connected throtigh one
of said impedance maiching clements to said second
input winding of said sixth resolver; ..

{G) said first output winding of said ﬁﬂh resolver.
 being consected xhroagh one of said impedance
matching clements to said first input winding of said
seventh resolver and the first output winding of said ..
‘'sixth resolver being connected 10 said second input

© . winding of said seventh resolver;

-.. £H) said Rrst output winding of said seventh mso!vcr

being terminated in 2 matchiag impedance;

gt {1) said second output wmdmg of said seventh usclwer S

providing an output signal Tz

£J) said second oupnt winding of said sixth resolver - .
) proudmg through one of said unpcdance matching = - . ¢
. elements an outpnt Zy; ) 45

“- (K) first filter means responsive 1o ¥, for passing
* . only 2 signal frequency of Sf and prov:dmg o Bt
. -of said error signals;

R ¢ 5] second filier means r&spons:m 10 Zn for passmg 50 5

- ‘only a signal frequency of X and provxdmg a sccond
- of said error signals; and

’ (M) third Blter means responswe 1 23, fer passmg °F

" only a signal frequency Bf lc and pmwdms a thiid |
1. 'of said error signals, ;

- 7. Ta'combinatiofis ,
X (A) rcftm means repmentauve af a fnsl lhm&- .
E} prog:am means mclu .
¢1) means representative oi a second three-pnr

- pendicularaxes frame having an origin coinci.
_ ﬂemwnhthecngnofsmdﬁzs:axsme; 5
2) first computation means for providing first,

-+ of the angular position and sequence of rota-
‘' tions that the thiee axes of said second reference
Mmmherommshmmmm—-

A) first reference signal ap;:m:osasem
“ ﬁrgnzver mcmm:nchdmgﬁmmw,mmm

_(E) “second computation means opcrach%y wnnectcd

' (B} program means mc!udmg" e

< (C) attitude following means cannected tn sad xef—

* (D) stabilized suspension ‘means mtcrconnmmg sasd

" ‘(1‘ said first axial mspensmn mcaas in!ercaw.

“sevond, and third program oufputs representative - o]

- cidence of !ﬁ:e axes of saud ﬁm and W B,

nma;sai&mﬁem m;:;andmﬁfoﬂm

Msmnmmmswb&m .
[£3) samﬁmmmismmmmmm
said reference mummésaﬁmd axial sus.
pension means end provides a first axi§’ of

suspension snd provides a fourth designated fol-

" lower: nutym representative of angular mﬁm
of rotation about said first axis; -
o2y smdsecondanazmpmsmmemmm
o mwdﬁmmaanmmm
. third axial suspension means provides a second.
. axisof suspeasion perpendicular to said first axis
of suspension and §ifth d:sxgnan-d follower out-
put representative of angular pcsﬁm of sm:im
=~ sbout-said second axisy
Tk (3) said. third axial suspeﬁsxon mans mﬁercob-
oo peets said third axial sus;sensmn means and said
< means and provides a thind axls of suspcnsmn
pcrpcndacuhr to szid second axis of suspension:
-+ and @ sikth dmgna:ed follower ocutput repre-.
- sentative of position of rotation amut said third
i axis; and .
[ {4) said fourth axial smpens:on means mxemw-
- giects szid second and fourth axial suspension’
attitude failowmg means and provides a fourth
axis of suspcnsxon perpendicular to said third
axis of suspension and a desipnated seventh,
follower output rcpmscmauve of pnsmmx of ro-
tation about said fourth axis;:

to said attitnde following means and responsive to-
said outputs of said first computation means and said’
. stabilized suspension means for computing crror sig-
. nals represeniative of the misalignment of said third-
axis frame with respect 1o said second axis immc. i
8. In combination:,
(A) reference means tzprcscniauvc of a ﬁ:st f‘hr@e-
p:rp:nd:cu!ar-axes Sframe;. . -

- 1) means representative of a secand mxee—
perpendicular-axes frame having an origin co-’

- incident with the origin of said first axes frame;
:-{2¥ first computation means for providing first, -
: second, and third program outputs represents
- -ative of the angular position and sequente of -
rotations that the three axes of said second refe ' -

- ‘erence frame must be rotated through to achicve
: oommdenceofhkeaxcsufsa:dﬁrszandsewné
axes frames;

. erence means and including means represent:tive of -
a  third ﬁucc—pcrpcndxcular_am frame baving an-
origin coincident with the origin ef aasd ﬁrst md
‘second axes fxamcs; et

reference means and said following means and fn-
c!udmg first, second, :hs.rd,andiounh ax:alsusgenn-;
, sion means wherein;:

. pects said reference means and said second axial -
‘suspension means and provides a first axis of
. suspension and provides a fousth designated
fbﬂawerou&m:epmenmmciamktm

mﬁﬁrﬁmﬁmwﬁﬁaw
feﬂmw:mmgmmnfmga&rm—
+  tog bfrmauonahnmsadmm
- §3) szﬁd third: axial suspension ineans iBlercon.
'~.mmmm:mmw
maﬁmﬁma%mdw




andamhdwg:amdfoﬁowﬂwpmmpm
manwafpes;m aimmummw&

,«}smdfo:mhamalmmmnmsmms . frame; ;
' and »*__IF} atttude cemm? means responsivé to said sawm

- nects said third axial suspeasion ineans
-7 said a!umde following means and provides a
~ fournth axis of | suspension perpendiculat to said
third axis of suspension and a designated seveath

7. rotation about said fourth axis;
'€8) means for driving mtaaanzﬂy said fenﬂ:k
‘- . waial suspension means fo prevent rotation of
‘'said second axial suspension means;

(E) second computation means operatively connected 15 ¢

. 1o said alitude following mecans and fesponsive 10
o suid oulputs of said first wmputauon means and
- said stabilized - suspension’ means for computing

error signals representative ‘of the misaligament of -

sasdlhudaxsﬁam:wx&mmmmdmndw so*‘* A
s {B) first means for producing an a&wmm:ng current -

o frame.

9. In cembmaﬁba o 5 ‘
" {A) refercnce means xcpresemaw a& a8 :&m tiwea-
“1o perpendicular-axes frame; . )
‘(B) program means including: )
7 41) means rcpresentative of a second three-

perpcndzsular-axes fraime having an ongm €o-. - 5
{D) at least one filler means responsive to-at feast

ncident with the origin of said first axes frame; "
7 42) firsi compulation means. for providing first,
second, and third program outpuls represcat-

" ative of the angular position and sequence of .
- rolstions that the three axes of said second ref- 7

- ercnce frame must be related through to achieve -
coincidence of like axes o{ said first and second ™ -
axes frames; | 1

. {C) atmudc following means connccted 10 saad ref

erence means and including means representative of
a third 1hfec~pcrpcndxcu!ar-axcs frame having an
‘origin coincident with ihc orrgm of said - ﬁrst and’

; sccond axes frames, : .

| {D). s1abilized suspension means mtcrconnectmg smﬂ e

feference means und said following means and in- -

dudmg first, sccond, third, and fourth ana} suspen- :
- {C) second means for producing an alternating cur- -

sion theans wh-rcm, ;
2 {1) said first axial suspemsan means irtercon- 43

B suc,;cnsx.,n imeans and provides a first axis of
suspension and provides a fourth dﬁ:gmt&é L5
follower ‘output representative of angular posi~ ..

" tion of rotation about said first axis; .0
“-{2) 'said second axin} snspcnswn means intercon. . .

- pects said first axia] suspension means and said
= third axial suspcnsmn means and provides a2 -
. second ax:s of suspcns:en ;)crpcndxcular 10 spid -

* first axis of suspension, and fifth designated fob

" 'lower output représéntative of angular position ‘

~-of rotation about said second axis; . . -
3 (3) said third exial suspension means m!ercon»' ;
- nects said second and fourth axial suspension
"means and provides a‘third axis of suspension

' - perpendicular to said second axis of suspension’ )

~. . abd a sixth designated follower output repre~
‘ mnﬁwﬁmumuimabmwm g

(4)sa;d§unr£hmalmxspmsmmeassmtem" )
. mects said third axial suspension means and

" %aid anitude following means and provides 8

- Tourth axis of suspeasion perpendicular 10 58id - (0" means for producing an altereatisg cliveRt

ﬁmﬂ axis of suspension and u designated

" seventh follower output seprescatative of posi- >'.F iy

- tion of rotation about ‘sais fourth axis; .

{53 means for driving sofationally said fnﬁﬁh

‘axial suspension theans to prevent mtation of
said second axial suspension means; ‘

é}mmmmmmhm.s :

mnmafsmdﬁmwmmﬁmmmmd
" stabilized suspension means for . computing €rror
signals represeniative. of-the misalignivent of said
~thmdam&amewaﬁmpmmsaxdmndm_

_compitstion means and operatively conpected be-
' tween said second computation means and said

<+, _attitude’ following means for changmg the attitude

follower output rcpmzauvc af position of m"ﬁ " of said attitude following means in a direction 1o

',produsc coincidence oi smdsecmﬂmdthndm:

7'1n In combmamn

{A) an eiectromechamcai resoivcr camxmsmg‘ :
{1) a set of first and second input windings posi-

. tioned 90* with respect to each other;

- {2) a set of first and second vutput windings posi-

. tionied 90° with respect 10 cach other; N

“{3) means for rotating one of said set uiwmﬁmgs

* with respect to said other set; .

. having a first frequency, said first means being cou- -
pled 10 said first input winding; = -

¢C) sccond means for progducing an aitvnamgw ,

rent having a sccond frequency substantially differ--
~ent from said first frequency, said sccond means.
- being conpled to said second input wmésrsg; r

one said output winding for sclectively passing st
" least one of said frcgncnclcs, whereby two output
signals, baving said first and second Ixeqnemne.s.,
respectively, are separated. e : :
11. 1a combination: R
{A) an clectromechanical rcso!ve: cnmpns:n
+ (1) aset of first and second -input wmdmg pns:
. tioned 90° with sespect to each other; -~
{2} a set of first and second output windings posr- :
- . tioned 90° with respect to each other; - 7
= {3) mecans for rotating onec of said set of madiw;:
with respect 1o said other set;

(B} first means for producing an akemétmg wmat £

- baving a first. fraqnency, said fisst means bemg coa-
© pled to said first input winding; e

rent having a second frequency sisbstantinlly differ-

nects szid reference means and said second axial - - " ent from said first frequency, said second meaus‘

* being coupled 1o said second input winding;

- (D) first filter means rcspaaswc to said first omput -
" winding for selectively passing said first frequency;

{E) second filter means 7esponsive to said second oute
put winding for sek-cnvcly passmg said sacmd fre<:

o B quency;
. {F) whereby twa output sx:sals. havzne ‘said first md

second frequencies, respectively, are Separated.

12 In combination:

{A) a plurality of elamamechanm resotvezs mier‘
- connected electrically in a chaig aad wherein e:eh
- said resolvér comprises:
(1) a'set afﬁxﬁmdsccoadmmwm&sgsm
" tioned 90° with respett to each other; . .
i ﬁ)aﬁn{ﬁxuaudmn&ompawm&sg
- positionsd 50° with respect to sach other; -
. {B)wamangmcfwdmciwm
S with respest 1o said other set;

"y(ﬁiatkastcnswmn{hnymefsaﬁma}ws

bgmgmmmedmmmnofmmfd»
- lowing it successively in Said chaing e

- having 2 first frequency, said first r3eans being cou-
mdmwdﬁmmmmaiw&ﬂm<
‘in sdid chaing o :

'€Q}mﬂdmﬁrpmﬂnmngummwi

rent having a second frequency substantially differs

m&omwﬁm&egaem wdmndmas?
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